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ABSTRACT 

Quality assurance (QA) is a critical component of radiation oncology medical physics 

for both effective treatment and patient safety, particularly as innovations in technology allow 

movement toward advanced treatment techniques that require increasingly higher accuracy in 

delivery. Comprehensive 3D dosimetry with PRESAGE® 3D dosimeters read out via optical 

CT has the potential to detect errors that would be missed by current systems of 

measurement, and thereby improve the rigor of current QA techniques through providing 

high-resolution, full 3D verification for a wide range of clinical applications. The broad 

objective of this dissertation research is to advance and strengthen the standards of QA for 

radiation therapy, both by driving the development and optimization of PRESAGE® 3D 

dosimeters for specific clinical and research applications and by applying the technique of 

high resolution 3D dosimetry toward addressing clinical needs in the current practice of 

radiation therapy. The specific applications that this dissertation focuses on address several 

topical concerns: (1) increasing the quality, consistency, and rigor of radiation therapy 

delivery through comprehensive 3D verification in remote credentialing evaluations, (2) 

investigating a reusable 3D dosimeter that could potentially facilitate wider implementation 

of 3D dosimetry through improving cost-effectiveness, and (3) validating deformable image 

registration (DIR) algorithms prior to clinical implementation in dose deformation and 

accumulation calculations. 

3D Remote Dosimetry: The feasibility of remote high-resolution 3D dosimetry 

with the PRESAGE®/Optical-CT system was investigated using two nominally identical 

optical-CT scanners for 3D dosimetry were constructed and placed at the base (Duke 
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University) and remote (IROC Houston) institutions. Two formulations of PRESAGE® 

(SS1, SS2) were investigated with four unirradiated PRESAGE® dosimeters imaged at the 

base institution, then shipped to the remote institution for planning and irradiation. After 

each dosimeter was irradiated with the same treatment plan and subsequently read out by 

optical CT at the remote institution, the dosimeters were shipped back to the base institution 

for remote dosimetry readout 3 days post-irradiation. Measured on-site and remote relative 

3D dose distributions were registered to the Pinnacle dose calculation, which served as the 

reference distribution for 3D gamma calculations with passing criteria of 5%/2mm, 

3%/3mm, and 3%/2mm with a 10% dose threshold. Gamma passing rates, dose profiles, and 

dose maps were used to assess and compare the performance of both PRESAGE® 

formulations for remote dosimetry. Both PRESAGE® formulations under study maintained 

high linearity of dose response (R2>0.996) over 14 days with response slope consistency 

within 4.9% (SS1) and 6.6% (SS2). Better agreements between the Pinnacle plan and 

dosimeter readout were observed in PRESAGE® formulation SS2, which had higher passing 

rates and consistency between immediate and remote results at all metrics. This formulation 

also demonstrated a relative dose distribution that remained stable over time. These results 

provide a foundation for future investigations using remote dosimetry to study the accuracy 

of advanced radiation treatments. 

A Reusable 3D Dosimeter: New Presage-RU formulations made using a lower 

durometer polyurethane matrix (Shore hardness 30-50A) exhibit a response that optically 

clears following irradiation and opens up the potential for reirradiation and dosimeter 

reusability. This would have the practical benefit of improving cost-effectiveness and thereby 
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facilitating the wider implementation of comprehensive, high resolution 3D dosimetry. 

Three formulations (RU-3050-1.7, RU-3050-1.5, and RU-50-1.5) were assessed with 

multiple irradiations of both small volume samples and larger volume dosimeters, then 

characterized and evaluated for dose response sensitivity, optical clearing, dose-rate 

independence, dosimetric accuracy, and the effects of reirradiation on dose measurement. The 

primary shortcoming of these dosimeters was the discovery of age-dependent gradients in 

dose response sensitivity, which varied dose response by as much as 30% and prevented 

accurate measurement. This is unprecedented in the standard formulations and presumably 

caused by diffusion of a desensitizing agent into the lower durometer polyurethane. The effect 

of prior irradiation on the dosimeters would also be a concern as it was seen that the relative 

amount of dose delivered to any given region of the dosimeter will affect subsequent 

sensitivity in that area, which would in effect create spatially-dependent variable dose 

sensitivities throughout the dosimeter based on the distributions of prior irradiations. While 

a successful reusable dosimeter may not have been realized from this work, these studies 

nonetheless contributed useful information that will affect future development, including in 

the area of deformable dosimetry, and provide a framework for future reusable dosimeter 

testing. 

Validating Deformable Image Registration Algorithms: Deformable image 

registration (DIR) algorithms are used for multi-fraction dose accumulation and treatment 

response assessment for adaptive radiation therapy, but the accuracy of these methods must be 

investigated prior to clinical implementation. 12 novel deformable PRESAGE® 3D 

dosimeter formulations were introduced and characterized for potential use in validating DIR 
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algorithms by providing accurate, ground-truth deformed dose measurement for comparison 

to DIR-predicted deformed dose distributions. Two commercial clinical DIR software 

algorithms were evaluated for dose deformation accuracy by comparison against a measured 

deformed dosimeter dose distribution. This measured distribution was obtained by 

irradiating a dosimeter under lateral compression, then releasing it from compression so that 

it could return to its original geometry. The dose distribution within the dosimeter deformed 

along with the dosimeter volume as it regained to its original shape, thus providing a 

measurable ground truth deformed dose distribution. Results showed that intensity-based 

DIR algorithms produce high levels of error and physically unrealistic deformations when 

deforming a homogeneous structure; this is expected as lack of internal structure is 

challenging for intensity-based DIR algorithms to deform accurately as they rely on 

matching fairly closely spaced heterogeneous intensity features. A biomechanical, intensity-

independent DIR algorithm demonstrated substantially closer agreement to the measured 

deformed dose distribution with 3D gamma passing rates (3%/3mm) in the range of 90-

91%. These results underscore the necessity and importance of validating DIR algorithms for 

specific clinical scenarios prior to clinical implementation. 
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1. INTRODUCTION  

1.A. Clinical Significance and Objectives 

Quality assurance (QA) is a critical component of radiation oncology medical physics 

that is crucial for both effective treatment and patient safety, particularly as innovations in 

technology allow movement toward advanced treatment techniques that require increasingly 

higher accuracy in the delivery of radiation therapy1–3. QA for radiation therapy is typically 

performed with a selected sampling of measurements taken at pointsi (ion chambers, 

thermoluminescent dosimeters (TLD), diodes) and in 2D planes (film, ion chamber and diode 

arrays)3–5. Despite this limited dosimetric sampling, national studies by the Imaging and 

Radiation Oncology Core Houston (IROC Houston)ii show that a substantial percentage of 

participating institutions do not pass credentialing4,6. For instance, in irradiations of the 

IROC Houston IMRT head and neck (H&N) phantom between 2001 and 2011, 18.4% of 

institutions failed to meet the generous credentialing criteria of doses delivered within 7% or 

4 mm of the treatment plan, and failure rates further increased to 31% under the more 

rigorous criteria of 5%/4mm6. These results highlight two issues: (1) that limited sampling 

in dosimetric QA measurements are already yielding suboptimal passing rates, and (2) 

although planning and delivery errors can be detected with this current sampling, 

comprehensive measurements would likely detect additional errors that would be currently 

be missed. 

                                                 

i Point measurements are generally taken in a high dose, low gradient region of a dose distribution, and can be used to 
normalize 2D film plane measurements. 
ii Previously known as the Radiological Physics Center (RPC) prior to 2014. 
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Comprehensive 3D dosimetry has the potential to address these limitations and 

improve the rigor of current QA techniques through providing high-resolution, full 3D 

verification for a wide range of clinical applications. Unlike semi-3D dosimetry systems 

(Delta4 by ScandiDos, ArcCHECK® and 3DVH® by Sun Nuclear Corporation) that rely on 

interpolation from arrays of point detectors to estimate 3D dose distributions7, 3D dosimeters 

are chemical dosimetry systems that directly measure dose by a change in physical properties 

in response to radiation, with resulting distributions quantified through readout by a 

compatible imaging technique. 3D dosimeters to date include polymer gels (imaged with 

MRI, x-ray CT, or optical CT)8, Fricke-based gels (imaged with MRI or optical CT)9, and 

radiochromic plastics (imaged with optical CT)10. 

The 3D dosimeters used in this work are PRESAGE® (Heuris Inc.)10, a polyurethane-

based radiochromic plastic dosimetry material, and are read out with the Duke Optical-CT 

Scanner series: high-resolution, bi-telecentric optical-CT scanners developed in-house11,12. 

PRESAGE® has several distinct advantages over 3D gel dosimeters, including a spatially 

stable response distribution (no diffusion of the radiochromic signal, which affect Fricke 

gels13–15); robustness to the environment (no desensitization from exposure to atmospheric 

oxygen, which affects some polymer gels8); and better measurement accuracy with optical CT 

(negligible measurement inaccuracies from light scattering artifacts, to which optical 

measurements of polymer gels are susceptible8,16) due to optical contrast from particles that 

absorb rather than scatter light. Furthermore, because PRESAGE® is created with a solid 

polyurethane substrate, there is no need for an external container as required for maintaining 

the shape of gel-based 3D dosimeters. This last advantage provides the flexibility to form 

PRESAGE® dosimeters and dosimetric phantoms in complex shapes (e.g., 
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anthropomorphic17, small animal18) as needed for specific applications. Multiple formulations 

of PRESAGE® have been studied to date11,19–23, and novel formulations are under continuous 

development for both improved dosimetry characteristics and customization to different 

clinical applications24. 

The broad objective of this dissertation research is to advance and strengthen the 

standards of QA for radiation therapy, both by driving the development and optimization of 

PRESAGE® 3D dosimeters for specific clinical and research applications and by applying the 

technique of high resolution 3D dosimetry toward addressing clinical needs in the current 

practice of radiation therapy. Our methods of 3D dosimetry with the PRESAGE®/Optical-

CT system are covered in Chapter 2, including an overview of PRESAGE® with all 29 

formulations studied during the course of this work and details on the Duke Optical-CT 

Scanner series. This is followed by a brief review of several different clinical and research 

applications using the standard PRESAGE® and on-site dosimetry approach in Chapter 3; 

these were projects that involved direct participation in a supervisory role, performing the 

initial pilot work, and/or data acquisition and analysis, and are included to highlight the 

breadth of applications that can be addressed by the PRESAGE®/Optical-CT system. The 

primary research aims of this work then follow in Chapters 4-6 with applications focused on 

addressing several topical concerns: (1) increasing the quality, consistency, and rigor of 

radiation therapy delivery through comprehensive 3D verification in remote credentialing 

evaluations (Chapter 4); (2) facilitating wider implementation of 3D dosimetry through 

improving cost-effectiveness with a reusable 3D dosimeter (Chapter 5); and (3) validating 

deformable image registration (DIR) algorithms prior to clinical implementation in dose 

deformation and accumulation calculations that can impact patient care (Chapter 6). 
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1.B. Background on 3D Dosimeters 

3D dosimetry systems in the context of this work refer to the combination of a 3D 

chemical dosimeter capable of providing direct, comprehensive measurements of 3D dose 

distributions and its associated method of readout. As previously mentioned, there are 

commercially available semi-3D dosimetry systems that provide calculated 3D distributions 

based on measurements from arrays of point detectors7,25,26; these systems have been studied 

elsewhere in the literature and will not be discussed further here as they do not constitute 

true 3D dosimetry systems. 3D chemical dosimeters are made of a uniform material 

(primarily composed of water-based gel, polyurethane, or silicone) that undergoes a 

quantifiable physical response with exposure to radiation. The three response systems that 

will be described are polymerization, ferrous sulphate oxidation (Fricke dosimeters), and 

radiochromic leuco dye oxidation. Methods of readout are dependent on the response system 

and include x-ray CT (physical density), MRI (proton relaxivity), and optical CT (visible 

light attenuation). 

1.B.1. Polymer Gel 3D Dosimeters 

Polymer gels are 3D dosimeters composed of vinyl monomers (e.g., acrylamide, 

N,N’-methylene-bis-acrylamide, acrylic acid, methacrylic acid) combined with aqueous 

gelatin8,27. The mechanism of dose response is radiation-induced polymerization through 

reaction with free radicals generated within the gel from water ionization. The 

polymerization reaction results in the formation of polymer microparticles with a density 

proportionate to dose. These polymer microparticles are light-scattering, and irradiated 

portions of a polymer gel dosimeter are visible to the naked eye with an opaque, clouded 

appearance. Readout can be performed through x-ray CT, MRI, or optical CT. 
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Traditionally, the primary downside to polymer gels is oxygen-induced 

desensitization due to premature termination of the polymerization chain reaction in the 

presence of oxygen8,27. This requires both that the gels be made in a deoxygenated 

environment and be kept enclosed in an oxygen-impermeable container after fabrication. This 

need for an external container limits potential for phantom development (i.e., dosimeters 

could only be made in the shape and size of an available container, and hence would face 

additional obstacles in accurately representing human or animal anatomy) and also introduces 

edge effects in optical-CT imaging. More recently, ascorbic acid and copper have been used in 

polymer gels to bind free oxygen and thereby prevent desensitization; dosimeters made using 

this approach have been published as MAGIC (Methacrylic and Ascorbic acid in Gelatin 

Initiated by Copper) gels28. Polymer gel dosimeters in current use are still made without 

these modifications to allow normoxic conditions, however, and issues with oxygen 

permeation and resulting dose measurement inaccuracy have been reported in contemporary 

literature29. Another disadvantage of polymer gels is the potential for light-scattering 

artifacts when read out via optical CT8,16. 

Commercially, polymer gels are available as BANG® gels through MGS Research 

Inc. (Madison, CT, USA). 

1.B.2. Fricke (Ferrous Sulfate) Gel 3D Dosimeters 

Like the polymer gels described above, ferrous sulphate dosimeters (usually referred to 

as Fricke dosimeters after Hugo Fricke, who used the chemical reporting system in solution30) 

are also gel dosimeters31. Fricke gels are composed of ferrous ions (Fe2+), sulfuric acid, oxygen, 

gel (agarose or gelatin), and water9. The mechanism of dose response arises from oxidation of 

ferrous ions (Fe2+) to ferric ions (Fe3+), the proportion of which can be subsequently read out 
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through MRI. Fricke gels that incorporate a metal ion indicator, xylenol orange, are also 

radiochromic as a visible color change occurs in the presence of Fe3+, resulting in dose 

distributions that can be read out using optical CT32–34. 

The primary disadvantages of Fricke gels are a time limitation in readout (~1 hour) 

due to the Fe3+ ions diffusing into the surrounding gel over time13–15 and the need for an 

external container to support the gel. Unlike polymer gels, there is no oxygen-induced 

desensitization; oxygen is actually incorporated into the gel during fabrication to allow 

reaction with hydrogen atoms to create the hydroperoxy radical that oxidizes Fe2+. 

Commercial Fricke gels are available as TruView™ dosimeters through Modus 

Medical Devices Inc. (London, ON, Canada). 

1.B.3. Radiochromic Plastic 3D Dosimeters 

Radiochromic dosimeters can also be made using leuco dyes that change from 

colorless to colored form through an oxidative reaction when exposed to radiation. One 

example of this chemical reporting system is the leuco dye leucomalachite green (LMG), 

which converts to the colored malachite green molecule when oxidized by a halogen radical. 

This is the mechanism used in PRESAGE®10, the polyurethane-based dosimetry material 

studied in this work, and is covered in greater detail in the next chapter, section 2.A.1. As 

previously stated, PRESAGE® formulations characterized to date in the literature have 

shown several distinct advantages over polymer and Fricke gel dosimeters, including no 

diffusion of the dose signal, no oxygen diffusion into the rigid polyurethane matrix (which 

could hypothetically lower sensitivity, albeit through a different mechanism35 than what is 
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seen in polymer gelsiii), and no need for a supporting container. PRESAGE® dosimeters are 

commercially available through Heuris Inc. (Skillman, NJ, USA). 

Recent work has expanded the dose reporting chemical system used in PRESAGE® 

to silicone dosimeters (FlexyDos3D)36–38. These silicone dosimeters are fabricated similarly to 

PRESAGE® except for the substitution of an elastic silicone matrix for the rigid 

polyurethane used in PRESAGE®. A prime advantage of this silicone radiochromic 

dosimeter is relative ease of fabrication, which can be performed in a laboratory environment 

without specialized equipment. Results so far, however, have shown darkening of the 

unirradiated background over time and dose rate dependence, neither of which is seen in 

PRESAGE®. 

1.C. Background on Optical-CT Scanners 

Optical-CT scanners fall into two general categories: raster scanners, which collect 

data a point at a time with a scanning laser, and area scanners, which make use of either a 

cone beam or parallel beam broad-beam light field and thus allow acquisition of a projection 

of the entire dosimeter at one time. A brief review of each is included below. 

1.C.1. Scanning Laser Optical CT 

Laser raster scanners acquire data through translating a laser beam across the 

dosimeter, with each line profile of attenuation through the dosimeter acquired with a single 

photo diode detector. The dosimeter is then rotated to acquire data at a different angle. This 

method has an advantage in high accuracy with no stray light artifacts, but a disadvantage in 

long scanning times. Early scanning laser systems have been reported to take several hours to 

                                                 

iii Discussed further in section 5.D.2.g. 
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scan large volumes (6 minutes per slice)27,31, though improvements in technology have 

resulted in faster scanners that can complete a full tomographic scan in 20 minutes39. 

A commercially available scanning laser optical-CT scanner is the OCTOPUS™ laser 

CT scanner (MGS Research Inc., Madison, CT, USA), with a reported 30 minute scan time40. 

1.C.2. Broad-Beam Optical CT 

The main advantage of cone beam optical CT versus parallel beam optical CT is in 

lower cost due to no need for specialized lenses41, but the trade-off is in lower accuracy arising 

from stray light artifacts42. The advantages of parallel beam optical CT (discussed further in 

section 2.B and diagrammed in Figure 7), naturally, are the reverse: the cost of the imaging 

system is much higher due to the bi-telecentric lenses used, but this instrumentation greatly 

reduces stray light artifacts due to rejection of light rays that deviate from the 

optomechanical axis by more than 0.1°. Telecentric lenses43 are compound lenses with the 

aperture stop of the system located at the focal plane; this creates the effect of an entrance 

pupil at infinity and thus results in a parallel beam system. Bi-telecentric lenses maintain 

telecentricity inside the lens with parallel light rays both entering and exiting the lens. A bi-

telecentric system therefore maintains uniform magnification regardless of distance to the 

object, experiences virtually no image distortion, and removes stray light effects, all of which 

are advantages in optical-CT imaging. 

A commercially available cone-beam optical-CT scanner is the Vista™ (Modus 

Medical Devices Inc., London, ON, Canada) , with a reported scan time of 5 minutes44. Bi-

telecentric optical-CT scanners (the Duke Optical-CT Scanner series) have been developed at 

Duke University11 and installed at three different institutions, can complete a full scan in 

~10 minutes, and are detailed in section 2.B. 
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2. 3D DOSIMETRY METHODS & MATERIALS: THE 
PRESAGE®/OPTICAL-CT SYSTEM 

The 3D dosimetry within this work is carried out with the PRESAGE®/Optical-CT 

system. This chapter covers details on PRESAGE® 3D dosimeters and the formulations 

under study, including considerations for development and methods of characterization; the 

Duke Optical-CT Scanner series, including instrumentation, optical-CT scanning, and data 

reconstruction; and the basics of data analysis following 3D reconstruction. 

2.A. PRESAGE® 3D Dosimeters 

2.A.1. PRESAGE® Chemistry and Synthesis 

The primary components of PRESAGE® are a transparent polyurethane matrix, a 

triarylmethane leuco dye, and a trihalomethane or tetrahalomethane free radical initiator10. 

Manufacturing details have been previously published24,45, including in U.S. Patent 

Application Publication No. 2007/0020793A1. Dose response in PRESAGE® dosimeters 

results from irradiation-induced oxidation of the colorless leuco dye, which converts the 

compound into a light-absorbing form10. One example of this is the leuco dye leucomalachite 

green (LMG), which oxidizes to a malachite green radical and then to malachite green, both 

of which are colored (Figure 1). The leuco dyes used in PRESAGE® to date have been either 

LMG or LMG derivatives, the latter of which include additional substituents and undergo 

oxidation to a colored form with the same mechanism as LMG. 
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Figure 1: Leucomalachite green, a colorless triarylmethane leuco dye used in 
PRESAGE®, and its light-absorbing oxidation product, malachite green, in both 
radical and charged forms. The representative initiator pictured here is chloroform 
(CHCl3, a trihalomethane), with all other trihalomethane and tetrahalomethanes 
behaving in an analogous manner. Figure courtesy of John Adamovics (Rider 
University and Heuris Inc.). 
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These leuco dyes are synthesized by Heuris Inc. as part of the PRESAGE® 

manufacturing process. The corresponding aldehyde (N,N-diethylaniline for 2-methoxy-

diethylamine LMG, N,N-dimethylaniline for LMG and all other LMG derivatives) and 

benzene (0.5 M with respect to the aldehyde) are placed in a flask fitted with a Dean-Stark 

trap and reflux condenser. p-Toluenesulfonic acid (0.1 eq) is added to the mixture and the 

solution refluxed. The reaction is monitored by thin layer chromatography until completion 

and worked up by diluting with benzene and washing with 10% sodium bicarbonate 

solution. Benzene and excess aniline are then removed via azeotrope distillation with water. 

Flash column chromatography is performed to further purify the products. 

An overview of relevant PRESAGE® formulations, both from prior literature and 

under study in this dissertation, can be found in Table 1. Dose response sensitivity ranges and 

known values of effective atomic number (Zeff, further discussed in section 2.A.4) are also 

listed in this table. 
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Table 1: PRESAGE® formulations studied. Percentages are by weight. “Standard” refers to single-use dosimeters made with Shore 
hardness 80D polyurethane, primarily Smooth-On Crystal Clear® 206. Formulation code names are assigned by the Duke 3D Dosimetry 
Lab based on formulation characteristics or components for the sake of easier reference, cataloguing, and differentiation. In the case of 
formulations appearing in published work under different names, the leading name will be used within this dissertation while alternate 
identifiers are included in parentheses with citations to their respective publications. 

 
Formulation Polyurethane Leuco Dye 

Initiator 
Compound(s) 

Other 
Components 

Shore 
Hardness 

Peak λ 
Sensitivity 

[ΔOD/(cm∙Gy)] 
Zeff 

Standard 
(Single Use) 

Guo et al.19 
93.00% Smooth-On 

Crystal Clear® 206 
2.0% LMG 1.00% CBr4 4.0% CCl4 80D 633 nm 0.063  

 Sakhalkar 
et al.20,46 

93.28% Smooth-On 
Crystal Clear® 206 

2.0% LMG 0.75% CBr4 3.97% CCl4 80D 633 nm 0.045 8.34 

 
Thomas et al.11 93.25% Smooth-On 

Crystal Clear® 206 
2.0% LMG 0.75% CBr4 4.0% CCl4 80D 633 nm 0.0203 8.0 

 SS112,24 

(D2147,48, DX49) 

90.25% Smooth-On 
Crystal Clear® 206 

2.0% LMG 
0.50% CBr4 

0.25% CBrCl3 
7.0% (CH2)5CO 80D 633 nm 0.0208–0.0375 8.08 

 
SS212,24 90.50% Smooth-On 

Crystal Clear® 206 
2.0% LMG 0.50% CBr4 7.0% (CH2)5CO 80D 633 nm 0.0213 7.86 

 
SS2-PO 

90.50% Polytek 
Poly-Optic® 

2.0% LMG 0.50% CBr4 7.0% (CH2)5CO 80D 633 nm 0.0203  

 
LS148 

90.75% Smooth-On 
Crystal Clear® 206 

1.5% LMG 0.75% CBr4 7.0% (CH2)5CO 80D 633 nm 0.0102  

 
LS248 

91.25% Smooth-On 
Crystal Clear® 206 

1.5% LMG 0.50% CBrCl3 4.6% (CH2)5CO 80D 633 nm 0.0047  

 
LS324,50 

91.25% Smooth-On 
Crystal Clear® 206 

1.0% 2-methoxy-DMA LMG 0.75% CBr4 7.0% (CH2)5CO 80D 633 nm 0.0029  

 
DMA-1.7 

91.60% Smooth-On 
Crystal Clear® 206 

1.7% 2-methoxy-DMA LMG 0.40% CBr4 
2.0% DMSO 

4.3% acetone 
80D 633 nm 0.0073–0.0245 7.63 

 DMA-2.0 

(SS324) 

91.30% Smooth-On 
Crystal Clear® 206 

2.0% 2-methoxy-DMA LMG 0.40% CBr4 
2.0% DMSO 

4.3% acetone 
80D 633 nm 0.0467–0.0494  
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Table 1: PRESAGE® formulations studied. Percentages are by weight. “Standard” refers to single-use dosimeters made with Shore 
hardness 80D polyurethane, primarily Smooth-On Crystal Clear® 206. Formulation code names are assigned by the Duke 3D Dosimetry 
Lab based on formulation characteristics or components for the sake of easier reference, cataloguing, and differentiation. In the case of 
formulations appearing in published work under different names, the leading name will be used within this dissertation while alternate 
identifiers are included in parentheses with citations to their respective publications. 

 
Formulation Polyurethane Leuco Dye 

Initiator 
Compound(s) 

Other 
Components 

Shore 
Hardness 

Peak λ 
Sensitivity 

[ΔOD/(cm∙Gy)] 
Zeff 

 

DEA-1.0 
91.44% Smooth-On 

Crystal Clear® 206 
1.0% 2-methoxy-DEA LMG 0.40% CBr4 

2.0% DMSO 

5.0% C6H12O2 

0.16% THF 

80D 633 nm 0.0179  

 
DEA-1.5A47 

(DEA-149) 

90.94% Smooth-On 
Crystal Clear® 206 

1.5% 2-methoxy-DEA LMG 0.40% CBr4 

2.0% DMSO 

5.0% C6H12O2 

0.16% THF 

80D 633 nm 0.0279–0.0504  

 

DEA-1.5B 
90.86% Smooth-On 

Crystal Clear® 206 
1.5% 2-methoxy-DEA LMG 0.40% CBr4 

2.0% DMSO 

5.0% C6H12O2 

0.08% THF 

80D 633 nm 0.0433  

 
DEA-1.747 

91.60% Smooth-On 
Crystal Clear® 206 

1.7% 2-methoxy-DEA LMG 0.40% CBr4 
2.0% DMSO 

4.3% acetone 
80D 633 nm 0.0305  

 
DEA-P-1.0 

(DEA-249) 

96.44% Smooth-On 
Crystal Clear® 206 

+ plasticizer 

1.0% 2-methoxy-DEA LMG 0.40% CBr4 
2.0% DMSO 

0.16% THF 
80D 633 nm   

 
DEA-N-1.5 

91.00% Smooth-On 
Crystal Clear® 206 
+ initiator additive 

1.5% 2-methoxy-DEA LMG 0.50% CBr4 
2.0% DMSO 

5.0% C4H8O2 
80D 633 nm 0.0195  

 

DEA-N-2.0 
87.34% Smooth-On 

Crystal Clear® 206 
+ initiator additive 

2.0% 2-methoxy-DEA LMG 0.50% CBr4 

2.0% DMSO 

8.0% C4H8O2 

0.16% THF 

80D 633 nm   

Deformable 
D0 (Original 
Presage-Def)22,51 

88.44% BJB Enterprises 
F15 

2.0% 2-methoxy-DMA LMG 0.40% CBr4 

7.0% (CH2)5CO 

2.0% DMSO 

0.16% THF 

10-20A 633 nm 0.0032 7.48 
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Table 1: PRESAGE® formulations studied. Percentages are by weight. “Standard” refers to single-use dosimeters made with Shore 
hardness 80D polyurethane, primarily Smooth-On Crystal Clear® 206. Formulation code names are assigned by the Duke 3D Dosimetry 
Lab based on formulation characteristics or components for the sake of easier reference, cataloguing, and differentiation. In the case of 
formulations appearing in published work under different names, the leading name will be used within this dissertation while alternate 
identifiers are included in parentheses with citations to their respective publications. 

 
Formulation Polyurethane Leuco Dye 

Initiator 
Compound(s) 

Other 
Components 

Shore 
Hardness 

Peak λ 
Sensitivity 

[ΔOD/(cm∙Gy)] 
Zeff 

 
D124 

90.50% BJB Enterprises 
F15 

2.0% 2-methoxy-DMA LMG 0.40% CBr4 7.0% (CH2)5CO 10-20A 633 nm 0.0012 7.48 

 
D224 90.50% BJB Enterprises 

F15 
2.0% 2-methoxy-DMA LMG 0.40% CBr4 7.0% (CH2)5CO 10-20A 633 nm 0.0014 7.48 

 
D324 

90.50% BJB Enterprises 
F15 

2.0% p-methoxy LMG 0.40% CBr4 7.0% (CH2)5CO 10-20A 620 nm 0.0040 7.48 

 
D424 

90.50% BJB Enterprises 
F15 

2.0% dimethyl-DMA LMG 0.40% CBr4 7.0% (CH2)5CO 10-20A 633 nm 0.0034 7.48 

 
D524 

90.50% BJB Enterprises 
F15 

2.0% o-Cl-LMG 0.40% CBr4 7.0% (CH2)5CO 10-20A 647 nm 0.0004 7.48 

 
D624 

90.50% BJB Enterprises 
F15 

2.0% o-Br-LMG 0.40% CBr4 7.0% (CH2)5CO 10-20A 639 nm 0.0004 7.48 

 
PT117 90.90% Polytek 

Poly 74-30 
1.7% naphthal-DEA LMG 0.40% CBr4 7.0% (CH2)5CO 30A 645 nm 0.0071  

 
PT217 90.90% Polytek 

Poly 74-30 
1.7% dimethyl-DMA LMG 0.40% CBr4 7.0% (CH2)5CO 30A 633 nm 0.0048  

 
GR117 90.90% Polytek 

GlassRub 50 
1.7% naphthal-DEA LMG 0.40% CBr4 7.0% (CH2)5CO 45-50A 645 nm 0.0071  

 
GR217 90.90% Polytek 

GlassRub 
1.7% dimethyl-DMA LMG 0.40% CBr4 7.0% (CH2)5CO 45-50A 633 nm 0.0047  

Reusable 

RU-3050-1.7 

46.25% Heuris Inc. 
FC30 

46.25% Heuris Inc. 
FC50 

1.7% 2-methoxy-DEA LMG 0.40% CBr4 

2.0% DMSO 

3.3% toluene 

0.08% THF 

30-50A 633 nm 0.0123–0.0158  
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Table 1: PRESAGE® formulations studied. Percentages are by weight. “Standard” refers to single-use dosimeters made with Shore 
hardness 80D polyurethane, primarily Smooth-On Crystal Clear® 206. Formulation code names are assigned by the Duke 3D Dosimetry 
Lab based on formulation characteristics or components for the sake of easier reference, cataloguing, and differentiation. In the case of 
formulations appearing in published work under different names, the leading name will be used within this dissertation while alternate 
identifiers are included in parentheses with citations to their respective publications. 

 
Formulation Polyurethane Leuco Dye 

Initiator 
Compound(s) 

Other 
Components 

Shore 
Hardness 

Peak λ 
Sensitivity 

[ΔOD/(cm∙Gy)] 
Zeff 

 

RU-3050-1.5 
91.02% Heuris Inc. 

FC50 
1.5% 2-methoxy-DEA LMG 0.40% CBr4 

2.0% DMSO 

5.0% toluene 

0.16% THF 

50A 633 nm 0.0060  

 

RU-50-1.5 
90.80% Heuris Inc. 

FC50 
1.5% 2-methoxy-DEA LMG 0.50% CBr4 

2.0% DMSO 

5.0% toluene 

0.16% THF 

50A 633 nm 0.0107–0.0136  

 

Chemical Abbreviations 

LMG Leucomalachite Green 

CBr4 Carbontetrabromide 

CCl4 Carbontetrachloride 

CBrCl3 Bromotrifluoromethane 

(CH2)5CO Cyclohexanone 

DEA Diethylamine 

DMA Dimethylamine 

DMSO Dimethylsulfoxide 

C6H12O2 Butyl Acetate 

THF Tetrahydrofuran 

C4H8O2 Ethyl Acetate
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2.A.2. Development of PRESAGE® for Different Clinical 
Applications 

In order to maximize PRESAGE®’s usefulness as a 3D dosimeter, dosimeter 

formulations must be adapted to meet dosimetry requirements specific to a wide range of 

clinical applications. Examples of desirable characteristics for both general and specific 

applications are listed in Table 2. 

 

Table 2: General and application-specific considerations for dosimeter development. 

Applications Characteristics 

All applications Including IMRT, VMAT, 
and the other applications 
listed below. 

Tissue equivalent electron density 

Volume-independent dose response 

Accurate relative dose distributions 

Transparency prior to irradiation 

Specific 
applications 

Radiosurgery Low sensitivity to accommodate high doses 

Remote dosimetry Stable post-irradiation response that is insensitive to both 
time and temperature 

Brachytherapy  High sensitivity 

Good response stability to preserve dose response accuracy in 
extended irradiations (e.g., for low energy isotopes) 

Deformable dosimetry Mechanical properties (elasticity) comparable to human 
tissues 

Reusable dosimeters Relatively stable post-irradiation response 

Optical clearing 

 

The variable characteristics that are desirable for specific applications can be 

categorized under (1) dose response sensitivity, (2) temporal stability, and (3) mechanical 

properties. A range of dose response sensitivities to match particular clinical applications, 

such as high sensitivity for low dose applications (e.g., brachytherapy) and low sensitivity for 

high dose applications (e.g., radiosurgery), would optimize the signal-to-noise of dose readout 
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within the dynamic range of the optical-CT scanner and subsequent reconstructioniv. A 

dosimeter that exhibits high temporal stability of the dose response is particularly needed for 

applications where the dosimeter would have a delayed readout as seen in remote dosimetry 

practices12 (Chapter 4), or when the dosimeter is irradiated for an extended period of time, as 

in the case of characterizing a low-energy brachytherapy source52. Conversely, for a reusable 

dosimeter, it would be desirable for the dosimeter to have relatively low temporal stability so 

that the dose response would optically clear within a reasonable period of time (e.g., 1-2 

weeks) to allow reuse (Chapter 5). Finally, mechanical properties similar to that of biological 

tissue would allow PRESAGE® to be used for measured 3D validation of DIR algorithms 

and calculated dose deformation22,53 (Chapter 6). 

All formulations of PRESAGE® exhibit a linear change in optical density (∆OD) in 

response to radiation dose, but the sensitivity and stability of this response can vary based on 

the composition of an individual formulation. Formulations can thus be customized to 

specific applications by varying these constituents and/or their relative amounts. For example, 

recent studies have shown that the composition of catalytic metal compounds in the 

polyurethane and the trihalomethane initiator both influence dosimeter sensitivity45,54. The 

radiological and mechanical properties of PRESAGE® can likewise be adjusted with small 

variations in composition, including improving tissue equivalence12 and creating deformable 

PRESAGE® dosimeters with an elastic polyurethane matrix22,24. 

The PRESAGE® formulations developed to date fall into two primary categories 

separated by application and polyurethane matrix hardness: standard and 

                                                 

iv Several formulations of standard PRESAGE® in small volume optical cuvette samples have been irradiated to doses as 
high as 80 Gy and measured out by spectrophotometer. The resulting dose response plot remained linear, with no indication 
of saturation of the dosimeter material. The limiting factor in deliverable dose and sensitivity is, then, not saturation of the 
radiochromic dosimeter material, but saturation of signal in the projection image as read out by the scanner camera. The 
dynamic range of the scanner is discussed in section 2.B. The subject of image saturation and dynamic range are also 
discussed in footnote vii on page 77. 
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deformable/reusable. Standard formulations, which are manufactured with a rigid 

polyurethane matrix of Shore hardness 80D (comparable to the hardness of a construction 

hardhat), have been well characterized for dose-rate independence, temporal stability, and 

tissue-equivalence in the literature11,19,20. These hard polyurethane formulations will be 

referred to as “standard PRESAGE®” throughout this work. The newer deformable/reusable 

formulations were only recently developed circa 2012, and are manufactured with soft 

polyurethane matrices that have ranged from Shore hardness 15A (comparable to hardness 

between a gel shoe insert and a rubber band) to 50A (comparable to the hardness of a pencil 

eraser). While optical clearing for potential dosimeter reuse is not observed only in 

dosimeters formulated with a soft polyurethane matrix55, the discovery that optical clearing is 

facilitated by a lower durometer matrix has led to the current avenue of development and 

study in potential reusability. These classes of new reusable and deformable dosimeters will 

be referred to as Presage-RU and Presage-Def, respectively. Figure 2 shows the development 

timeline of the 29 formulations listed in Table 1 and studied during the course of this work. 

Chapters 3 and 4 describe clinical applications using standard PRESAGE® 

formulations with the 80D durometer polyurethane matrix. Chapters 5 and 6 cover the 

development and application of the new, lower durometer dosimeters. 
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Figure 2: 29 different PRESAGE® formulations and dates of manufacture from 2011-
2015. Circular markers indicate start and end dates. 
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2.A.3. Dosimetric Properties: Dose Response Sensitivity and 
Stability 

2.A.3.a. Methods of Characterization 

Characterization of a PRESAGE® formulation’s dose response sensitivity and 

temporal stability is performed through measurements of small volume samples cast in 

optical cuvettes (1×1×4.5 cm) (Figure 3). These small volume dosimeter samples are 

uniformly irradiated to known doses on a 6 MV linac at 100 cm source-to-surface distance 

(SSD) and a depth of 5.5 cm in a 30×30×16 cm block of solid water and bolus. The post-

irradiation change in optical density (∆OD) across the 1 cm thick sample is determined by 

using a Spectronic Genesys 20 spectrophotometer (Thermo Electron Scientific Instruments 

Corp., Madison, WI) to measure absorption at the leuco dye’s peak absorption wavelength 

before and after irradiation, then subtracting the pre-irradiation OD from the post-irradiation 

OD. Dose response sensitivity is then determined by plotting the ∆OD/cm against dose (Gy) 

and performing a linear fit to determine ∆OD/(cm∙Gy). Temporal stability is determined by 

tracking these measurements over time. 

 

 

Figure 3: Optical cuvettes of PRESAGE®, demonstrating change in optical density 
from 0 Gy (left) to 8.0 Gy (right). 
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There are advantages to characterizing new formulations and individual dosimeter 

batches with small volume samples measured by spectrophotometer versus using full-size 

dosimeters read out by optical CT, particularly in speed and ease of measurement and the 

reduction of cost and waste. While dose response sensitivities determined through this 

method have been used to accurately calibrate smaller size dosimeters (4-6 cm diameter, 3-

4.75 cm length)22,56, studies of larger dosimeters (11 cm diameter, 1000 cc volume) have 

shown volume-dependent sensitivity differences leading to discrepancies of at least 4-7%11,46, 

and more recently by as much as 63%49. Reliable calibration of the relative dose distributions 

measured in PRESAGE® dosimeters would therefore require scaling to a known dose at a 

given location (e.g., an ion chamber dose measurement23,49,57), but small volume studies 

conducted with optical cuvettes generally provide sufficient accuracy to characterize 

approximate dose response sensitivity and trends in temporal stability. 

The dose response sensitivity and temporal stabilities for a selection of standard 

PRESAGE® formulations are summarized in the following sections 2.A.3.b-2.A.3.c. 

Corresponding values for the reusable and deformable formulations under study are covered 

in detail in Chapters 5 and 6. 

2.A.3.b. Dose Response Sensitivity of Standard PRESAGE® Formulations 

The dose response sensitivities of 13 standard PRESAGE® formulations between 

2011-2015 are summarized in Figure 4. (Two formulations, DEA-P-1.0 and DEA-N-2.0, are 

excluded because small volume characterization data was not available.) The primary leuco 

dyes used for these formulations were LMG, 2-methoxy-DMA LMG, and 2-methoxy-DEA 

LMG. 2-methoxy-DEA LMG is the leuco dye used in current standard PRESAGE® 

formulations due to improved solubility, sensitivity, and stability versus the other two 

options. 
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Figure 4: Dose response sensitivity (∆OD/[cm∙Gy]) for a selection of standard 
PRESAGE® formulations as determined through small volume characterization 
studies. Formulations are grouped and color-coded by leuco dye used: LMG (green), 
2-methoxy-DMA LMG (orange), and 2-methoxy-DEA LMG (teal). Error bars depict 
standard deviation for the averages of multiple sensitivity measurements. 
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2.A.3.c. Temporal Stability of Standard PRESAGE® Formulations 

The dose response sensitivities of a selection of standard PRESAGE® formulations 

2011-2015 are illustrated in Figure 5 and demonstrate the range of post-irradiation 

differences that can be seen between formulations with variations in components and/or 

percent composition of those components. For all results shown in this figure, the samples 

were kept at cold storage (between -15 to 10°C) in between measurements. The temporal 

stabilities of specific formulations are discussed in greater detail in Chapters 4-6. 

 

 

Figure 5: Temporal stability of the post-irradiation response of a selection of standard 
PRESAGE® formulations. Values have been normalized to initial readout (Day 0) to 
illustrate percentage change in response over time. Marker shapes indicate leuco dye 
used: LMG (circle), 2-methoxy-DMA LMG (square), and 2-methoxy-DEA LMG 
(diamond). 

 

2.A.4. Radiological Properties: Effective Atomic Number (Zeff) 

The radiological properties and water equivalence of PRESAGE® are determined by 

effective atomic number (Zeff). There are two methods by which Zeff is calculated: the power 
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law method58,59, which provides a single Zeff value is both widely used and found in radiation 

physics textbooks, and through use of the Auto-Zeff
60 software developed by RMIT University 

(Royal Melbourne Institute of Technology), which calculates energy-dependent values of Zeff 

and has been used to characterize the water equivalence of gel dosimeters61,62. Zeff of 

formulations under study are determined from their elemental composition provided by 

Heuris Inc. when available, and included in both Table 1 and their respective chapters. 

2.A.4.a. Power Law Method 

In the power law method, Zeff for a composite material is given by the following 

equation58,59,61: 

𝑍eff = ��𝑓𝑖𝑍𝑖𝑚
𝑚

 
(Eq. 1) Effective atomic number. 

In this equation, 𝑓𝑖 represents the fraction of electrons contributed by element 𝑖 

within the composite material, 𝑍𝑖 is the atomic number of element 𝑖, and 𝑐 is an exponent 

derived from fitting to the cross section of interaction per atom of specific elements when 

subject to low energy sources63. The historical value for 𝑐 was defined as 2.94 by Mayneord 

in 193759,61, though values in the literature have varied from 1.7 to 3.8 depending on the x-

ray source and photon interaction(s) of interest64. Given that the value of 2.94 for 𝑐 is cited 

in contemporary radiation therapy physics texts59 and was also used for determining the Zeff of 

PRESAGE® in prior literature, this is the value of 𝑐 that will also be used within this 

dissertation. 

Using this method, the Zeff of water is determined to be 7.42. 

 

            24



 

 

𝑍eff = �0.2 ∙ 12.94 + 0.8 ∙ 82.942.94 = 7.42 (Eq. 2) Effective atomic number of water 
as calculated by the power law 
method. 

 

2.A.4.b. Auto-Zeff Software 

The determination of Zeff in the Auto-Zeff software is derived from the correlation 

between atomic cross section and atomic number, with specific methods discussed in detail in 

Taylor et al.60. The atomic cross section of a composite material is calculated as follows: 

 

�
𝜇
𝜌
�
mixt

= ��(𝑤𝑖) �
𝜇
𝜌
�
𝑖
�

𝑖

 (Eq. 3) �𝝁
𝝆
�
𝐦𝐦𝐦𝐦

 is the total mass 

attenuation coefficient for a 
composite material with a 
mixture of different elements. 

𝒘𝒊 is the fractional weighting of 
element 𝒊. 

�𝝁
𝝆
�
𝒊
 is the mass attenuation 

coefficient for element 𝒊. 

𝜎mixt =
�𝜇𝜌�mixt
𝑁A ∑

𝑤𝑖
𝐴𝑖𝑖

 

(Eq. 4) 𝝈𝐦𝐦𝐦𝐦 is the atomic cross section 
for a composite material with a 
mixture of different elements. 

𝑵𝐀 is Avogadro’s number and 𝑨𝒊 
is the atomic weight of element 𝒊. 

 

User-defined composite materials, such as the various formulations of PRESAGE®, 

can be evaluated in Auto-Zeff by creating a new material and entering the fractional 

components of each element present. Auto-Zeff then calculates the total mass attenuation 

coefficient based on the mass fraction of each element in the composite material, calculates 
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the cross-section for each energy (energy range 10 keV to 1 GeV), and determines the 

corresponding energy-dependent Zeff. 

The range of Zeff values calculated for this work is for the photon energy range of 10 

keV to 10 MeV. This range was chosen to sufficiently cover most therapeutic energies of 

interest: 21 keV to 2.45 MeV for brachytherapy59, 1.17-1.33 MeV for cobalt-60 sources as 

seen in ViewRay MRIdian™ system, and 6-15 MV (corresponding to average energies of ~2-

5 MeV) for the photon beam energies available on the Varian linacs (Clinac 600EX, Clinac 

21EX, TrueBeam) at Duke University Medical Center. Additionally, this is the photon 

energy range used to evaluate the water equivalence for 15 gel dosimeters in previously 

published work by Taylor et al.61, and thus allows ready comparison of PRESAGE® to other 

3D dosimeters. 

The Zeff values of water from 10 keV to 10 MeV are shown in Figure 6 along with five 

PRESAGE® formulations for comparison. At 2 MeV (~6 MV), the Zeff of water calculated by 

Auto-Zeff is 3.35. In the range of 2-5 MeV (~6-15 MV), the percent differences between 

water and the formulations shown are <1.8%. 
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Figure 6: The Zeff spectrum for water, along with five PRESAGE® formulations for 
comparison, from energies 10 keV to 10 MeV. Good agreement for the dosimeter 
formulations is seen, particularly in the clinical MV range. Values are calculated using 
the Auto-Zeff software60. 

 

2.B. Duke Optical-CT Scanners 

The in-house Duke Optical-CT Scanners are a series of bi-telecentric, parallel beam, 

high-resolution optical-CT scanners (Table 3) that have been designed and employed by the 

3D Dosimetry & Optical Bio-Imaging Lab for fast, accurate 3D dosimeter scanning. The 

Duke Optical-CT Scanner series span a large range of field-of-view (FOV) sizes (4.96×3.72 

cm to 24.3×18.1 cm) and native spatial resolutions (30.8 μm/px to 174 μm/px) in order to 

accommodate a wide variety of diverse applications and their associated resolution 

requirements. Optical-CT scanning for most of the work in this dissertation was performed 

with the Duke Large-FOV Optical-CT Scanner (DLOS)11 and the Duke Mid-sized Optical-

CT Scanner (DMOS)12. 
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Table 3: Duke Optical-CT Scanner series instrumentation and specifications. 

Scanner Light Source 
Source Lens 

(beam diameter) 

Camera Lens 

(magnification) 

Camera 

(resolution) 
Camera FOV 

Maximum 
Scanner Resolution 

Maximum 
Scanner FOV 

DLOS* 
3W red LED 

632.8±5 nm 

Opto Engineering 
LTCL 240-R 

(300 mm) 

Opto Engineering 
TC 23 240 

(0.037×) 

Basler 
A102f 

(6.45 μm/px) 

1392 × 1040 
px 

174 μm/px 24.3 × 18.1 cm 

DMOS† 
3W red LED 

632.8±10 nm 

Opto Engineering 
LTCL 120-R 

(150 mm) 

Opto Engineering 
TC 23 144 

(0.061×) 

Basler 
A102f 

(6.45 μm/px) 

1392 × 1040 
px 

106 μm/px 14.7 × 11.0 cm 

DMOS† 2015 
3W red LED 

632.8±10 nm 

Opto Engineering 
LTCL HP 144-R 

(180 mm) 

Opto Engineering 
TC 23 144 

(0.061×) 

Allied Vision 
Technologies 
Manta G-145 

(6.45 μm/px) 

1388 × 1038 
px 

106 μm/px 14.7 × 11.0 cm 

DMicrOS‡ 
2W red LED 

632.8±10 nm 

Opto Engineering 
LTCL 056-R 

(70 mm) 

Edmund Optics 
Gold Series 55-349 

(0.25×) 

Basler 
piA 1600-35gm 

(7.40 μm/px) 

1608 × 1208 
px 

30.8 μm/px 4.96 × 3.72 cm 

 

* Duke Large Field-of-View Optical-CT Scanner 
† Duke Mid-sized Optical-CT Scanner 
‡ Duke Micro Optical-CT Scanner 
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2.B.1. Instrumentation 

 

Figure 7: Diagram (top-down perspective) illustrating the Duke Optical-CT Scanner 
design (Thomas et al.11). 

The general design of the Duke Optical-CT Scanners is universal across all 

scanners11,12, and is illustrated in Figure 7. The components of the scanners, from source to 

detector, are: 

(1) Light source: a 2-3W red LED. 

(2) Optical diffuser: a glass optical diffuser to improve the uniformity of the light 

source and reduce sensitivity to schlierenv within the dosimeter. 

(3) Optical band pass filter: a 632.8 nm ± 5-10 nm filter that corresponds to the 

peak absorption wavelength of most PRESAGE® leuco dyes (Table 1) and 

reduces spectral artifactsvi. 

(4) Telecentric collimator: a telecentric collimated illuminator for the light source. 

This is a telecentric lens that collimates the light from the LED source into 

parallel rays using glass elements within the lens.65 

                                                 

v Schlieren are visible streaks within the dosimeter from slight differences in refractive index within the polyurethane, and 
are created during dosimeter manufacture. 
vi It should be noted that while the band pass filter was located between the LED and the telecentric collimator as shown in 
Figure 7 for the original versions of the Duke Optical-CT Scanners built prior to November 2014, the band pass filters for 
the DLOS (modified November 2014) and the two DMOS 2015 systems are located between the telecentric imaging lens 
and the camera. The function remains the same. 
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(5) Matched refractive index fluid bath: a glass tank filled with a fluid matched to 

the refractive index of the dosimeter being scanned to minimize reflection and/or 

refraction at the dosimeter-fluid interface. 

(6) Rotating stage: a rotating stage fitted into the bottom of the fluid bath, which 

includes a physical dosimeter docking mechanism for consistent dosimeter 

placement and spatial registration of the pre-irradiation and post-irradiation 

scans. 

(7) Telecentric lens: a telecentric imaging lens43 with an acceptance angle of <0.1°. 

(8) Camera: a 12-bit charge-coupled device (CCD) camera for projection readout with 

a dynamic range of 0-4095 light units. 

The specific components and scanning specifications for each scanner, including 

maximum scanner resolutions and FOV dimensions, are summarized in Table 3. 

2.B.2. Optical-CT Data Acquisition 

Optical-CT scans of the dosimeter are taken both before and after irradiation in order 

to determine the net ∆OD. The number of projections per 360° rotation for the dosimeter 

scan is determined from the Nyquist sampling criterion to achieve sufficient sampling for a 

desired final resolution in the reconstruction. The parameter generally used in this work is 

360 projections per scan (1 projection per degree) as this is sufficient sampling to 

accommodate common dosimeter sizes (up to 11.5 cm diameter) for reconstruction at or 

exceeding 1 mm isotropic resolution. At each projection angle, multiple projections (e.g., 8-

25) are taken and averaged to increase the signal-to-noise ratio (SNR) for each projection. A 

flood field and a dark field are also taken for each scan to correct for inherent noise and non-

uniformities. 
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2.B.3. 3D Data Reconstruction 

3D image reconstruction is performed with an in-house, MATLAB-based graphic 

user interface (GUI) that reconstructs the 3D dataset with filtered backprojection66 using the 

iradon function and Ram-Lak filter. The iradon (inverse radon transform) function takes in a 

sinogram generated from one axial slice of the optical-CT scan, the projection angles from the 

scan, the filter to be applied, and the user-defined reconstruction output size. The iradon 

function convolves projection data from the sinogram with the filter function, then 

backprojects the filtered data onto the image matrix. Each slice of the dosimeter is 

reconstructed with the iradon function and assembled into a full 3D matrix of reconstructed 

values. 

For both scans (pre-irradiation and post-irradiation), the dark field is used to correct 

for the background and any camera non-uniformity in both the flood field and each 

projection image. The corrected projection images are then normalized by the corrected flood 

field to yield the dosimeter’s optical density. These projections, which are taken at the native 

resolutions shown for each scanner in Table 3, are then downsized to the desired resolution 

and smoothed with a median filter as needed during sinogram formation. The desired 

resolution of the final reconstructed dose measurements are application-dependent, but are 

generally chosen to match the size of the treatment plan calculation grid from the treatment 

planning system. Pre-irradiation data is also used to correct post-irradiation data in this step 

by dividing the sinogram of the post-irradiation by that of the pre-irradiation scan. Finally, 

reconstruction with the iradon function yields the net change in optical density (∆OD) in the 

dosimeter from irradiation. Relevant equations for corrections and ∆OD calculation are 

summarized on the following page.  
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𝐼1 = 𝑡𝑡𝑎𝑡𝑡𝑐𝑖𝑡𝑡𝑒𝑡 𝑙𝑖𝑙ℎ𝑡 𝑖𝑡𝑡𝑒𝑡𝑡𝑖𝑡𝑖 (𝑡𝑑𝑡𝑖𝑐𝑒𝑡𝑒𝑡 𝑝𝑡𝑑𝑝𝑒𝑐𝑡𝑖𝑑𝑡) 

𝐼0 = 𝑖𝑡𝑐𝑖𝑡𝑒𝑡𝑡 𝑙𝑖𝑙ℎ𝑡 𝑖𝑡𝑡𝑒𝑡𝑡𝑖𝑡𝑖 (𝑓𝑙𝑑𝑑𝑡 𝑓𝑖𝑒𝑙𝑡) 

�
𝐼1
𝐼0
�
pre

=
𝑝𝑡𝑒𝑡𝑐𝑎𝑡 − 𝑡𝑎𝑡𝑘pre
𝑓𝑙𝑑𝑑𝑡pre − 𝑡𝑎𝑡𝑘pre

 

 

(Eq. 5) Corrected pre-irradiation 
projections 
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post
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𝑝𝑑𝑡𝑡𝑡𝑐𝑎𝑡 − 𝑡𝑎𝑡𝑘post
𝑓𝑙𝑑𝑑𝑡post − 𝑡𝑎𝑡𝑘post

 

 

(Eq. 6) Corrected post-irradiation 
projections 
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(Eq. 7) Calculation of net change in 
light attenuation through 
sinogram division 

∆𝑂𝑂 = −
∆ ln �𝐼1𝐼0�
ln(10)  

= −∆ log10 �
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� 

(Eq. 8) Calculation of net change in 
optical density 

 

2.B.4. Duke Optical-CT Scanners in Operation 

There are currently four versions of the Duke Optical-CT Scanner in operation at 

three institutions: Duke University, Durham, NC, USA; the University of Texas MD 
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Anderson Cancer Center (IROC Houston), Houston, TX, USA; and Princess Margaret Cancer 

Centre, Toronto, ON, Canada. A brief overview of each scanner can be found below. 

2.B.4.a. DLOS 

The Duke Large FOV Optical-CT Scanner (DLOS) is the original model for the Duke 

Optical-CT Scanner series. This scanner was designed to accommodate dosimeters up to at 

least 16 cm diameter, and was benchmarked and commissioned for clinical use11. The native 

projection spatial resolution is 174 μm/px. The DLOS is located at Duke University. 

2.B.4.b. DMOS 

The Duke Mid-sized Optical-CT Scanner (DMOS)12 was designed for system 

portability and to readily accommodate common dosimeter sizes (e.g., up to 11 cm diameter). 

The native projection spatial resolution is 106 μm/px. This version of the DMOS was in 

operation at Duke University from 2012 to 2014, and was also installed at IROC Houston in 

December 2012. 

2.B.4.c. DMOS 2015 

The DMOS 2015 is an upgraded version of the DMOS with a larger illuminator (180 

mm diameter versus 150 mm diameter in the DMOS). The DMOS 2015 retains the same 

native spatial resolution of 106 μm/px as the DMOS. DMOS 2015 systems were installed at 

Duke University (replacing the DMOS) and Princess Margaret Cancer Centre in March 2015. 

2.B.4.d. DMicrOS 

The Duke Micro Optical-CT Scanner (DMicrOS) was optimized for applications with 

small dosimeters and where very high resolutions are desirable, and features a native spatial 

resolution of 30.8 μm/px. Applications include measurements of in vivo brachytherapy 
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dosimeters47 (4 mm diameter, 20 mm length) and dosimetry for microbeam radiation therapy 

where beam-widths are on the order of ~300-400 μm67–69. The DMicrOS is located at Duke 

University. 

2.C. Analysis Methods 

Analysis of reconstructed 3D dose distributions generally involves direct comparison 

to predicted dose distributions from a commissioned treatment planning system (TPS) with 

dose line profiles, 2D dose maps, and 3D gamma analysis using A Computational 

Environment for Radiotherapy Research (CERR)70, a MATLAB-based software tool 

developed by Washington University. The gamma criteria of 3%/3mm with a 10% dose 

threshold will be applied in all cases that 3D gamma calculations are used. These are both the 

recommended criteria from the American Association of Physicists in Medicine (AAPM) Task 

Group 119 (TG119) for IMRT commissioning3 and the most commonly used clinical QA 

standard71, and thus serves as a useful reference point for comparison to other work.  Given 

that recent studies have shown that 3%/3mm can be insufficient for detecting systematic 

errors that are identifiable with more sensitive criteria72, however, additional gamma criteria 

are applied as appropriate. 

The general data analysis workflow using CERR can be found in the following 

section 2.C.1. Additional analysis methods specific to each individual study will be detailed 

in their respective chapters. 

2.C.1. Analysis Workflow in CERR 

The data analysis workflow for comparisons of 3D measured dose to other calculated 

or measured dose distributions within CERR is summarized below: 
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(1) Import the treatment plan and planning CT from the treatment planning system 

(e.g., Varian Eclipse) into CERR to create a CERR plan. 

(2) Reconstruct the dosimeter data at a resolution to match the calculation grid size 

of the calculated dose distribution from the treatment plan, with median filtering 

applied if/as needed to reduce noise. 

(3) Import the dosimeter data into the CERR plan created in (1). 

(4) Register the dosimeter data to the planning CT. This process can be aided with 

the use of fiducial markers (e.g., small drilled holes that appear in both the post-

irradiation optical-CT scan and the x-ray planning CT, or small marks on the 

dosimeter surface visible in the post-irradiation optical-CT scan that correspond 

to CT set-up markers on the dosimeter surface in the x-ray CT). 

(5) Normalize the dosimeter data to reflect measured dose. PRESAGE® dosimeters 

provide relative dose distributions that can be scaled to match known dose (e.g., 

an ion chamber measurement taken in a uniform dose region23,49,57). 

(6) Crop the dosimeter to remove edge artifacts and values outside the measured 

dosimeter distribution. 

(7) Compare the measured dose distribution to the calculated dose distribution from 

the treatment plan and/or any other dose distributions of interest that have been 

spatially registered to the planning CT. 

(7a) Line profiles can be drawn using the Dose/CT Profile tool in CERR and 

extracted into the MATLAB workspace for further analysis. 
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(7b) 2D dose maps can be directly viewed in CERR. Difference maps can also 

be calculated in CERR by taking the difference of registered dose 

distributions. 

(7c) 3D gamma analysis can be performed directly within CERR using the 

Gamma 3D tool, which allows selection of a “Base” evaluated dose 

distribution, a “Ref” reference dose distribution, and the gamma criteria 

of percent dose difference, distance to agreement in mm, and threshold 

(percent of maximum evaluated dose). Gamma passing rates are 

calculated in MATLAB by extracting the 3D gamma matrix generated 

by CERR and dividing the number of passing voxels (value <1) by the 

number of total voxels. 

The 3D gamma calculation performed by CERR uses the global normalization 

method to determine percent dose difference, i.e. the dose difference criterion is determined 

by a percentage of the maximum evaluated dose. The global normalization method is known 

to be less sensitive than the local normalization method that calculates percent dose difference 

on a point-by-point basis72,73, but is commonly employed and also the method of 

normalization in the IMRT commissioning recommendations provided by TG1193,72. 
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3. APPLICATIONS OF 3D DOSIMETRY WITH 
STANDARD PRESAGE® FORMULATIONS 

While the specific research aims of this dissertation (Chapters 4-6) focus on special 

applications of 3D dosimetry involving long-term temporal effects and/or changes to the 

polyurethane matrix, the majority of 3D dosimetry studies use standard, single-use 

PRESAGE® dosimeters that are immediately read out on site after irradiation. This chapter 

briefly reviews a few recent studies to highlight the breadth of clinical applications for 3D 

dosimetry with the PRESAGE®/Optical-CT system: IMRT/VMAT49, multifocal SRS23,48,50, 

in vivo brachytherapy47, small animal dosimetry56, and microbeam radiation therapy 

(MRT)67–69,74–77. All projects summarized are published studies in which there was direct 

involvement through a supervisory role, execution of initial preliminary work, and/or data 

acquisition and analysis. The formulations used during the course of each of these studies are 

listed in Table 4, though not all formulations may appear in their corresponding final 

publications. 

 

Table 4: Summary of formulations used in each clinical application study reviewed in Chapter 
3. Formulation details can be found in Table 1. 

Formulation IMRT/VMAT Multifocal SRS 
In Vivo 

Brachytherapy 
Small Animal 

Microbeam 
RT 

SS1      

LS1      

LS2      

LS3      

DMA-1.7      

DEA-1.5A      

DEA-1.5B      

DEA-1.7      

DEA-P-1.0      
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3.A. IMRT/VMAT 

While previous work with PRESAGE® (SS1) has demonstrated excellent results for 

3D IMRT QA57, ongoing development and changes to the most commonly employed 

formulations of standard PRESAGE® also necessitate reevaluation of performance. One 

major change to standard PRESAGE® around 2013 (Figure 2) was transitioning the leuco 

dye from LMG to an LMG derivative, 2-methoxy-DEA LMG, in order to improve dose 

response sensitivity and stability. In light of this, recent work by Jackson et al.49 evaluated 

three formulations of PRESAGE® for use in IMRT/VMAT irradiations: DEA-1.5A (1.5% 2-

methoxy-DEA LMG, labeled “DEA-1” in the publication), DEA-P-1.0 (1.0% 2-methoxy-

DEA LMG and plasticizer, labeled “DEA-2”), and SS1 (2.0% LMG, labeled “DX”). The goals 

of this study were to assess the performance of the new formulations against the previous 

high-performing SS1 formulation and provide recommendations for use. 

A simple irradiation plan of five 2 cm × 2 cm beams at three different dose levels (3 

Gy, 6 Gy, and 9.5 Gy at dmax=1.5 cm) were delivered to 11 cm diameter dosimeters on a 6 

MV linac, providing a range of dose responses for comparison of dose response and sensitivity. 

These results are shown in Figure 8 and demonstrate that while both 2-methoxy-DEA LMG 

formulations show improved temporal stability over SS1, DEA-1.5A proved to have the best 

stability; after an initial rapid OD increase within the first hour, stability within 2% was 

maintained for the following 5 hours. DEA-P-1.0 responded similarly to DEA-1.5A in that 

signal in the dosimeter increased rapidly during the first hour before subsequently dropping 

over time, but exhibited lower temporal stability than DEA-1.5A. Contrary to expectations, 

the SS1 dosimeter yielded a higher sensitivity than the other two 2-methoxy-DEA LMG 

formulations; review of previous measurements of sensitivity (Table 1, Figure 4) show 
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contradicting results. This may be attributable to the fact that suppliers for some components 

of SS1 had changed between when it was regularly manufactured and when the batch for this 

particular study was made. 

DEA-1.5A was selected to evaluate two patient brain treatments: a 5-field IMRT 

plan (Figure 9, top) and a 2-arc VMAT plan (Figure 9, bottom), with the subsequent results 

evaluated by 3D gamma analysis with the criteria of 3%/3mm and 3%/2mm and a 10% dose 

threshold. Both plans were scaled to match both the expected treatment plan distribution 

(“relative dose”) and a known, absolute dose measurement taken with an SRS ion chamber 

(CC01, Wellhofer) (“absolute dose”). These results are shown in Table 5, and demonstrate 

that results are similar to prior work using SS157; in the prior work, 3%/3mm passing rates 

for a series of head and neck IMRT treatments ranged from 95.7-99.7% passing when scaled 

to absolute dose. 

 

Table 5: Gamma index passing rates of DEA-1.5A dose distributions compared to TPS 
calculations for IMRT and VMAT treatments (Jackson et al.49). Passing rates are shown for a 
purely relative distribution (scaled to match treatment plan) versus and a distribution 
calibrated to absolute dose (scaled to match ion chamber reading). 

 Relative Dose  Absolute Dose 

 3%/3mm 3%/2mm  3%/3mm 3%/2mm 

IMRT 99.4% 98.7%  99.6% 97.0% 

VMAT 97.9% 93.1%  94.5% 80.6% 
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Figure 8: Comparison of temporal stability in formulations DEA-1.5A, DEA-P-1.0, 
and SS1 from Jackson et al.49 Beam A-E refer to dose measured from individual 2×2 
cm open fields irradiated to the doses indicated in the legend at dmax. Normalized OD 
values have been normalized to measurement at 3 h. Error bars for the dose response 
plots (right column) reflect an estimation of error (±1.02%) based on measurement 
noise, leakage modeling, and set-up error. 
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Figure 9: Performance of DEA-1.5A in QA of a 5-field IMRT treatment plan (top) and 
a 2-arc VMAT plan (bottom). Profiles locations are indicated by the double-headed 
arrows in the second column. Figures from Jackson et al.49 
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In summary, while all three PRESAGE® formulations could yield accurate 3D 

dosimetry, the performance of DEA-1.5A was found to be comparable to the prior, well-

characterized formulation (SS1) for application to IMRT and VMAT QA, and also yielded 

improved temporal stability. 

3.B. Multifocal SRS 

As mentioned in section 2.A.2, one consideration of PRESAGE® development for 

high-dose applications such as stereotactic radiosurgery (SRS) is lower sensitivity to 

accommodate the higher dose without saturating the projection image in the optical-CT 

scanner. To this end, three low sensitivity formulations (LS1, LS2, and LS3) were developed 

to evaluate a single isocenter, multifocal SRS plan. Formulation LS3 had the lowest dose 

response sensitivity of the three formulations at 0.0029 ΔOD/(cm∙Gy), which is an order of 

magnitude less sensitive than the other standard PRESAGE® formulations (Figure 4) that 

typically have sensitivities around or greater than 0.02 ΔOD/(cm∙Gy). The results from 

formulations LS1 and LS2 were covered in detail by Niebanck48 and the results for LS3 as 

published in Thomas et al.23 will be summarized briefly here. 

A single isocenter, multifocal SRS plan (Figure 10) was created for an 

anthropomorphic head phantom made to accommodate an 11 cm diameter PRESAGE® 

dosimeter (Figure 11). Five targets, ranging in size from 5-24 cm3, were created with one 

central target and four peripheral targets. Two peripheral targets were located superior and 

left/right of the central target while the remaining two were located inferior and 

anterior/posterior of the central target. A RapidArc treatment with five arcs was planned to 

deliver doses of 15-25 Gy to each of the targets. 
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Figure 10: Visualization from the treatment planning system of the five RapidArc 
delivery paths (a) for treating the five targets depicted in (b). Figure from Thomas et 
al.23 

 

 

Figure 11: An anthropomorphic head phantom (a), which has a space for inserting a 
PRESAGE® dosimeter (b). The head phantom was set up for SRS treatment using the 
Brainlab U frame mask (c). Figure from Thomas et al.23 

 

Four dosimeters of formulation LS3 were each set up independently and irradiated on 

separate days. Dose readout was scaled to absolute dose measured with an SRS ion chamber 

(CC01, Wellhofer) at a known point. Results showed good consistency between separate 

deliveries (<3% dose deviation within the targets) and with the treatment plan. This 

agreement was also supported by the 3D gamma passing rates of 99.9% at 5%/3mm and 
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98.0% at 3%/2mm. This study demonstrated high accuracy and treatment delivery 

reproducibility for a complex, multiple arc treatment that would otherwise prove challenging 

to comprehensively verify. 

3.C. In Vivo Brachytherapy 

Vidovic et al.47 investigated the feasibility of using PRESAGE® to measure dose 

gradients in vivo for brachytherapy treatments. In this application, rather than using a large 

volume dosimeter for measuring and reconstructing a full 3D dose distribution, a small piece 

of PRESAGE® (4 mm diameter, 20 mm length) (Figure 12A) would be used for high 

resolution 1D/2D measurements using stationary projections taken with the DMicrOS 

system (Figure 12B). These small dosimeters are referred to as PRESAGE®-IV and made 

from formulations DEA-1.5A, DEA-1.5B, and DEA-1.7. All three formulations use the 2-

methoxy-DEA LMG leuco dye. DEA-1.5A and DEA-1.5B are essentially identical except for 

small differences in percentage tetrahydrofuran (used as an initiator solvent). DEA-1.7 has a 

slightly higher percentage of leuco dye (1.7% versus 1.5%) and uses acetone as a solvent 

instead of a combination of butyl acetate and tetrahydrofuran. 

To test the feasibility of the PRESAGE®-IV measurement technique, PRESAGE®-

IV dosimeters were affixed to a 3.5 cm diameter stump cylinder GYN brachytherapy 

applicator (Figure 12C) and irradiated to 7 Gy in a water bath using a Varian® 

GammaMed™ plus iX 192Ir HDR afterloader. PRESAGE®-IV dosimeters were also 

evaluated for their capability to measure steep dose gradients through irradiation to 

approximately 6 Gy with a narrow stripe (4 mm wide) of radiation on a 6 MV linac, with 

results compared to Gafchromic® EBT2 film. 
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Figure 12: (A) PRESAGE®-IV dosimeters pre-irradiation (left) and post-irradiation 
(right). (B) ΔOD map of two dosimeters taken in the DMicrOS. (C) Sagittal cross-
section of a PRESAGE®-IV dosimeter affixed to a stump cylinder GYN applicator 
with CT localizers attached to either end. Figures from Vidovic et al.47 

 

 

Figure 13: Agreement between PRESAGE®-IV and EBT2 film in a steep dose region 
shown through a 10 mm line profile. 1D gamma analysis with criteria of 5%/1mm 
yielded a 98.9% agreement. Figure from Vidovic et al.47 

 

PRESAGE®-IV measurements showed agreement within 2.5% when compared to 

Eclipse-calculated dose in the brachytherapy applicator irradiation and agreement within 4% 

(5%/1mm 1D gamma passing rate of 98.9%) when compared to EBT2 film for the steep dose 

(Figure 13). These results provide a useful foundation for potential future work with using 

PRESAGE® in high-resolution 1D/2D readout of in vivo dose distributions.  
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3.D. Small Animal Dosimetry with Rodent-Morphic 
Dosimeters 

A recent area of development for PRESAGE® dosimeters is in the creation of 

anatomically accurate dosimetric phantoms made from 3D printed anatomy. This was 

pioneered by Bache et al.56 in the development of rodent-morphic dosimeters created using 

3D-printed positive molds of a rat spine and body contour, both derived from a rat CT 

dataset (Figure 14). This allowed the fabrication of two rodent-morphic dosimeters made 

with PRESAGE® formulation DEA-1.5A: a homogeneous dosimeter in the shape of the rat 

body for dosimetric measurements, and another identically-shaped dosimeter that included a 

high-Z (Zeff=12.0), high attenuation bony insert in the shape of the rat spine for imaging and 

targeting (Figure 15). 

 

 

Figure 14: A rat CT (a) was contoured to create 3D mesh structures of the body and 
spine (b) that were then 3D-printed to create molds (c) for casting rodent-morphic 
PRESAGE® dosimeters. Figure from Bache et al.56 
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Figure 15: The final rodent-morphic dosimeter with a high-Z spinal insert. Figure 
from Bache et al.56 

 

The dosimeter was irradiated on an X-Rad 225Cx small animal irradiator using a 

treatment plan created to simulate a SBRT spinal cord treatment delivered over a 180° arc. 

The reconstructed data was calibrated using small volume dosimeter samples irradiated to 

known doses, and independently verified to be within 2.8% of an absolute dose measurement 

taken with a nano-fiberoptic detector (nanoFOD). 3D dosimetry results showed excellent 

agreement to measurement with Gafchromic™ EBT2 film (Figure 16), with 2D gamma 

passing rates of 99.6-99.9% at 3%/1mm and 99.9-100.0% at 5%/1mm. This study both 

demonstrated the usefulness of 3D dosimetry in high resolution dose verification for small 

animal applications and provided the framework for future development in anatomical 

dosimetric phantoms made from PRESAGE®. 
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Figure 16: Comparison between the PRESAGE® reconstructed dose distribution and 
EBT2 film measurement. Maximum dose errors were -2.6% for Profile 1 and -2.9% 
for Profile 2. Maximum FWHM errors were -0.7% for Profile 1 and -1.5% for Profile 
2. Figure from Bache et al.56 

 

3.E. Microbeam Radiation Therapy (MRT) 

A collaboration with UNC Chapel Hill investigated the feasibility of applying novel 

high-resolution (50 μm isotropic) 3D dosimetry techniques for dosimetry characterization of 

a prototype carbon nanotube field emission x-ray source array-based compact microbeam 

radiation therapy (MRT) device for small animal research67. High-resolution 3D dosimetry 

could potentially provide important dosimetric information for both MRT technology 

development and animal research, particularly since the microbeams, which are 
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approximately 300-400 μm wide, are too small for measurement with most conventional 

dosimetry methods. 

 

A 

 

B 

 

Figure 17: Small cylindrical dosimeters (24 mm diameter, 22 mm length) used for 
characterizing MRT beams. The dosimeter pictured on right in (A) and in (B) shows 
the 3-beam irradiation measured for this preliminary study. 

 

A cylindrical PRESAGE® 3D dosimeter (24 mm diameter, 22 mm long) of 

formulation DEA-1.5B (Figure 17, Figure 18) was irradiated with three parallel microbeams 

generated by the prototype compact MRT system at UNC (Figure 19).  The carbon nanotube 

field emission x-ray source array is designed to produce x-rays up to 160 kV that are 

collimated to microbeam radiation through an external collimator.  Entrance dose was 

estimated from EBT2 film to be 32 Gy. A 50 μm isotropic 3D dose distribution (Figure 18, 

right) was obtained by imaging the dosimeter in the DMicrOS. A preliminary analysis of 

microbeam characteristics was performed on a ROI averaged across the central 10 mm of the 

dosimeter (Figure 19, left). Beam width (FWHM), percent depth dose (PDD), and peak-to-

valley dose ratio (PVDR) were measured as a function of depth along the irradiated beam 

paths. 
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Figure 18: An overhead view of the microbeam-irradiated dosimeter to show the 
entrance pattern and for comparison to the reconstructed dose at 50 μm isotropic 
resolution. 

 

  

Figure 19: Diagram depicting the region of data averaged for analysis (left), and a 
projection of the dosimeter (converted to OD) showing the irradiation pattern from 
the side. 

 

Beam width measurements indicated that the average FWHM across all three beams 

remained constant (405±13 μm) between depths of 3.00-14.00 mm. PDD measurements 

were normalized to values at 3.00 mm depth (to avoid bias due to possible optical artifact at 
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the dosimeter surface) and showed a falloff to 82.9-90.5% at 14.00 mm depth. PVDR 

increased with depth from 6.3 at 3.00 mm depth to 8.6 at 14.00 mm depth (Figure 20). 

 

 

Figure 20: PVDR and beam profiles of the 3-beam MRT irradiation. 

 

In comparison to film data from Hadsell et al.67, the 3D dosimetry measurements 

showed notably broader beam widths (405 μm versus 315 μm) and smaller PVDR (6.3-8.6 

versus >17). The beam width measurements were all taken without interpolation between 

points, and were therefore subject to an uncertainty of ±50 μm due to the reconstruction 

resolution that could easily account for the discrepancy between the film and PRESAGE® 

measurements. The accuracy of these measurements could be improved by a combination of 

fitting the peaks to a parabolic curve and interpolating between points to determine a more 

exact FWHM. Reconstruction at higher resolution (maximum 30.8 μm) could also be 

considered.  Differences in PVDR could potentially be the result of the alternating pattern of 
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very high attenuation and no attenuation in projection angles looking down the plane of the 

microbeams (i.e., as shown in Figure 19, right), which would be particularly susceptible to of 

stray light effects that could reduce the PVDR78. 

Although these preliminary results74 from the DMicrOS/PRESAGE® 3D dosimetry 

system presented differences from the film data, they nonetheless demonstrated strong 

potential for uniquely comprehensive verification of microbeam irradiations. Additional work 

investigating the potential of stray light artifacts affecting high-attenuation projections and 

characterizing additional MRT irradiations (including with dosimeters of formulations DEA-

1.7 and DMA-1.7) was performed by Li et al.75–77 
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4. COMPREHENSIVE 3D REMOTE DOSIMETRY 

In remote dosimetry, dosimeters are shipped from a central base institution to a 

remote institution for irradiation, and then shipped back to the base institution for readout 

and analysis. In the context of 3D dosimetry, remote dosimetry has two readily applicable 

uses: (1) improving the comprehensiveness of remote credentialing and/or auditing tests, such 

as those performed by the Imaging and Radiation Oncology Core (IROC) Houston, and (2) 

making the benefits of high resolution, comprehensive 3D dosimetry more widely available 

through research collaborations with institutions that do not have the equipment or resources 

to perform 3D dosimetry on site. Remote 3D dosimetry using polymer gels has also been 

implemented commercially as a clinical QA service for SRS/SBRT79. 

An initial feasibility and accuracy benchmarking study for 3D remote dosimetry was 

performed in collaboration with IROC Houston and published in Medical Physics12. This 

paper has been adapted into this chapter as section 4.A. Section 4.B touches on ongoing work 

in the area of 3D remote dosimetry, including new developments in a PRESAGE® 

formulation with high temporal stability and a novel application in collaboration with 

Washington University for dosimetry measurements in the MRIdian™ (ViewRay Inc.) 

magnetic resonance image guided radiation therapy (MR-IGRT) system. 

4.A. Evaluating the Feasibility of 3D Remote Dosimetry 

4.A.1. 3D Remote Dosimetry and Credentialing 

Remote dosimetry is practiced by IROC Houston in assessing radiation therapy 

programs for consistency and accuracy in radiation dose delivery and for credentialing 

institutions for advanced radiotherapy technologies4,6. This includes remote dosimetry tests 
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for intensity-modulated radiation therapy (IMRT), where participating institutions plan and 

deliver treatment to an anthropomorphic phantom that provides dosimetry data with point 

dose (TLDs) and 2D dosimetry (film) measurements in selected planes80,81. Despite this 

limited dosimetric sampling of the treatment volume, it has been reported that a substantial 

percentage of participating institutions do not pass credentialing4,6. For instance, in 

irradiations of the IMRT head and neck (H&N) phantom between 2001 and 2011, 18.4% 

failed to meet the credentialing requirements of delivered doses within 7% or 4 mm of the 

treatment plan. Furthermore, when a more stringent criteria of 5%/4mm is applied, the 

failure percentage increases to 31%6. Given that this high failure rate is seen even with 

generous passing criteria and limited dose sampling, it is reasonable to assume that greater 

errors would be seen if evaluations were performed with more sensitive metrics and 

comprehensive 3D dosimetry. 

3D dosimetry with PRESAGE® dosimeters imaged via optical computed 

tomography (optical CT) has been studied in the context of IMRT QA57,82 and has 

demonstrated potential for use in remote dosimetry applications20,46. A previously published 

study46 demonstrated the feasibility of using the PRESAGE®/Optical-CT system for relative 

3D dosimetry in the credentialing tests with the IROC Houston IMRT H&N phantom. In 

this study, the IROC Houston H&N phantom was taken through the entire credentialing 

treatment planning and delivery procedure both with the standard IROC Houston insert 

(containing 3 pieces of radiochromic EBT film and 8 TLDs) and with PRESAGE® in lieu of 

the standard insert. PRESAGE® dosimetry results were on par with the current film 

standard with a 98% 2D gamma passing rate (4%/3mm) in comparison with the EBT film 

distribution. PRESAGE® dosimetry also provided a full 3D distribution for analysis against 
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the calculated treatment planning dose distribution. In a comprehensive, slice-by-slice 

gamma comparison (4%/3mm) between PRESAGE® and Eclipse dose distributions, good 

agreement was seen with a 94% passing rate. The PRESAGE®/Optical-CT system’s 

performance in the context of IMRT QA was also demonstrated in recent work with base-of-

skull IMRT treatments57, where close agreements between measured and calculated dose 

distributions were observed across 6 cases with a mean 3D gamma passing rate (3%/2mm) of 

94.9%. Similarly, PRESAGE®/Optical-CT measurements of a complex volumetric 

modulated arc therapy (VMAT) plan independently delivered to four dosimeters23 

demonstrated both excellent agreement with a 3D gamma passing rate of 98.0% (3%/2mm) 

and consistency with a dose standard deviation of <3% across all dosimeters. The dosimetry 

in all of these earlier studies, however, was performed on-site and immediately (within 1 

hour) post-irradiation. Extending the remote IROC Houston credentialing procedure to 

include 3D dosimetry requires that the accuracy of the PRESAGE®/Optical-CT system holds 

up when subjected to the shipping stresses and time delays that occur with remote dosimetry. 

The primary objective of this study was to extend these efforts by investigating the 

feasibility of remote 3D dosimetry with the PRESAGE®/Optical-CT system. Identical 

optical-CT systems installed at two institutions (Duke University and IROC Houston) 

allowed for study of dosimeter stability with direct comparisons between immediate 

dosimetry results taken on-site after irradiation versus delayed dosimetry results taken after 

shipping from a remote institution. 
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4.A.2. Materials and Methods 

4.A.2.a. PRESAGE® Formulations for Remote Dosimetry 

Given the time delay between dosimeter irradiation and read-out in remote 

dosimetry, a characteristic of particular importance for this application is temporal stability. 

An earlier PRESAGE® formulation20 demonstrated relative temporal stability with a 

radiochromic dose response that increased with time, but remained linear with respect to 

time at all dose levels. This particular formulation, however, had an effective atomic number 

of Zeff=8.34 as calculated with the power law method (section 2.A.4.a), with a 12.3% 

difference from water (Zeff=7.42). The 2 formulations of PRESAGE® (SS1 and SS2) 

undergoing study in this work have improved water equivalence with lower Zeff values of 

8.08 (SS1) and 7.86 (SS2). The compositions of both of these PRESAGE® formulations 

under study, as well as that of the earlier formulation from Sakhalkar et al.20,46, are shown in 

Table 6. PRESAGE® formulations SS1 and SS2 differ from each other only in initiator 

content and percentage. PRESAGE® formulation SS1 includes an additional trihalomethane 

initiator (bromotricholoromethane), which increased the total initiator content from 0.50% 

to 0.75%. The higher initiator content in SS1 was expected to increase dose response 

sensitivity45 while lower initiator content in SS2 allowed for better water equivalence and was 

expected to yield greater temporal stability. 
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Table 6: PRESAGE® formulations for remote dosimetry and their composition. Percentages 
are by weight. 

 Formulation 

Component SS1 SS2 Sakhalkar20,46 

Polyurethane Resin 
(Smooth-On Crystal Clear® 206) 90.25% 90.50% 93.28% 

Leucomalachite Green (leuco dye) 2.00% 2.00% 2.00% 

Carbon Tetrabromide (initiator) 0.50% 0.50% 0.75% 

Bromotricholoromethane (initiator) 0.25% - - 

Carbon Tetrachloride (initiator/solvent) - - 3.97% 

Cyclohexanone (solvent) 7.00% 7.00% - 

 

2 cylindrical dosimeters (11 cm diameter, 8.5-9.5 cm length) of each PRESAGE® 

formulation were used in the remote dosimetry portion of this study. Dosimeter size and 

shape are comparable to that of the standard dosimetry insert used in the IROC Houston 

H&N credentialing phantom. 

4.A.2.b. Dosimeter Image Acquisition and Reconstruction 

Dosimeters were read out with the DMOS, a telecentric optical-CT scanner developed 

by the Duke 3D Dosimetry and Optical Bio-Imaging Lab. The instrumentation of and 

operating procedures for the DMOS are analogous to that the DLOS, details of which have 

been previously published11, and are also detailed in section 2.B. The primary difference 

between the DMOS and the DLOS is that components of the DMOS have been scaled down 

for easier system portability. This system uses a telecentric light source (3W red LED, glass 

diffuser, 632.8±10 nm filter, telecentric illuminator with <0.08° telecentricity) in 

conjunction with a telecentric imaging lens (<0.08° telecentricity) and Basler A102f CCD 

camera (Basler AG, Ahrensburg, Germany). Dosimeters are docked to a rotating stage in a 
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tank located between the light source and camera lenses. This tank is filled with room-

temperature fluid matched to the refractive index of the dosimeter to minimize diffraction 

and edge artifacts. The docking mechanism between the dosimeter and the rotating stage 

provides reproducible spatial registration between multiple scans of the same dosimeter. 

Projections taken with the DMOS have a native resolution of ~106 μm/px, which represents 

the highest resolution the system is capable of, and are typically scaled down to 1-2 mm/px 

in reconstruction to match treatment planning system dose calculations. 

In-house DMOS systems with identical instrumentation were installed at Duke 

University and IROC Houston, and were used in this study. (A comparison of readouts 

between the two systems can be found in Section 4.A.4.a.) Dosimeters were imaged with 360 

projections over 360°. The projection images were then smoothed with a 5×5 pixel median 

filter and downsized to 2 mm/px resolution prior to filtered backprojection reconstruction 

using the MATLAB (The Mathworks, Inc., Natick, MA) iradon function with a Ram-Lak 

filter. Scans were taken both before and after irradiation. Pre-irradiation data was used to 

correct post-irradiation data in the reconstruction process to yield the net change in optical 

density (∆OD) in the dosimeter from irradiation. 

4.A.2.c. PRESAGE® Characterization 

PRESAGE® dose response sensitivity was characterized for both formulations using 

standard techniques11. Small volume optical cuvettes (1×1×4 cm) of PRESAGE® material 

were irradiated on a 6 MV linac at 600 MU/min to known doses (0, 1.0, 2.5, 5.0, and 8.0 

Gy) at 100 cm SSD and 5.5 cm depth in a block of solid water. Change in optical density was 

measured with a Spectronic Genesys 20 spectrophotometer (Thermo Electron Scientific 

Instruments Corp., Madison, WI) at the LMG peak absorption wavelength of 633 nm and 
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determined by subtracting the pre-irradiation absorption values from the post-irradiation 

absorption values. 

Dose sensitivity was tracked in these cuvettes for 14 days to characterize change in 

dose response over time. Cuvettes were stored in the dark at approximately -15°C between 

measurements and allowed to come to room temperature prior to measurement. The post-

irradiation storage temperature of -15°C was selected based on data demonstrating that 

storage at lower temperatures improves post-irradiation stability (Figure 21). 

 

 

Figure 21: Spectrophotometer ∆OD readings from small volume samples of the SS1 
PRESAGE® formulation irradiated to a dose of 3 Gy and then stored at either 3°C or -
15°C. Error bars depict standard deviation of 2 measurements per point. After 18 
days, the samples stored at 3°C exhibited a 66% optical density increase versus a 23% 
increase for the samples stored at -15°C. 

 

4.A.2.d. Remote Dosimetry Evaluation 

The feasibility of remote dosimetry was tested by shipping the cylindrical dosimeters 

from Duke to IROC Houston, which served as the remote institution where planning, 
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irradiation, and on-site dosimetry took place. The dosimeters were then shipped back to 

Duke for remote read-out. Dosimeters were stored at low temperatures (approximately 3-5°C 

prior to irradiation and -15°C post irradiation) while on site and shipped in insulated 

containers to minimize temporal changes in dose response83. Dosimeters were allowed to 

thermally equilibrate to room temperature prior to irradiation and scanning. Because 

identical optical-CT scanners were available at both institutions, changes in the dosimeter 

over time were observed with a comparison between dose distributions obtained immediately 

after irradiation (the current procedure for on-site dosimetry) and at the later remote 

dosimetry time point. The remote dosimetry results obtained at Duke comprise the primary 

dataset used to determine remote dosimetry feasibility. 

The procedure and timeline for the remote dosimetry trial is summarized by the 

timeline flow chart shown in Figure 22. 
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Figure 22: Flow chart and timeline for the remote dosimetry evaluation. 

 

4.A.2.e. Treatment Plan and Delivery 

The treatment plan consisted of a simple 3-field box created with 2 lateral and 1 AP 

4x4 cm fields with a maximum dose of 4.42 Gy (Figure 23). This plan was selected 

specifically because it would provide known dose distributions from a commissioned 

treatment planning system that would be suitable as a standard for comparison to a measured 

distribution. The 3-field box plan also creates a distinct build-up region as well as regions of 

distinctly different dose levels for analysis. The simplicity of the plan was also practical for 

accurate, reproducible set-up for all 4 dosimeters. 
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Planning was performed in Pinnacle v9.0 (Philips, Amsterdam, Netherlands) at 

IROC Houston using a Duke-provided CT dataset of a representative dosimeter. Doses were 

calculated on a 2 mm grid using the collapsed cone convolution superposition algorithm. 

Irradiations were carried out on a Clinac 2100 linear accelerator (Varian Medical Systems) 

subject to routine QA and performing within clinical specifications. 

 

 

Figure 23: (A) Transverse, (B) sagittal, and (C) coronal views of the 3-field box 
treatment plan (1 AP beam, 2 lateral beams) delivered to all dosimeters. 

 

For treatment delivery, dosimeters at room temperature were situated upright on the 

treatment table (as pictured in Figure 23A-23B) and aligned to crosshairs marked at identical 

locations on each dosimeter. The AP beam was aligned centrally on the anterior dosimeter 

surface and set to an SSD of 95.5 cm (isocenter at 4.5 cm depth). Lateral beams were 

positioned by rotating the gantry to 90° and 270°. Beams were delivered to the dosimeters at 

6 MV and 400 MU/min. 

4.A.2.f. Analysis Methods 

Optical-CT dose distributions measured at IROC Houston and Duke were manually 

registered to the Pinnacle-calculated plan in CERR (Washington University, St Louis, MO). 
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As previously published, sensitivity differences have been observed between measurements in 

small volume optical cuvettes versus larger dosimeters11,46. Consequently, calibration curves 

derived from small volume cuvettes have been found to result in dose discrepancies of 4-7% 

when applied to large volume dosimeters. Thus, measured dose distributions were calibrated 

with corresponding cuvette-based calibrations, then normalized to the central high dose 

region. In this simple geometry and arrangement, the commissioned planning system is 

known to accurately calculate this dose. For a more complex treatment plan, an independent 

absolute dose measurement would be needed, as demonstrated by Oldham et al.57 

Dosimeter dose distributions were uniformly cropped to a length of 8.5 cm from the 

anterior surface to control for slight differences between dosimeter lengths. 2-3 mm of data 

from the edges of the dosimeter distributions were additionally excluded from analysis to 

remove imaging artifacts. 

3D gamma passing rates were calculated in CERR against the Pinnacle-calculated 

treatment plan, which served as the reference dose. Calculations were performed under 3 sets 

of gamma criteria with a 10% maximum dose threshold: 5%/2mm, 3%/3mm, and 3%/2mm. 

The criteria of 3%/3mm with a 10% maximum dose threshold were chosen for consistency 

with the recommendations of TG1193. These 3D gamma passing rates were used as the basis 

of comparison between immediate and remote readings and to assess remote dosimetry 

performance. 

4.A.3. Results and Discussion 

4.A.3.a. Characteristics of PRESAGE® Formulations SS1 and SS2 

Dose responses as determined with small volume optical cuvettes are displayed in 

Figure 24A-24B. As expected, higher sensitivity values were seen in the formulation with a 
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greater percentage of initiator content. In the calibration curves determined immediately 

post-irradiation (Figure 24A), the sensitivities were 0.0225 ∆OD/(cm∙Gy) for PRESAGE® 

formulation SS1 (0.75% initiator content) and 0.0213 ∆OD/(cm∙Gy) for formulation SS2 

(0.50% initiator content). Higher dose sensitivity with greater initiator content was also 

observed 14 days post-irradiation (Figure 24B) with an increase to 0.0232 ∆OD/(cm∙Gy) for 

SS1 while a decrease to 0.0199 ∆OD/(cm∙Gy) was observed for SS2. Dose responses with high 

linearity (R2>0.996) were maintained for both formulations and across all time points. 

Change in sensitivity remained within 4.9% for SS1 and within 6.6% for SS2 over a 

period of 14 days (Figure 24C). The temporal changes of increased sensitivity for SS1 and 

decreased sensitivity for SS2 over time generally persisted through the 14 day tracking 

period, as illustrated by the percentage change in sensitivity for both formulations in Figure 

24C. The higher sensitivity in SS1 over time is hypothesized to be a result of the additional 

initiator in SS1, bromotricholoromethane, decomposing over time. This would create a steady 

increase in OD over time as radicals form and react with the available LMG molecules within 

the dosimeter. This increase in OD could potentially counterbalance and overtake the 

decreasing signal seen when only carbontetrabromide is used (as demonstrated by SS2) and 

result in a net higher ΔOD. 

These small volume calibration curves confirm dose response linearity in both 

formulations and characterize trends in temporal stability. 
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Figure 24: Dose response for PRESAGE® formulations SS1 and SS2. (A) Immediate 
post-irradiation dose response. (B) Dose response 14 days post-irradiation. (C) Percent 
change in PRESAGE® formulation dose sensitivities over 14 days. 

 

4.A.3.b. Evaluation of PRESAGE® for Remote Dosimetry 

The efficacy of PRESAGE® for remote dosimetry was evaluated by comparing the 

agreement of measured distributions with the reference distribution (from the commissioned 

            65



 

 

Pinnacle planning system) for the simple plan shown in Figure 23. Comparison was 

performed using 3D gamma analyses. Measurements were made at both base and remote 

institutions to check for any change in measured dose distribution. Key assumptions in this 

approach are: (1) The dose calculation from Pinnacle is accurate for this plan, and therefore 

comparisons of line profiles, 2D dose maps, and 3D gamma passing rates with the TPS 

distribution are indicative of dosimeter measurement accuracy. (2) The optical-CT scanners 

installed at each institution are identical, and therefore any discrepancies between the 

immediate local readings and the delayed remote readings are attributable to changes in the 

dosimeter. (3) While dose response in the dosimeter may change over time (Figure 24C), the 

relative dose distribution remains constant (Figure 24A-24B). The results are described with 

comment on the validity of these assumptions following in Section 4.A.4. 

Evaluation of both PRESAGE® formulations took into consideration the 3D gamma 

passing performance under each set of gamma criteria and variation between immediate and 

remote passing rates. Comprehensive 3D gamma passing rates are tabulated in Table 7. 

Gamma maps of representative cases for both PRESAGE® formulations (dosimeters SS1-A 

and SS2-C as labeled in Table 7) in the central transverse, sagittal, and coronal planes are 

displayed in Figure 25-27. 
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Table 7: 3D gamma passing rates for immediate and remote readings for all dosimeters. 

Dosimeter 
5%/2mm 3%/3mm 3%/2mm 

Immediate Remote Immediate Remote Immediate Remote 

SS1-A 96.7% 98.0% 94.0% 98.4% 82.9% 90.7% 

SS1-B 96.1% 98.1% 88.9% 95.0% 79.2% 87.6% 

SS1 
Average 

96.4%±0.4% 98.0%±0.1% 91.5%±3.6% 96.7%±2.4% 81.1%±2.6% 89.1%±2.1% 

SS2-C 97.4% 97.6% 99.0% 98.0% 92.1% 90.1% 

SS2-D 95.5% 96.3% 95.9% 97.1% 84.4% 88.7% 

SS2 
Average 

96.4%±1.4% 96.9%±0.9% 97.4%±2.2% 97.6%±0.6% 88.2%±5.4% 89.4%±1.0% 

 

The gamma maps indicate that the regions of failure for both formulations largely 

occur in the lower dose regions of the AP beam (Figure 25-27, columns 2-4). The narrow 

region of gamma failure adjacent to the anterior dosimeter surface is due to higher values in 

the dosimeter and may be an effect of light refraction due to the curved surface. Regions of 

failure or near-failure also occur in the relatively lower dose regions lateral beams toward the 

edges of the dosimeter. While the specific cause of the higher differences in immediate and 

remote passing rates for the SS1 formulation is unknown, lower passing rates for the 

immediate readings are primarily due to dose underestimation in the build-up region and 

dose overestimation in the tail relative to the Pinnacle calculation. 
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Figure 25: Transverse cross-sections of representative dose distributions and gamma 
passing maps for both PRESAGE® formulations (SS1 and SS2) studied. Results 
depicted are of dosimeters SS1-A and SS2-C (Table 7), with their respective gamma 
passing rates printed below each map. All gamma values ≥1 are displayed in red to aid 
visualization of failing regions. Small variations in gamma passing values may arise 
from minor registration or set-up errors. 
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Figure 26: Sagittal cross-sections of representative dose distributions and gamma 
passing maps for both PRESAGE® formulations (SS1 and SS2) studied. Results 
depicted are of dosimeters SS1-A and SS2-C (Table 7), with their respective gamma 
passing rates printed below each map. All gamma values ≥1 are displayed in red to aid 
visualization of failing regions. 
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Figure 27: Coronal cross-sections of representative dose distributions and gamma 
passing maps for both PRESAGE® formulations (SS1 and SS2) studied. Results 
depicted are of dosimeters SS1-A and SS2-C (Table 7), with their respective gamma 
passing rates printed below each map. All gamma values ≥1 are displayed in red to aid 
visualization of failing regions. 
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At 3%/3mm and 5%/2mm, both PRESAGE® formulations yielded high 3D gamma 

passing rates (average >96% passing) for remote dosimetry. The gamma criteria of 3%/3mm 

with a 10% maximum dose threshold is of particular interest in that it is both the TG119-

recommended criteria for IMRT commissioning3 and, according to a 2007 survey of IMRT 

QA, the most commonly used clinical QA standard71. Although the TG119 gamma criteria 

and passing parameters were originally determined for 2D planar dose distributions, these 

criteria have been applied to measurements made with both 3D dosimeters11,57 and 3D array 

systems73,84, and thus provide a useful standard metric when extended to 3D dose 

measurements. Under the TG119-suggested action levels of 88-90% passing for composite 

irradiations3, both sets of dosimeters pass readily. In other words, remote dosimetry 

measurements by both PRESAGE® formulations reflect treatment accuracy within the 

criteria and action threshold deemed acceptable by TG119. 

Recent studies, however, have shown that the TG119 gamma criteria of 3%/3mm can 

be insufficient for detecting systematic errors that would be identifiable with more sensitive 

criteria72. In light of this, dosimetry results were also evaluated under more stringent 

3%/2mm criteria. The 3%/2mm criteria highlighted one shortcoming of the SS1 

formulation: increasingly sensitive gamma criteria correspond to increasingly large differences 

between immediate and remote passing rates. At 3%/2mm, the difference between average 

immediate and remote SS1 passing rates is 8.0 percentage points. A review of the gamma 

passing rates for the SS2 formulation, meanwhile, shows that the average passing rates 

between the immediate and remote readings vary by only 1.2 points at 3%/2mm and ≤0.5 

points for the other two gamma metrics.  
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To determine whether these differences translate into statistically significant 

differences between the SS1 and SS2 formulations, t-tests were performed to compare the two 

formulations at each set of gamma criteria. The t-test values comparing the two formulations’ 

immediate average passing rates, remote average passing rates, and average difference 

between remote and immediate passing rates are shown in Table 8. A t-test was additionally 

performed individually for each formulation to evaluate whether there is a statistically 

significant difference between immediate and remote passing rates at each set of gamma 

criteria. These results are shown in Table 9. 

 

Table 8: t-test values for comparing the average gamma passing rates (�̅�) of the SS1 and SS2 
formulations. t-tests were performed for each level of gamma criteria to compare immediate 
average passing rates, remote average passing rates, and average difference between remote 
and immediate passing rates. 

Gamma Criteria 
t Immediate 
�̅�𝑆𝑆1versus �̅�𝑆𝑆2 

t Remote 
�̅�𝑆𝑆1versus �̅�𝑆𝑆2 

t Difference 
|�̅�𝑟𝑟𝑚𝑟𝜆𝑟 − �̅�𝑖𝑚𝑚𝑟𝑖𝑖𝑖𝜆𝑟| 

5%/2mm 0.00 1.59 2.29 

3%/3mm 2.00 0.52 3.56 

3%/2mm 1.68 0.17 2.16 

 
 

Table 9: t-test values for comparing the average gamma passing rates (�̅�) of immediate and 
remote measurements for individual formulations SS1 and SS2. 

Gamma Criteria 
t SS1                             

�̅�𝑖𝑚𝑚𝑟𝑖𝑖𝑖𝜆𝑟  versus �̅�𝑟𝑟𝑚𝑟𝜆𝑟  

t SS2 
�̅�𝑖𝑚𝑚𝑟𝑖𝑖𝑖𝜆𝑟  versus �̅�𝑟𝑟𝑚𝑟𝜆𝑟 

5%/2mm 5.26 0.43 

3%/3mm 1.72 0.09 

3%/2mm 3.36 0.30 

 

The critical t-value (p<0.05) for all t-test comparisons performed is 4.30. Differences 

between the gamma passing rates for formulations SS1 and SS2 (Table 8) were not 
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determined to be statistically significant for immediate or remote measurements, nor for the 

difference between remote and immediate passing rates. Based on these results, there is no 

statistically significant difference in the performance of the two PRESAGE® formulations. 

Given the small sample size (2 samples per group for all comparisons), it is not surprising 

that statistically significant differences aren’t readily seen; testing with larger sample sizes 

would be much more conclusive. The statistical analysis for each individual formulation, 

however, does support the previous observation that greater consistency is seen in formulation 

SS2. While there may not be a statistically significant difference between SS1 and SS2 for 

|�̅�𝑟𝑟𝑚𝑟𝜆𝑟 − �̅�𝑖𝑚𝑚𝑟𝑖𝑖𝑖𝜆𝑟| (Table 8), a statistically significant difference is seen in the 

comparison of immediate and remote passing rates for SS1 at 5%/2mm (t=5.26) (Table 9). It 

is also worth noting that while the low sample sizes per formulation in this study are not 

conducive toward determining statistically significant differences, the t-test values in Table 9 

still suggest that SS1 would be more likely to exhibit differences between immediate and 

remote passing rates. Based on these results, PRESAGE® formulation SS2 is recommended 

over SS1 for future study into remote dosimetry applications. 

4.A.4. Uncertainties in Measurement 

The 3D gamma passing rates provide a metric for quantifying the dosimeter 

performance of each PRESAGE® formulation, and also clearly identify a promising 

formulation (SS2) for remote dosimetry. Because the SS1 formulation has been removed from 

consideration for remote dosimetry, discussion in this section will focus only on results from 

the SS2 formulation. One unexpected result was the finding that average passing rates at all 

gamma criteria for the remote readings were higher than that of the immediate readings, 

albeit only for a small margin (0.2 – 1.2 points). This might be due to on-site imaging 
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occurring prior to full completion of the radiochromic response, or perhaps to minor 

differences between readout scanners. While the average differences between immediate and 

remote readings were minimal, we examined our procedure for variables that may have 

contributed to uncertainties in measurement. 

4.A.4.a. Differences in Optical-CT Scanner Readout 

Although the optical-CT scanners at both institutions are identical in 

instrumentation, there are still a number of variables that can contribute to differences in the 

projection images acquired, including the refractive index match between the fluid in the 

scanner tank and the dosimeter, light output, and alignment of the light source relative to 

the camera. 

A comparison of a representative projection image taken both pre-irradiation (Figure 

28A) and post-irradiation (Figure 28B) by both scanners is shown in Figure 28, along with 

the resulting calculated ∆OD. Images taken at Duke (Figure 28, bottom row) are standard. 

The projections taken by the optical-CT scanner at IROC Houston (Figure 28, top row), 

however, show an uncharacteristic darkened appearance with bright bands at the top and 

bottom of the dosimeter, which suggest a slight vertical misalignment between the light 

source and the camera. Because this effect is consistent between pre- and post-irradiation 

scans and the difference between these scans is taken in determining ∆OD, however, these 

differences are largely corrected in the dose reconstruction. This is illustrated by the 

similarity of the ∆OD images (Figure 28C) and normalized line profiles from the 

reconstructed distributions (Figure 29B) despite the visible differences in the projections 

from each scanner. The differences between the immediate and remote readings seen in the 
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∆OD line profiles are thereby expected to be the result of changes in the dosimeter over time. 

This is further discussed in the following section. 

 

 

Figure 28: A comparison of (A) pre-irradiation and (B) post-irradiation projection 
images taken of a single dosimeter at both local and remote locations, and (C) their 
resulting ∆OD. Although a number of variables can contribute to differences in 
projection images between individual scanners, these differences are largely corrected 
out when the difference between pre- and post-irradiation images is taken in 
determining ∆OD. This is further discussed in Section 4.A.4.b and illustrated in 
Figure 29. 

 

4.A.4.b. Relative Temporal Stability in Dosimeters 

From characterization of PRESAGE® formulation SS2 with small volume cuvette 

measurements (Section 4.A.3.a), it is expected that although dose response will change over 

time, it should remain linear with respect to dose and hence maintain a temporally stable 

relative dose distribution. It has been noted in previous studies that there exists a volume 

effect where sensitivity and response over time may differ subtly based on the volume of the 
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dosimeter11,46. An in-depth examination of these volume effects is beyond the scope of this 

work, but as shown in Figure 29 and discussed below, linear response over time was 

confirmed for the large volume cylindrical dosimeters for this study. 

 

 

Figure 29: (A) Lateral and AP line profiles (∆OD/px) across both immediate and 
remote reconstructed dose distributions of a representative formulation SS2 
dosimeter. Profile locations are indicated by the white dotted lines. (B) When ∆OD/px 
is normalized to the central high dose region for the same line profiles, they are 
essentially identical, indicating that relative dose distributions remained stable 
between measurements. 
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Figure 29A shows the ∆OD/pixel for central lateral and AP line profiles for both 

immediate and remote reconstructions of a representative dosimeter (SS2-C). Line profiles 

were chosen to clearly illustrate response at distinctly different dose levels. Although a 

slightly lower response is noted in the build-up region of the immediate AP profile, the 

immediate and remote plots for both profiles are otherwise essentially identical when 

normalized to the high dose region (Figure 29B), indicating that the relative dose response is 

temporally stable across the time frame for this study. Given the similarity to the 

radiochromic response over time observed in an earlier study20, it is reasonable to conclude 

that the difference between the two readings is primarily the result of actual changes within 

the dosimeter rather than an effect of scanner variables. This also rules out the likelihood of 

dose-dependent OD changes as a contributor to measurement error, and supports the 

conclusion that the SS2 formulation is suitable for performing relative remote dosimetry. 

It should also be noted that the temporal creep in ∆OD for the SS2 formulation over 

the 3 days between on-site and remote measurements is an increase of 4.5%. This is a 

substantial improvement in overall response stability versus the earlier PRESAGE® 

formulation20, which also demonstrated relative temporal stability but exhibited a ∆OD 

increase of ~33% over a similar period of time. This is of particular importance because a 

substantial increase in ∆OD can lead to saturation of the projection image in the optical-CT 

scanner if the signal exceeds the dynamic range of the scanner, leading to measurement errors 

in the reconstructed dose.vii 

                                                 

vii A method for correcting saturated projection images using a high dynamic range scanning technique was proposed and 
investigated in Niebanck48, and found to have promising results with average dose differences of 1% when compared to 
standard scanning techniques. The high dynamic range scanning technique requires taking multiple scans and flood/dark 
fields at different exposures, however, and therefore it is still preferred to use standard scanning techniques (i.e., dosimeter 
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4.A.5. Conclusions and Considerations for Future Work 

From the results of this study, PRESAGE® formulation SS2 was identified as a 

promising candidate for remote 3D dosimetry. One caveat is that this initial feasibility study 

represents an ideal remote dosimetry case with careful dosimeter handling (e.g., low 

temperature storage to minimize changes in response) and a quick turnaround of only 3 days 

between irradiation and remote read-out. Realistically, if 3D remote dosimetry were 

implemented, the time delays between irradiation and read-out could be much longer, and 

characterization of this formulation’s dose response demonstrating linearity over 14 days 

suggests that dosimetry over longer periods of time would be feasible. Future work could 

then be expanded to characterize PRESAGE® dose response over longer periods of time, 

determine optimal storage and shipping temperatures, include a larger number of dosimeters 

to evaluate inter-dosimeter reproducibility, and incorporate ion chamber measurements for 

calibration to absolute dosimetry. 

In conclusion, on-site and remote dosimetry was performed with two PRESAGE® 

dosimeter formulations in order to test the feasibility of 3D remote dosimetry. Comparison 

against a known reference distribution using metrics including dose line-profiles, 2D dose 

maps, and 3D gamma passing rates demonstrated that that both formulations perform 

adequately within TG119-suggested metrics (88%-90% passing at 3%/3mm) for both 

immediate and remote readings. However, given that the 3%/3mm gamma criteria standard 

is known to be insensitive to detecting some types of systematic error, more stringent 3D 

                                                 

 

response within the dynamic range of the scanner, single flood field and 360° scan taken at a single exposure value) whenever 
possible as this streamlines the process for data acquisition and analysis. 
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gamma criteria was used to further evaluate efficacy for remote dosimetry and to differentiate 

between the two PRESAGE® formulations. The SS2 formulation was found to be higher-

performing in this study with 3D gamma passing rates of 97.6% ± 0.6% at 3%/3mm and 

89.4% ± 1.0% at 3%/2mm when compared against a known distribution.  A stable relative 

dose response was maintained over a 3-day time delay for remote readout. The SS2 

formulation in combination with optical-CT readout appears to be a promising foundation 

for future investigations using remote high resolution 3D remote dosimetry to study the 

accuracy of advanced radiation treatments. 

4.B. Current Developments in 3D Remote Dosimetry 

As mentioned previously, another avenue of 3D remote dosimetry aside from the 

credentialing and auditing tests as conducted by IROC Houston is the potential for research 

collaborations with institutions without in-house 3D dosimetry capabilities. One such 

project is a current collaboration with Washington University on performing 3D dosimetry 

for the ViewRay MRIdian™ MR-guided radiation therapy system. While this study is 

ongoing and falls outside the scope of this dissertation, this project provides an illustrative 

example of how 3D remote dosimetry can benefit and further the field of radiation oncology 

through inter-institutional collaboration. A brief overview of the considerations and 

advantages of using PRESAGE® for this application is provided in section 4.B.1. 

Additionally, developments in a current PRESAGE® formulation for use in 3D remote 

dosimetry are summarized in section 4.B.2. 

4.B.1. 3D Remote Dosimetry for MR-IGRT 

The MRIdian™ MR-IGRT system is an example of new, cutting-edge treatment 

technology that could benefit from 3D dosimetric verification. The MRIdian™ system 
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combines a 0.35T MRI field with 3 ring-mounted, rotating Co-60 sources, allowing 

simultaneous treatment and real-time MR imaging guidance. The presence of the magnetic 

field, however, introduces dose delivery and dosimetry challenges that are not present in 

conventional linacs. Two concerns are asymmetry of the point spread kernel in homogeneous 

tissue, which leads to reduced build-up and asymmetric penumbra, and the introduction of 

an electron return effect (ERE), where a strong dose increase is seen at the boundaries between 

tissue and air.85 The presence of the magnetic field also limits methods of measuring dose for 

QA due to the inability to use ferromagnetic materials, the electron return effect, and power 

supply issues. Dosimetric QA measurements in the MRIdian™ system are currently 

conducted using a cylindrical diode array (Sun Nuclear Corporation ArcCHECK® modified 

for MR compatibility) and ion chamber measurements in solid water. 

As of this writing, only three of these treatment systems are available at Washington 

University Siteman Cancer Center (St. Louis, MO, USA), the University of Wisconsin 

Carbone Cancer Center (Madison, WI, USA), and the UCLA Jonsson Comprehensive Cancer 

Center (Los Angeles, CA, USA), none of which currently have the capability to perform 3D 

dosimetry on site. 3D remote dosimetry with the PRESAGE®/Optical-CT system therefore 

provides an attractive option for validating the MRIdian™ system’s treatment planning 

calculations with a comprehensive 3D dose measurement that can also be compared against 

the semi-3D calculation generated by the ArcCHECK®. This is the subject of an ongoing 

study in collaboration with Washington University that has yielded promising preliminary 

results. 
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4.B.2. Current PRESAGE® Formulation for 3D Remote Dosimetry 

In the time following the study described in section 4.A, which was performed in 

December 2012, PRESAGE® has undergone additional developments in the interest of 

further improvements in dose response sensitivity and stability. A current standard 

PRESAGE® formulation that exhibits excellent long-term response stability, DEA-N-1.5, is 

shown in Table 11 alongside the previously characterized formulation SS2. DEA-N-1.5 uses 

the LMG derivative 2-methoxy-DEA LMG as the leuco dye, which confers increased 

sensitivity and greater stability from the stabilization of the colored radical form due to the 

derivative’s addition of a methoxy substituent. The initiator compound (carbon tetrabromide) 

and concentration (0.5%), which was shown to yield preferable results in SS1 (section 4.A) 

are retained in the new formulation DEA-N-1.5. 

 

Table 10: Comparison of PRESAGE® formulations and composition for use in remote 
dosimetry. Percentages are by weight. 

  Formulation 

Component DEA-N-1.5 SS2 

Polyurethane 
Resin 

Smooth-On Crystal Clear® 206 - 90.5% 

Smooth-On Crystal Clear® 206 
+initiator additive 91.0% - 

Solvent Cyclohexanone - 7.0% 

Ethyl Acetate 5.0% - 

 DMSO 2.0% - 

Leuco Dye LMG - 2.0% 

2-methoxy-DEA LMG 1.5% - 

Initiator Carbon Tetrabromide 0.5% 0.5% 
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 The average dose response sensitivity across 4 batches of DEA-N-1.5 was 

0.0234±0.0050 ΔOD/(Gy∙cm), which is higher than that of SS2 (0.0213 ΔOD/[Gy∙cm]) 

despite a slightly lower concentration of leuco dye by weight. This is in line with 

expectations based on the change in leuco dye to 2-methoxy-DEA LMG. The dose response 

stability of DEA-N-1.5 also performed in line with expectations of a higher dose response 

sensitivity that varied by no more than 1.5% over the course of 36 days when kept in cold (3-

10°C) storage conditions (Figure 30). This compares favorably to SS2, which dropped by 

6.6% within 14 days under similar storage conditions. Additionally, the higher stability in 

DEA-N-1.5 also confers higher dose response stability to this formulation when kept at room 

temperature (~20-27°C) storage. A comparison of DEA-N-1.5 samples kept in cold storage 

versus room temperature (Figure 32) shows that while the dose response of the room 

temperature samples did drop considerably more than those kept in cold storage (35.6% drop 

at room temperature versus 1.5% drop in cold storage over 36 days), the reduction in 

response is still within 10% during the first 10 days following irradiation. This suggests that 

there may be sufficient stability to implement 3D remote dosimetry without cooling the 

dosimeters as long as the dosimeters are insulated from the external environment during 

shipping and subsequently received and scanned at the base institution within a reasonably 

short period of time. This would be a positive development that would simplify the remote 

dosimetry workflow. 
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Figure 30: Comparison of dose response stability in PRESAGE® formulations for 3D 
remote dosimetry: previously characterized formulation SS2 and new formulation 
DEA-N-1.5. All formulation samples were kept in cold storage between 
measurements (-15°C for SS2, 3-10°C for DEA-N-1.5). Data labels are shown for SS2 
at 7 and 14 days and for DEA-N-1.5 at 7, 15, 22, 29, and 36 days. 

 

 

Figure 31: Comparison of dose response stability PRESAGE® formulation DEA-N-1.5 
kept in cold storage (3-10°C) versus room temperature (~20-27°C). Data labels are 
shown at 7, 15, 22, 29, and 36 days. 
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5. A REUSABLE 3D DOSIMETER 

5.A. Practical Benefits of a Reusable 3D Dosimeter 

While the PRESAGE®/Optical-CT 3D dosimetry system has demonstrated 

effectiveness for a wide range of clinical applications as shown in Chapters 4 and 5, 

permanent radiochromic response has limited current PRESAGE® dosimeters to single use. 

Optical clearing has been noted to varying degrees in several earlier PRESAGE® 

formulations10,24,55, but there has not yet been an extensive study to determine the feasibility 

of putting potentially reusable 3D PRESAGE® dosimeters into clinical use. New 

PRESAGE® formulations (Presage-RU) made using a lower durometer polyurethane matrix 

(Shore hardness 30-50A) exhibit a response that optically clears following irradiation and 

opens up the potential for reirradiation and dosimeter reusability. This would have the 

practical benefit of improving cost-effectiveness and thereby facilitating the wider 

implementation of comprehensive, high resolution 3D dosimetry. 

Two other commercial reusable 3D dosimeters have been presented at recent 

conferences: TruView™ radiochromic gels (Modus Medical Devices Inc., London, ON, 

Canada), and CrystalBall™ QA system polymer gel dosimeters (MGS Research Inc., 

Madison, CT, USA). The TruView™ radiochromic gels are Fricke-based ferrous-xylenol 

orange dosimeters that clear within ~48 hours through diffusion of the initial signal86. 

Reirradiation yielded an elevation in sensitivity but maintained linearity of the dose 

response87. Published details on the reusable polymer gel dosimeters employed by the 

CrystalBall™ QA system, including specifics of dosimeter manufacture and radiochemistry, 

are currently limited, but the dosimeters are reported to clear exponentially with a signal 

decay time constant between 56-80 minutes and are effectively fully cleared in about 12 
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hours88. A reusable PRESAGE® formulation would be a useful contribution to this area, 

particularly if it can retain the advantages of standard PRESAGE® dosimeters over gel-based 

dosimeters listed in Chapter 1. 

This study evaluates and characterizes the first prototype formulations of potentially 

reusable Presage-RU dosimeters. Primary considerations for a reusable dosimeter include a 

negligible change in accuracy over multiple irradiations and an optical clearing rate that is 

fast enough for the dosimeter to be usable again within a reasonable period of time (e.g., 

within 1-2 weeks), but slow enough that signal decay will have a negligible effect on the 

relative distribution of dose during treatment delivery. 

5.B. Presage-RU Dosimeter Formulations 

The new Presage-RU formulations under study for reusability are retain the same 

basic components as standard PRESAGE®, but are made with lower durometer polyurethane 

(Shore hardness 30A-50A). A summary of the Presage-RU formulations (RU-3050-1.7, RU-

3050-1.5, and RU-50-1.5) and their components are listed in Table 11, alongside a current 

standard PRESAGE® formulation (DEA-N-1.5) for comparison. 

All formulations listed use 2-methoxy-diethylamine leucomalachite green 

(abbreviated 2-methoxy-DEA LMG in Table 11), a leucomalachite green derivative, as the 

triarylmethane leuco dye, and carbon tetrabromide as the tetrahalomethane initiator. Presage-

RU formulations RU-3050-1.7 and RU-3050-1.5 are identical except that RU-3050-1.5 has 

both a higher total solvent content (5.1% versus 3.4%) and a slightly lower concentration of 

leuco dye (1.5% by weight versus 1.7% by weight). Both use a 1:1 ratio of two polyurethanes 

with durometer of Shore 30A and 50A for the matrix. Formulation RU-50-1.5 uses a matrix 
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entirely composed of Shore 50A durometer polyurethane and has a 0.1% higher 

concentration of initiator by weight, but is otherwise comparable to RU-3050-1.5. 

 

Table 11: Composition and durometer of Presage-RU formulations under study and a current 
standard PRESAGE® formulation for comparison. Component percentages are by weight. 

  Presage-RU 
Formulations 

Standard 
Formulation 

  RU-3050-1.7 RU-3050-1.5 RU-50-1.5 DEA-N-1.5 

Components Polyurethane Resin 
FC30 (Heuris Inc.) 

46.25% 45.5% - - 

 Polyurethane Resin 
FC50 (Heuris Inc.) 

46.25% 45.5% 90.8% - 

 Polyurethane Resin 
Crystal Clear 206 
(Smooth-On) + 
initiator additive 

- - - 91.0% 

 2-Methoxy-DEA LMG 
(leuco dye) 

1.7% 1.5% 1.5% 1.5% 

 Carbon Tetrabromide 
(initiator) 

0.4% 0.4% 0.5% 0.5% 

 Dimethylsulfoxide 2.0% 2.0% 2.0% 2.0% 

 Solvents 3.4% 5.1% 5.2% 5.0% 

Durometer Shore Hardness 30A-50A 30A-50A 50A 80D 

 

5.C. Small Volume Characterization Studies 

5.C.1. Methods and Materials 

Small volume dosimeter samples were made in optical cuvettes (1×1×4.5 cm) for 

initial characterization of initial dose response sensitivity, dose response following 

reirradiation, optical clearing, and dose-rate independence. A summary of the formulations 

and batches evaluated in each characterization study can be found in Table 12. Details 

specific to each characterization study can be found below in sections 5.C.2 - 5.C.4. 
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Table 12: Summary of formulations and batches evaluated in each small volume 
characterization study. 

 Formulation 

Characterization Study RU-3050-1.7 RU-3050-1.5 RU-50-1.5 

Initial Dose Response    

Number of Batches 3 1 2 

Batch Identifiers #14 
#48 
#54 

#69 #59 
#74R 

Reirradiation Response    

Number of Batches 2  2 

Batch Identifiers #14 
#54 

 #59 
#74R 

Effect of Heat on Optical Clearing    

Number of Batches  1 1 

Batch Identifiers  #69 #74R 

Dose Rate Independence    

Number of Batches  1 1 

Batch Identifiers  #69 #74R 

 

All small volume dosimeter samples were uniformly irradiated to known doses (up to 

30 Gy) on a 6 MV linac at 100 cm SSD and a depth of 5.5 cm in a block of solid water. All 

irradiations (with the exception of tests for dose rate independence noted in section 5.C.4) 

were irradiated with a dose rate of 600 MU/min. Change in optical density (∆OD) following 

irradiation was determined by using a Spectronic Genesys 20 spectrophotometer (Thermo 

Electron Scientific Instruments Corp., Madison, WI) to measure absorption at the 2-

methoxy-DEA LMG peak wavelength of 633 nm before and after irradiation, then 

subtracting the pre-irradiation value from the post-irradiation value. Measurements of an 

unirradiated control sample were used to correct for systematic error. After irradiation, 
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samples were allowed to fully optically clear in a dark room at room temperature. Samples 

evaluated for reirradiation response were subject to 5 irradiations total, with the same dose 

delivered to each sample at each subsequent irradiation. 

Optical clearing rates were determined by tracking post-irradiation measurements 

until the samples effectively fully cleared, then fitting the measurements over time for each 

sample to the exponential decay equation Δ𝑂𝑂𝑐𝑚 = 𝑎𝑒−𝜆𝜆 + 𝑐. The fitted equation was also 

used to calculate the ΔOD/cm at time t=0 for all samples. The ΔOD/cm for each sample at 

t=0 was then plotted against dose delivered to determine the dose response sensitivity for 

each batch of each formulation. 

5.C.2. Dose Response Sensitivity and Reirradiation 

The dose response sensitivities for the initial irradiations of all batches for each 

formulation are plotted in Figure 32 and listed in Table 13. The optical clearing plots and fit 

equation coefficients used to calculate dose response are shown and discussed in section 

5.C.3.a. All formulations and batches exhibited highly linear dose responses (R2≥0.9969), 

which is consistent with all formulations of PRESAGE®. 
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Figure 32: Dose response sensitivity 
following initial irradiation for 
Presage-RU formulations (A) RU-
3050-1.7, (B) RU-3050-1.5, and (C) 
RU-50-1.5. The response at each 
dose was determined by irradiating 
each sample to a known dose, 
tracking optical clearing over time, 
fitting an exponential decay curve 
(𝚫𝜟𝜟𝒄𝒄 = 𝒂𝒆−𝝀𝝀 + 𝒄) to measurements 
for each sample, then calculating 
the ∆OD/cm immediately following 
irradiation (𝝀 = 𝟎). Samples of the 
same batch and formulation but 
irradiated at different time points 
are plotted separately by time 
elapsed (days) since date of 
manufacture. 
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Table 13: Initial sensitivity values for all Presage-RU formulations and batches, along with 
sample age at time of irradiation and measurement. RU-3050-1.7 Batch #14, RU-3050-1.5 
Batch #69, and RU-50-1.5 Batch #74R include additional single-point measurements where 
cuvettes were irradiated to a single dose value (8 Gy) at a different time point; these are listed 
separately. 

Formulation 
Batch 

Identifier 
Sample Age 

(days) 
Dose Range 

(Gy) 
Sensitivity 

[ΔOD/(cm∙Gy)] 
Linearity 

(R2) 

RU-3050-1.7 #14 14 0-8.0 0.0123 0.9983 

#14 (single dose) 126 8.0 0.0105 - 

#48 38 0-22.5 0.0145 0.9969 

#54 10 0-22.5 0.0159 0.9981 

RU-3050-1.5 #69 50 0-30.0 0.0060 0.9978 

#69 (single dose) 53 8.0 0.0067 - 

RU-50-1.5 #59 21 0-10.0 0.0136 0.9998 

#74R 89 0-10.0 0.0107 0.9991 

#74R (single dose) 23 8.0 0.0132 - 

 

The dose response sensitivities measured in successive irradiations of RU-3050-1.7 

(Batch #14, Batch #54) and RU-50-1.5 (Batch #59, Batch #74R) are plotted in Figure 33. 

Upon initial review of these dose response sensitivity plots, there appears to be an unusual 

pattern in the dose response for successive irradiations, in which the initial irradiations for 

RU-3050-1.7 and RU-50-1.5 Batch #59 each yield a relatively high sensitivity value that 

uniformly drops by 25-66% across all doses by the second irradiation. Additional reductions 

in dose response occur for the following reirradiations, but to a lesser degree. Curiously, this 

effect is not seen only in RU-50-1.5 Batch #74R, which maintained dose response 

sensitivities within ±3% across all 5 irradiations and did not reflect an increasing or 

decreasing trend. 

Plotting the dose response sensitivities by time elapsed since manufacture (Figure 

34), however, revealed what appears to be an age dependence where dose response sensitivity 
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appears to drop relatively rapidly before approaching a plateau. Reductions in dose response 

may be more closely linked to dosimeter age than to prior irradiation(s). This is suggested by 

an examination of the independent, single dose point data from RU-3050-1.7 Batch #14 and 

RU-50-1.5 Batch #74R versus their corresponding reirradiated series (identified by 

connecting plot lines in Figure 34). For Batch #14, initial irradiation of a separate individual 

sample at 126 days resulted in a dose response sensitivity of 0.0105 ΔOD/cm. When 

compared to the reirradiated series, the dose response sensitivities measured for initial 

irradiation (14 days) was 17% higher at 0.0123 ΔOD/cm while the third irradiation (126 

days, contemporaneous with the single dose measurement) was 13% lower at 0.0092 

ΔOD/cm. This suggests that the time elapsed between 14 and 126 days accounts for a greater 

change in sensitivity than two prior irradiations. For Batch #74, dose response sensitivity for 

an initial irradiation at 23 days (0.0132 ΔOD/cm) was 14% greater than that of initial 

irradiation at 89 days (0.0113 ΔOD/cm), demonstrating a dose drop during this time 

duration. Meanwhile, the reirradiation sensitivity of Batch #74R 89 days to 133 days 

remained stable within 3% without an increasing or decreasing trend, indicating that the 

age-dependent effect on sensitivity has plateaued and suggesting that there are no substantial 

differences in sensitivity from reirradiation. A possible explanation for these observations is 

presented in section 5.D.2.g. It should also be noted that since the same dose was delivered 

successively to each sample, drops in sensitivity with reirradiation may indicate that dose 

response is lowered in proportion to previous dose received. 
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Figure 33: Dose response for five 
successive irradiations of two batches 
each of formulations RU-3050-1.7 (A, 
B) and RU-50-1.5 (C, D). The response 
at each dose was determined by 
irradiating each sample to a known 
dose, tracking optical clearing over 
time, fitting an exponential decay curve 
(𝚫𝜟𝜟𝒄𝒄 = 𝒂𝒆−𝝀𝝀 + 𝒄) to the measurements 
for each sample, then calculating the 
expected ∆OD/cm immediately 
following irradiation (𝝀 = 𝟎). Note that 
only values up to 10 Gy are displayed 
for all formulations and batches for 
ease of comparison, but additional data 
points at higher doses were obtained 
for RU-3050-1.7 Batch #54 (B) due to a 
higher number of available samples. 
These values are reflected in the dose 
response sensitivity values listed in 
Table 13. The large drop in dose 
response following initial irradiation is 
discussed further in section 5.D.2.g. 
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Figure 34: Dose response sensitivity of each batch of formulations RU-3050-1.7 and 
RU-50-1.5 in relation to the age of each sample (days since date of manufacture). 
Successive irradiations of a single batch are depicted as connected points on the same 
line plot. Reductions in dose response appear to be more closely linked to dosimeter 
age than to prior irradiation. 

 

5.C.3. Optical Clearing 

5.C.3.a. Optical Clearing at Room Temperature 

All samples optically cleared exponentially (Figure 35), allowing data tracked over 

time to be fitted to the exponential decay equation 𝚫𝜟𝜟𝒄𝒄 = 𝒂𝒆−𝝀𝝀 + 𝒄, where 𝝀 is the decay 

constant, 𝒄 represents a steady-state permanent change in optical density, and 𝒂 + 𝒄 is 

equivalent to the ΔOD/cm signal at time t=0. The decay constant (λ), half-life (t1/2), and 

permanent post-clearing ΔOD/cm as a percentage of initial signal (𝒄/(𝒂 + 𝒄)) are shown in 

Table 14 as averages across all doses for each irradiation of all formulations and batches. The 

average t1/2 values for each batch of all formulations are also depicted in Figure 36 along with 

the t1/2 averaged across each dose for all formulations and batches. 
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Figure 35: Representative optical clearing measurements (RU-50-1.5, Batch #59, first 
irradiation) demonstrating exponential decay and fitting to the equation 𝚫𝜟𝜟

𝒄𝒄 =
𝒂𝒆−𝝀𝝀 + 𝒄. Note that after the samples have been effectively cleared, there remains a 
small, permanent post-irradiation ΔOD. The steady state ΔOD (𝒄) is~2-3% of the 
initial signal for this example case. 
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Table 14: Optical clearing as determined by fitting to the exponential decay equation 
Δ𝑂𝑂
𝑐𝑚 = 𝑎𝑒−𝜆𝜆 + 𝑐. Average decay constant (λ), half-life (t1/2), and percent permanent ΔOD 
relative to initial signal (c/[a+c]) are listed by Presage-RU formulation and batch, and are 
displayed as averages across all doses per irradiation iteration as well as overall averages across 
all doses and irradiations. 

Formulation Batch 
Irradiation 
Iteration 

λ� 
(h-1) 

�̅�𝟏/𝟐 

(h) 

𝒄/(𝒂 + 𝒄)������������� 
(%) 

RU-3050-1.7 

14 

1 0.033 ±0.018 16.8 ±0.4 3 ±1 

2 0.033 ±0.019 16.9 ±2.2 3 ±2 

3 0.025 ±0.014 22.4 ±1.5 5 ±2 

4 0.021 ±0.012 26.7 ±3.1 7 ±3 

5 0.025 ±0.015 22.8 ±5.3 2 ±5 

Average 0.027 ±0.015 21.1 ±4.7 4 ±3 

48 1 0.144 ±0.052 4.4 ±0.4 2 ±1 

54 

1 0.092 ±0.033 6.8 ±0.6 4 ±1 

2 0.144 ±0.055 4.5 ±0.8 6 ±6 

3 0.121 ±0.043 5.2 ±0.3 7 ±2 

4 0.131 ±0.046 4.8 ±0.2 7 ±2 

5 0.113 ±0.043 5.6 ±0.9 4 ±4 

Average 0.120 ±0.046 5.4 ±1.0 6 ±4 

RU-30-50-1.5 69 1 0.076 ±0.026 8.2 ±0.7 5 ±1 

RU-50-1.5 

59 

1 0.035 ±0.020 15.8 ±0.6 3 ±0 

2 0.054 ±0.032 10.5 ±1.5 3 ±1 

3 0.048 ±0.027 11.6 ±0.2 0 ±2 

4 0.045 ±0.025 12.5 ±1.3 4 ±2 

5 0.051 ±0.029 10.9 ±1.0 3 ±2 

Average 0.047 0.025 12.3 ±2.2 3 ±2 

74R 

1 0.032 ±0.016 18.0 ±0.8 2 ±1 

2 0.031 ±0.015 18.9 ±0.7 2 ±1 

3 0.030 ±0.015 19.2 ±2.2 1 ±5 

4 0.029 ±0.014 19.9 ±0.4 1 ±1 

5 0.028 ±0.014 20.5 ±0.9 1 ±1 

Average 0.030 ±0.014 19.3 ±1.4 2 ±2 
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Figure 36: Half-life (t1/2) values for all 
Presage-RU formulations and batches by 
dose, averaged across all reirradiations 
and time points. (A) RU-3050-1.7, (B) 
RU-3050-1.5, (C) RU-50-1.5. Error bars 
indicate standard deviation. While there 
is variation in optical clearing rates 
between batches of a given formulation, 
average t1/2 for each batch is fairly 
constant across doses. This indicates that 
all dose levels should decay at consistent 
rates and therefore yield a good relative 
distribution. 
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The averages of t1/2 shown in Table 14 and Figure 36 indicate that clearing rates 

remain fairly consistent within a batch and appear to be generally independent of dose. With 

the exception of RU-3050-1.7 Batch #14, which had a standard deviation of 4.7 h, the 

standard deviations for the t1/2 of all other batches are ≤2.2 h. The t1/2 averaged over all dose 

levels is plotted versus sample age in Figure 37, with successive irradiations of a single batch 

indicated by connected markers. There is a possibility of an increasing trend in t1/2 in Batch 

#14 (RU-3050-1.7) and Batch #74R (RU-50-1.5), but this is not observed in other batches 

of the same formulations. Further study would be required to determine whether there are 

consistent changes in t1/2 due to either reirradiation or time elapsed since manufacture, but 

ultimately, this would only affect the amount of time required for a dosimeter to clear before 

it could be reused. The finding of greater importance is the observation that t1/2 is consistent 

across all doses as shown in Figure 36. Although the response signal begins decaying 

immediately following irradiation, the consistent clearing rate at all doses indicates that a 

good relative distribution should be maintained. 
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Figure 37: t1/2 of Presage-RU dosimeter batches averaged across all doses and plotted 
against the time elapsed since manufacture (sample age). Error bars indicate standard 
deviation across doses for a given marker. Successive irradiations of a single batch are 
depicted as connected points on the same line plot. 

 

Lastly, one final consideration in relation to the clearing rate is whether optical 

clearing in the dosimeter could negatively impact the accuracy of a dose measurement. If we 

assume that the ΔOD from receiving radiation is spatially fixed within the polyurethane 

matrix (as would be expected by the lack of signal diffusion observed in PRESAGE®10) and 

begins exponential decay immediately (as shown in Figure 35), it would make sense to 

consider whether ΔOD from dose delivered at the beginning of a treatment could potentially 

decay enough by the end of treatment that an undesirable amount of error would be 

introduced in the resulting overall dose distribution. This could be evaluated by selecting a 

threshold acceptable error across the dose distribution, e.g. 1% or 3%, and using the clearing 

rate to determine the “working time” for treatment delivery. Working times in minutes for 

these threshold values are calculated for the average clearing rates of each batch of each 
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formulation in Table 15. The thresholds of 1% and 3% signal decay were chosen as examples: 

1% as a threshold that would indicate essentially negligible error; and 3% as a threshold that, 

assuming an otherwise accurate dosimeter response, would readily allow the entire final 

measured distribution to pass the gamma criteria of a local 3% dose difference. 

 

Table 15: Estimated “working time” (i.e., time window for treatment delivery) calculated for 
1% and 3% signal decay from beginning of treatment. Working time values are calculated 
based on the average decay constant for each batch of each Presage-RU formulation. 

Formulation Batch 
λ� 

(h-1) 

�̅�𝟏/𝟐 

(h) 

Working Time 
(1% decay) 

(min) 

Working Time 
(3% decay) 

(min) 

RU-3050-1.5 14 0.027 ±0.015 21.1 ±4.7 22.8 69.3 

48 0.144 ±0.052 4.4 ±0.4 4.3 13.0 

54 0.120 ±0.046 5.4 ±1.0 5.3 16.1 

RU-3050-1.5 69 0.076 ±0.026 8.2 ±0.7 8.2 25.0 

RU-50-1.5 59 0.047 ±0.025 12.3 ±2.2 13.3 40.4 

74R 0.030 ±0.014 19.3 ±1.4 20.3 61.7 

 

Estimated representative treatment delivery times (defined as time elapsed between 

the first beam on until the last beam off) in the literature89 have been reported as 3.8-4.3 

minutes for 5-field IMRT plans and 5.2-5.9 minutes for 9-field IMRT plans. RapidArc 

treatments (1.4-1.7 minutes for 1 arc, 2.8 minutes for 2 arcs) and tomotherapy treatments 

(2.8-4.3 minutes) were completed more quickly. Based on these treatment delivery times, 

even the more involved 9-field IMRT treatments can be completed with minimal signal 

decay during the course of treatment. With the exceptions of RU-3050-1.5 Batches #48 and 

#54, <1% due to decay during treatment would be expected. The faster optical clearing rates 

seen in Batches #48 and #54 would still allow the delivery of a 5.9 minute treatment well 

within 3% signal decay from the start to end of treatment, with 1.4% decay for Batch #48 
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and 1.1% signal decay for Batch #54. These results indicate that the decay rate of the 

formulations tested so far should have a minimal effect on the dose distributions of typical 

clinical treatment plans. 

5.C.3.b. Optical Clearing at Elevated Temperatures 

Previous studies have shown that PRESAGE® has a temperature-dependent post-

irradiation response83 where higher temperatures increase the rate of post-irradiation chemical 

changes as indicated by changes in the OD. Given this information, we investigated whether 

heating Presage-RU could be an effective method of clearing dosimeters faster than the room 

temperature rates reported in section 5.C.3.a. Effects of heating on clearing rate were 

investigated by irradiating samples to 8 Gy, then tracking measurements with samples held 

at room temperature (~20°C), 35°C, and 45°C. Heating the samples was performed with a 

circulating water bath set to the desired temperature. The optical cuvettes of Presage-RU 

were sealed within a light-blocking black plastic bag, which was then sealed in a water-tight 

plastic bag containing a weight to ensure submersion. 

Measurements and fitted exponential decay curves are plotted in Figure 38 and the 

resulting t1/2 values and relative changes in clearing rate are listed in Table 16. Heating the 

Presage-RU formulations drastically increases the clearing rate by 134% (35°C) and 224% 

(45°C) in RU-3050-1.5 and by 180% (35°C) and 220% (45°C) in RU-50-1.5. Heating the 

formulations also resulted in a temperature-dependent increase of the permanent, steady state 

background OD of the dosimeter. This effect was pronounced in RU-3050-1.5 with a 6× 

increase at 35°C and an 18× increase at 45°C. This permanent ΔOD is equivalent to 14% 

and 34% of the initial signal, respectively, versus 2% retention of the initial signal at room 

temperature. Background optical density changes were also seen in RU-50-1.5, but on a 
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lesser scale with a 1.8× increase at 35°C and a 2.3× increase at 45°C. These background ΔOD 

values translate to 7% of the initial signal for both 35°C and 45°C, versus 4% retention of 

the initial signal at room temperature. 

 

 
 

Figure 38: Effect of temperature on the optical clearing rates of dosimeter samples 
irradiated to 8 Gy for formulations (A) RU-3050-1.5 and (B) RU-50-1.5. Note that 
applying heat greatly increased the clearing rate but also induced a small increase in 
background response. 
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Table 16: Temperature dependence of optical clearing rate (quantified by t1/2 and percent 
increase in clearing rate relative to room temperature) and post-clearing permanent 
background response (𝑐). The increase in background response relative to clearing at room 
temperature is given by the ratio 𝑐/𝑐𝑅𝑅. 

 RU-3050-1.5  RU-50-1.5 

Temperature 
t1/2 

(h) 

Δ rate 
vs RT 

(%) 

𝒄 
(ΔOD/cm) 𝒄/𝒄𝑹𝑹  

 
t1/2 
(h) 

Δ rate 
vs RT 

(%) 

𝒄 
(ΔOD/cm) 𝒄/𝒄𝑹𝑹  

RT (~20°C) 10.4 - 0.0013 1.0  16.3 - 0.0042 1.0 

35°C 4.4 134% 0.0076 6.0  5.8 180% 0.0073 1.7 

45°C 3.2 224% 0.0228 18.0  5.1 220% 0.0097 2.3 

 

Based on the magnitude of heat-induced permanent ΔOD for the two formulations, 

heating would not be recommended for RU-3050-1.5 but could be considered for the RU-

50-1.5 formulation if a faster clearing rate is desired. Ultimately, the trade-off between faster 

optical clearing and increasing the ΔOD ahead of subsequent irradiations would have to be 

evaluated in larger dosimeters that would be used for measuring dose distributions in clinical 

studies. There are a number of additional factors that would have to be considered, including 

whether a large volume dosimeter could be heated uniformly and how this process would 

affect dosimeter visualization and accuracy. As long as sensitivity remains consistent 

throughout the dosimeter volume, in theory, a small, permanent ΔOD from prior irradiations 

and heating should not affect the accuracy of subsequent measurements because dosimeters 

are scanned both before and after irradiation, and the pre-irradiation scan is subtracted from 

the post-irradiation scan to yield the net ΔOD for the irradiation measured. As previously 

noted in section 4.A.4.b, however, dose deliverable to a given dosimeter is limited by the 

dynamic range of the optical-CT scanner, and this deliverable dose range would be further 

limited by a darker pre-irradiation dosimeter. The use of heating to expedite optical clearing 
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for reuse is a possibility, but should be evaluated in further studies after an accurate and 

effective reusable Presage-RU dosimeter is achieved. 

5.C.4. Dose Rate Independence 

Standard formulations of PRESAGE® have been well-characterized and previously 

demonstrated dose rate independence10,19. In light of differences in the components of 

standard PRESAGE® and Presage-RU (Table 11), which result in markedly different post-

irradiation responses, it is prudent to also evaluate these new Presage-RU formulations to 

confirm whether they retain the characteristic of dose rate independence. The interest in 

confirming dose rate independence is also informed by the recent development of 

radiochromic silicone 3D dosimeters, which are formulated with a silicone elastomer matrix 

of similar durometer (Shore hardness 43A) and a similar chemical reporting system (LMG as 

the leuco dye, chloroform [CHCl3] as the free radical initiator), and have been reported to 

both exponentially clear with time and exhibit significant dose rate dependence36–38. 

To test whether the dose rate independence seen in standard PRESAGE® is also 

characteristic of Presage-RU, 18 cuvettes of RU-3050-1.5 (Batch #69) were irradiated to 

doses of 10 Gy, 20 Gy, and 30 Gy at dose rates of 200 MU/min, 400 MU/min, and 600 

MU/min. These dose rates and dose values were chosen specifically for ease of comparison to 

the radiochromic silicone dosimeter dose rate dependence data from De Deene et al.36,37 and 

Høye et al.38 Two samples were irradiated at each dose and dose rate combination, and two 

additional samples retained as unirradiated controls. Measurements were tracked over 5 days 

to determine optical clearing rates, which were then used to determine the dose response at 

time t=0 as previously described. Although there were insufficient samples to repeat the full 

dose rate independence test on the other Presage-RU formulations, a spot check was 
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performed with two samples of RU-50-1.5 (Batch #74R) that were irradiated to 30 Gy at 

200 and 600 MU/min. Given that all three Presage-RU formulations under evaluation are 

essentially analogous with only minor differences in the concentration in selected 

components, it is expected that the results determined from evaluating RU-3050-1.5 would 

translate to the other two formulations. 

Dose rate independence is demonstrated by the dose response plots at all dose rates, 

which are shown in Figure 39 with values listed in Table 17. Dose response sensitivity at all 

dose rates was highly linear with R2≥0.997. There was a negligible difference in dose 

response between the samples irradiated at dose rates from 200-600 MU/min, with an 

average dose response sensitivity across all three dose rates of 0.00591±0.00007 

ΔOD/(cm∙Gy). The standard deviation was within 1.2% of the average, and no correlation 

was observed between dose rate and dose response within these small differences. This can be 

contrasted to the characteristics of radiochromic silicone dosimeters, where dose response is 

nonlinear and sensitivity varies by as much as 32% between 200 MU/min and 600 

MU/min36–38. The dose rate independence of Presage-RU is also supported by the two RU-

50-1.5 samples irradiated to 30 Gy at 200 MU/min and 600 MU/min, which yielded 

identical post-irradiation values of 0.320 ΔOD/cm. 

It should be noted that the dose rates of 200, 400, and 600 MU/min used for this 

study were chosen specifically to allow direct comparisons to the prior radiochromic silicone 

dosimeter studies36–38. The development of flattening filter free (FFF) treatment technology, 

where radiation is delivered without the flattening filter traditionally used to create a beam of 

uniform intensity across the radiation field, has resulted in a dramatic increase in dose rates 

that may be seen during treatment. Reported FFF dose rates are as high as 2400 MU/min90, 
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which is 4 times the highest dose rate tested here. In light of this, future studies of dose rate 

independence, whether for standard or low durometer PRESAGE® dosimeters, should test 

dosimeter response at these substantially higher FFF dose rates in order to characterize 

performance for a full range of possible treatment delivery scenarios. 

 

 

Figure 39: Dose rate independent response in RU-3050-1.5 (200 MU/min, 400 
MU/min, 600 MU/min) and RU-50-1.5 (200 MU/min, 600 MU/min). Linear trend lines 
fitted to RU-3050-1.5 indicate dose response sensitivity and demonstrate lack of dose 
rate dependence. 

 

Table 17: Dose response sensitivities for samples of RU-3050-1.5 irradiated at dose 
rates of 200-600 MU/min. 

Dose Rate 
(MU/min) 

Dose Response 
Sensitivity 

(ΔOD/[cm∙Gy]) 

% Difference 
from Average 

Sensitivity 

Dose Response 
Linearity 

(R2) 

200 0.00590 0.1% 0.9995 

400 0.00584 1.1% 0.9992 

600 0.00598 -1.2% 0.9978 

Average 0.00591 ± 0.00007   
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5.D. Large Volume Dosimetry Studies 

While studies with small volume samples are invaluable for initial formulation 

characterization and determining feasibility, ultimately, accuracy and reusability must be 

evaluated through measurement of full dose distributions in large volume dosimeters to 

reflect clinical usage. Large volume dosimeter studies were conducted with formulations RU-

3050-1.7 (Batch #14) and RU-50-1.5 (Batch #59) to confirm the results from the small 

volume studies, assess accuracy, and further evaluate potential issues that may arise from 

multiple irradiations. The dosimeters used in these studies are depicted in Figure 40. 

 

 

Figure 40: Photo depicting the cylindrical Presage-RU dosimeters used in this study. 
On left, RU-50-1.5 (11 cm diameter, 9.5 cm length); on right, RU-3050-1.7 (8 cm 
diameter, 4.5 cm length). 

 

5.D.1. Initial Verification of Small Volume Characterization and 
Dosimetric Accuracy in Formulation RU-3050-1.7 

A larger volume cylindrical dosimeter (8 cm diameter, 4.5 cm length, pictured on 

right in Figure 40) of formulation RU-3050-1.7, Batch #14, was set up in a water tank and 
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irradiated with a 4-field box plan (parallel opposed pairs of 4×4 cm2 AP-PA beams and 4×2 

cm2 lateral beams) to a central dose of 20 Gy (Figure 41). High resolution (1 mm isotropic) 

3D dose distributions were obtained through DMOS optical-CT imaging, and measurements 

were tracked at multiple time points over 14 days. After signal in the dosimeter had fully 

cleared, the dosimeter was reirradiated with the same plan and set-up as in the initial 

irradiation and tracked again for another 14 days. Dose accuracy was evaluated with 3D 

gamma analysis (3%/3mm, 10% threshold) against the Eclipse-calculated treatment plan. 

 

 

Figure 41: (A) Coronal, (B) transverse, and (C) sagittal views of the 4-field box plan 
(parallel opposed pairs of 4×4 cm2 AP-PA beams and 4×2 cm2 lateral beams) 
delivered to the RU-3050-1.7 dosimeter. 

 

Optical clearing in the dosimeter is visually illustrated with coronal cross-sections in 

Figure 42. Tracking measurements for both dosimeters (average ∆OD within the 98% 

isodose region) are shown in Figure 43 with fits to the exponential decay equation 

Δ𝑂𝑂
𝑐𝑚 = 𝑎𝑒−𝜆𝜆 + 𝑐. Coefficients determined by the fitted equation are tabulated in Table 18 

along with t1/2 values and the time elapsed since dosimeter manufacture (dosimeter age). As 

previously observed in the small volume samples, a drop in response (22%) was seen in the 

second irradiation. Also as previously observed, however, both reirradiation and dosimeter age 
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must be considered as possible causes for drops in response. While there is insufficient data 

for an in depth examination of age and sensitivity in this initial characterization study, this is 

studied and discussed further in the following section 5.D.2. Both irradiations demonstrated 

similar optical clearing behavior as the small volumes. Average t1/2 was 21.9±0.5 h, which is 

within one standard deviation of the overall average small volume t1/2 (21.1±4.7 h) for this 

batch. The permanent ΔOD to the dosimeter relative to initial signal was 1% for the first 

irradiation and 4% for the second irradiation, which also matches the average 4±3% ΔOD 

retention seen in the small volume samples. 

 

 

Figure 42: Optical clearing of the post-irradiation dose response within the dosimeter. 
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Figure 43: Optical clearing in a dosimeter of formulation RU-3050-1.7, Batch #14, as 
represented by average dose response over time in the 98% isodose region of the 4-
field box distribution. Data was fitted to the exponential decay equation 𝚫𝜟𝜟

𝒄𝒄 =
𝒂𝒆−𝝀𝝀 + 𝒄. 

 

Table 18: Optical clearing of 2 irradiations of a formulation RU-3050-1.7 dosimeter as 
determined by fitting signal decay to the equation Δ𝑂𝑂𝑐𝑚 = 𝑎𝑒−𝜆𝜆 + 𝑐. 

Irradiation 
Iteration 

Dosimeter Age 

(days) 

𝒂� 

(ΔOD/cm) 

λ� 
(h-1) 

𝒄� 

(ΔOD/cm) 

�̅�𝟏/𝟐 

(h) 

1 133 0.229 0.031 0.001 22.3 

2 151 0.170 0.032 0.007 21.5 

Average - - 0.032 ±0.001 - 21.9 ±0.5 

 

The 3D gamma passing rates were 96.6% for the initial irradiation and 89.1% for the 

subsequent irradiation. Gamma maps (Figure 44) and dose line profiles showed that the 

passing rate decrease in the reirradiated distribution was primarily due to dose 

underestimation in the anterior portion of the dosimeter and dose overestimation in the 

lateral regions outside of the high-dose box. These results demonstrate good agreement 
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between measured relative dose and calculated dose distributions upon initial irradiation for 

formulation RU-3050-1.7, but additional evaluation and repeat experiments are needed to 

identify the cause of measurement inaccuracies in the reirradiation. Production of RU-3050-

1.7, however, was discontinued due to greater difficulties and uncertainties in the 

manufacturing process due to the combination of two polyurethanes to form the matrix. 

Further studies to evaluate dosimetric accuracy and potential for reusability were continued 

in the RU-50-1.5 formulation and are detailed in section 5.D.2. 

 

 

Figure 44: 3D gamma passing maps of initial dosimeter irradiation (Batch 14) and 
subsequent reirradiation. 3D gamma passing rates were 96.6% for the initial 
irradiation and 89.1% for the subsequent irradiation. Regions of gamma failure 
(values ≥1) are displayed in red to aid visualization. 

 

5.D.2. Evaluation of Accuracy and Reusability in Formulation RU-
50-1.5 

5.D.2.a. Experimental Plan 

The experimental plan for evaluating dosimetric accuracy and reusability in large 

volume RU-50-1.5 dosimeters was designed to assess baseline dosimetric accuracy without 

            110



 

 

prior irradiation and the effects of reirradiation and age on dose response and accuracy. 

Optical clearing rates were also determined and compared to the earlier small volume 

characterization. 

Four cylindrical dosimeters (11 cm diameter, 9.5 cm length) of RU-50-1.5, Batch 

#59, were used in this study. All Presage-RU dosimeters were stored at room temperature 

before and during the duration of the experiment. An additional cylindrical dosimeter of the 

same dimensions but in formulation DEA-N-1.5 (Table 11) was also used to provide a 

comparison to standard PRESAGE®. The first step of the experimental plan, pictured in 

Figure 45, aimed to rule out irradiation iteration as the cause of the 25%-66% dose response 

sensitivity drops seen in the small volume reirradiations in the second irradiation (Figure 

33A-C). Two of the Presage-RU dosimeters, labeled as Dosimeters B and C, were placed in a 

tank of water and irradiated to uniform low doses of 0.5 Gy (Dosimeter B) and 1.0 Gy 

(Dosimeter C) with a 4-field box irradiation of 18 cm × 18 cm fields (Figure 46). The small 

volume reirradiations showed high dose response linearity and uniform sensitivity reduction 

across all doses, and thus the low doses of 0.5 Gy and 1.0 Gy were chosen to mitigate the 

amount of permanent residual ΔOD that would remain after dosimeter clearing. A third 

dosimeter (Dosimeter A) served as a control that received no dose in this step. The dosimeters 

were then stored in a dark room and tracked over time until the irradiated dosimeters had 

cleared. 
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Figure 45: Presage-RU dosimeter evaluation plan, Step 1. Dosimeter age at the time of 
irradiation is noted in the upper right corner of the blue box. 

 

 

Figure 46: Uniform irradiation achieved with large (18 cm × 18 cm) parallel opposed 
AP-PA and lateral beams. The dosimeter was submerged in a water tank. The 100% 
isodose line is depicted in yellow and visible toward the inner walls of the water tank. 
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Steps 2-5 of the experimental plan are diagrammed in Figure 47. In step 2, all three 

dosimeters A, B, and C are set up identically and irradiated with Plan 1 (Figure 48A), a plan 

of two overlapping open AP fields that creates a 6 cm × 6 cm square of three 2 cm × 6 cm 

stripes at three distinct dose levels. The relative dose levels approximate to 20-25% (low 

dose), 100% (high dose), and 80-85% (mid dose). This provides a simple dose distribution 

that can be readily compared to both the Eclipse TPS-calculated distribution and to the 

standard DEA-N-1.5 PRESAGE® dosimeter. The dose measurement at this step would also 

reveal whether the second irradiation (i.e., the first reirradiation) is subject to pronounced 

sensitivity changes; if this was the case, the dose response for Dosimeter A would be 

dramatically greater than that of Dosimeters B and C. If time elapsed since manufacture is 

the major contributing factor to the sensitivity reduction, the dose response of all three 

dosimeters would be expected to be similar since they are of the same age. Even if prior dose 

received affects sensitivity as suggested in section 5.C.2, the low uniform doses delivered to B 

and C in Step 1 should have a minimal effect on dose response. Dosimeters were again 

allowed to clear prior to the next irradiation. 

In Step 3 (Figure 47), all three dosimeters were again set up identically and 

irradiated, this time with Plan 2 (Figure 48A). Plan 2 is identical to Plan 1 except rotated by 

90°; this, in effect, creates a grid of nine 2 cm × 2 cm squares, each of which received a 

different combination of doses in these two successive irradiations. This is illustrated in 

Figure 48B. This step allows evaluation of how dose response is affected by dose delivered in 

prior irradiations. 
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Figure 47: Presage-RU dosimeter evaluation plan, Steps 2-5. Dosimeter age for the 
Presage-RU dosimeters at the time of each irradiation is noted at the top of their 
corresponding boxes. 
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Figure 48: (A) Plan 1 and Plan 2, featuring three distinct 2 cm × 6 cm dose regions 
formed by two overlapping 4 cm × 6 cm beams. Plan 2 is identical to Plan 1 only 
rotated by 90°. (B) The resultant combination of doses delivered to Dosimeters A, B, 
and C after the successive irradiations of Plan 1 and Plan 2. 

 

Finally, in Steps 4 and 5 (Figure 47), the fourth RU-50-1.5 dosimeter (Dosimeter D) 

and the DEA-N-1.5 dosimeter (Dosimeter S) are both irradiated with Plan 1 for comparison 

to the corresponding data from Dosimeter A in Step 2. Dosimeter D is irradiated at a much 

later time point (315 days post manufacture versus 188 days post manufacture for Dosimeter 

A), allowing evaluation of the effect of dosimeter age on dose response and accuracy. 

Dosimeter S provides a comparison of accuracy in RU-50-1.5 to baseline accuracy in a 

standard PRESAGE® formulation. 
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5.D.2.b. Optical Clearing in Large Volume Presage-RU Dosimeters 

The optical clearing rates for the uniform dose (Step 1), Plan 1 (Step 2), and Plan 2 

(Step 3) irradiations were determined in the same manner as in the small volume samples. 

Dosimeters were stored in the dark at room temperatures and tracked with optical-CT 

measurements until they effectively cleared, then data taken from a central, uniform dose 

ROI of each measurement was plotted against time elapsed since irradiation and fitted to the 

equation Δ𝑂𝑂𝑐𝑚 = 𝑎𝑒−𝜆𝜆 + 𝑐. The resulting average decay constant (λ), half-life (t1/2), and 

percent permanent ΔOD relative to the initial signal (c/[a+c]) are listed for each set of 

irradiations in Table 19. 

 

Table 19: Optical clearing for RU-50-1.5 dosimeters. Average decay constant (λ), half-life 
(t1/2), and percent permanent ΔOD relative to initial signal (c/[a+c]) are averaged across all 
dosimeters for each set of irradiations in Steps 1-3. The average results for the small volume 
samples, listed as cuvettes, are also included for comparison. 

 Step 
λ� 

(h-1) 

�̅�𝟏/𝟐 

(h) 

𝒄/(𝒂 + 𝒄)������������� 
(%) 

Cuvettes  - 0.0465 ±0.025 12.3 ±2.2 3 ±2 

Dosimeters  1 0.0189 ±0.003 37.1 ±4.9 2 ±0 

 2 0.0196 ±0.001 35.3 ±0.8 3 ±1 

 3 0.0197 ±0.001 35.2 ±0.8 2 ±0 

  Average 0.0194 ±0.001 35.9 ±1.0 2 ±1 

 

One interesting difference to note is that the clearing rate is approximately 3× slower 

in the large dosimeters (t1/2=35.9 h) versus the small volume cuvette samples (t1/2=12.3 h). 

The upshot of this is that while the small volumes effectively cleared within approximately 5-

7 days, the dosimeters took approximately 15 days to clear and were tracked accordingly for 

that period of time prior to reirradiation. Otherwise, good consistency in clearing rate was 
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seen both within dosimeters and between the successive irradiations. Permanent change in 

optical density following each irradiation was on average 2% of the initial signal. 

5.D.2.c. Initial Dosimetric Accuracy 

The initial dosimetric accuracy of RU-50-1.5 was evaluated by examining the initial 

Plan 1 irradiation of Dosimeter A (Figure 47, Step 2) and comparing it to both the TPS dose 

calculation from Eclipse and the distribution reconstructed from measurement in standard 

PRESAGE® formulation DEA-N-1.5 (Dosimeter S). Dose maps and profiles for all three 

distributions are shown in Figure 49 (transverse view, AP profile), Figure 50 (coronal view, 

lateral profile), and Figure 51 (coronal view, corner-to-corner diagonal profile). Immediately, 

from the transverse view and examination of the AP percent depth dose (PDD) profile down 

length of the central overlapped beams in Figure 49, it is apparent that there is an 

inconsistent dose response within the dosimeter volume. The rounded AP profile (normalized 

to intersect with the Eclipse calculation at its central region of highest response), indicates a 

sensitivity gradient with a ~30% under-response at the dosimeter edges that gradually 

reduces toward the center of the dosimeter. This effect is also observed in the dose maps and 

profiles displayed in Figure 50 and Figure 51 with a greater fall-off in the penumbra at the 

distribution edges, which are also in closer proximity to the edges of the dosimeter. This can 

be clearly seen in the diagonal profile shown in Figure 51. 

The standard DEA-N-1.5 PRESAGE® dosimeter (Dosimeter S), which primarily 

differs from RU-50-1.5 only in polyurethane matrixviii, meanwhile demonstrated expected 

                                                 

viii The components and their proportions are listed in Table 11 and in more detail in Table 1. All components and their 
percentages for RU-50-1.5 and DEA-N-1.5 are the same except for the polyurethane matrix and the identity of the solvents: 
RU-50-1.5 uses 5.0% toluene with an additional 0.16% tetrahydrofuran (THF) as an initiator solvent; DEA-50-1.5 uses 
5.0% ethyl acetate. The overall solvent concentration (5.2% in RU-50-1.5, 5.0% in DEA-N-1.5), however, is essentially 
identical. 
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good results in agreement with the Eclipse-calculated distribution, including a 3D gamma 

passing rate (3%/3mm criteria, 10% dose threshold) of 94.8%. Good agreement can also be 

seen for Dosimeter S in the line profiles shown in Figure 49-Figure 51. 

 

 

 

Figure 49: A comparison of AP profiles (PDD) between RU-50-1.5 (Dosimeter A), the 
Eclipse TPS calculation, and the standard PRESAGE® formulation DEA-N-1.5 
(Dosimeter S). A dose sensitivity gradient with lower response at the edges of the 
dosimeter was observed in Dosimeter A. Values for the TPS calculation and 
Dosimeter S have been normalized to unity at maximum dose. Dosimeter A was 
normalized to intersect with the expected PDD profile. 
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Figure 50: Lateral line profile comparison between RU-50-1.5 (Dosimeter A), the 
Eclipse TPS calculation, and the standard PRESAGE® formulation DEA-N-1.5 
(Dosimeter S). This cross-section was taken at the dosimeter mid-point, where the 
distribution from Dosimeter A was normalized to match the expected distribution. 
Greater fall-off at the penumbra (possibly attributable to the observed sensitivity 
gradient) is observed in Dosimeter A versus the other two distributions. 
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Figure 51: A diagonal line profile comparison between RU-50-1.5 (Dosimeter A), the 
Eclipse TPS calculation, and the standard PRESAGE® formulation DEA-N-1.5 
(Dosimeter S), taken in the same cross-section as Figure 50. Here, the edges of the 
distribution are located spatially closer to the edges of the dosimeter. As could be 
expected from the other data, a reduced dose response in these areas is readily visible 
in Dosimeter A. 

 

Clearly, there is a dose response accuracy issue in these Presage-RU dosimeters that 

will need to be addressed before they can be used for dosimetric measurement. This was also 

confirmed in the 1.0 Gy uniform dose irradiation of Dosimeter C (Figure 52); although high 

levels of noise are present in this reconstruction due to low signal, a sensitivity gradient 

consistent with the observations in Dosimeter A can be seen. These spatial sensitivity issues, 

however, do not preclude further investigation and analysis, which can yield useful 

information for future development. For the time being, discussion and analysis will proceed 
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in the following sections 5.D.2.d through 5.D.2.f based on comparisons of the measured dose 

distributions between the RU-50-1.5 dosimeters rather than by comparison to Eclipse or the 

standard DEA-N-1.5 formulation. The sensitivity gradient issue will be returned to and 

discussed in section 5.D.2.g. 

 

 

Figure 52: Dose sensitivity gradient seen in the uniform 1.0 Gy irradiation of 
Dosimeter C. (High levels of noise in this distribution can be attributed to the low 
signal due to low dose.) Dose response sensitivity peaks toward the center of the 
dosimeter. 

 

5.D.2.d. Reirradiation and Dose Response 

As previously discussed, the uniform doses delivered to Dosimeter B and C prior to 

irradiation with Plan 1 were to rule out the possibility that the substantial 25-66% drops in 

dose sensitivity between the first and second irradiations of small volume dosimeter samples 
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(Figure 33) may be caused by instances of irradiation; e.g., if the initial irradiation were 

initiating a chemical reaction that could subsequently lower dose response. If the initial 

irradiation was the cause of sensitivity reduction, a noticeably higher dose response would be 

seen in Dosimeter A, which had not been irradiated prior to the Plan 1 irradiation. 

AP and lateral dose profiles are shown for all three dosimeters in Figure 53. No 

substantial differences were seen in the dose response between the three dosimeters. This 

agreement was confirmed via comprehensive 3D gamma analyses (1%/3mm, 10% dose 

threshold), which were performed on Dosimeter B and C with Dosimeter A serving as the 

reference. Both dosimeters showed good agreement with Dosimeter A with a 90.8% passing 

rate for Dosimeter B and a 98.1% passing rate for Dosimeter C. These results are in line with 

the hypotheses put forth in the small volume characterization studies (section 5.C.2), where 

the suggested contributors to changes in dose response sensitivity were dosimeter age and 

dose delivered in prior irradiations (e.g., greater dose would result in a greater reduction in 

sensitivity). Because all three dosimeters were manufactured in the same batch and then 

irradiated with Plan 1 on the same day at approximately the same time, the dose response 

should not be affected by differences in dosimeter age at the time of irradiation and 

measurement. Additionally, because low doses were used for the uniform irradiation, their 

effect on these irradiations was expected to be negligible. 
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Figure 53: (A) AP and (B) lateral line profiles of the dose response from Dosimeters A, 
B, and C following irradiation with Plan 1. All three dose distributions show close 
agreement, confirming that the small volume reductions in dose sensitivity following 
initial irradiation (Figure 33) are not a product of prior irradiation. 

 

5.D.2.e. Reirradiation and Dosimetric Accuracy 

In the previous section, it was mentioned that higher doses were hypothesized to 

potentially reduce the sensitivity of subsequent irradiations. This is of particular concern 

because it is known that the polyurethane matrix prevents diffusion of the post-irradiation 

signal and, presumably, the chemical reporting system that creates it. In other words, if dose 

delivered in prior irradiations affects dosimeter sensitivity, this could lead to spatially-
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dependent sensitivity within a dosimeter that varies based on previous use, which could then 

result in errors within the measured distribution that negatively impact overall dosimetric 

accuracy. 

The sequence of irradiation with Plan 1 and Plan 2 was designed to evaluate this 

effect through the resulting nine regions of overlapping dose (Figure 48B). Three line 

profiles, drawn laterally through each dose region in Plan 2, are plotted for all three 

dosimeters and both their Plan 1 and Plan 2 measurements in Figure 54. This overlay of 

initial dose distribution at distinctly different dose levels (Plan 1) against uniform dose 

profiles that should vary only if affected by prior irradiation (Plan 2) provides easy 

visualization of the effects of prior irradiation at different doses. It is apparent, particularly 

from the region of visibly higher sensitivity (left side of profiles, corresponding to the low 

dose delivered in Plan 1) in the Plan 2 high dose (Figure 54B) and mid dose (Figure 54C) 

profiles, that higher doses delivered to a given region depress the subsequent sensitivity. 
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Figure 54: Line profiles depicting line profiles in measured dose distributions from 
irradiations of Plan 1 and Plan 2. Line profiles for the Plan 2 irradiations show 
relatively higher dose sensitivity in regions that previously received lower dose. 
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To quantify the magnitude and effect of prior irradiation and dose delivered, the Plan 

2 data had to be compared to a baseline measurement of the same plan. This is conveniently 

also provided by the Plan 1 irradiations and measurements due to the fact that the plans were 

identical except for a 90° rotation in Plan 2. (Although Dosimeters B and C had been 

previously irradiated prior to Plan 1, these were uniform dose irradiations that should not 

affect overall distribution and additionally showed negligible effect on response as shown in 

Figure 53.) Whereas the overlaid distributions shown in Figure 54 depict accurate spatial 

registration of both plans as they were delivered to each dosimeter, evaluation of Plan 2 dose 

response and accuracy can be performed simply by rotating the measured Plan 2 distribution 

from each dosimeter to register it to its corresponding Plan 1 distribution. 

The results of this analysis with representative line profiles of all three dosimeters are 

shown in Figure 55 (low dose region), Figure 56 (high dose region), and Figure 57 (mid dose 

region). Two cases are evaluated for each dose region. In the first case (A), the original dose 

response signal (in terms of attenuation [µ] per voxel) is shown for both Plan 1 and Plan 2 

measurements along with the resulting percentage change between Plan 2 and Plan 1. This is 

the actual net difference in dose response between the two irradiations and measurements, 

which may be attributable to prior irradiation and/or dosimeter age. Values of the percent 

difference along the profile also reflect the net effect on dose response from the 3 different 

dose levels in Plan 1, which correspond approximately to 1.5-2.5 cm (low dose), 3.25-4.75 

cm (high dose), and 5.5-6.5 cm (mid dose). 

In the second case, the Plan 2 distributions were normalized for an overall best match 

to their corresponding Plan 1 values around the central high dose region using a scaling 

factor of 1.1. This is to reflect the relative nature of dosimetry with PRESAGE® 3D 

            126



 

 

dosimeters; because the measured distribution would be scaled to a known dose, the actual 

magnitude of error caused by spatially-dependent sensitivity induced by prior irradiation 

would depend on an accuracy comparison after normalization. 
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(A) Original Dose Response (Low Dose Region) 

 

(B) Normalized Dose Response (Low Dose Region) 

 

  

Figure 55: The effect of prior irradiation on dose response sensitivity as evaluated in the low dose region of Plan 2. 
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(A) Original Dose Response (High Dose Region) 

 

(B) Normalized Dose Response (High Dose Region) 

 

  

Figure 56: The effect of prior irradiation on dose response sensitivity as evaluated in the high dose region of Plan 2. 
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(A) Original Dose Response (Mid Dose Region) 

 

(B) Normalized Dose Response (Mid Dose Region) 

 

  

Figure 57: The effect of prior irradiation on dose response sensitivity as evaluated in the mid dose region of Plan 2. 
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The percentage differences of the second irradiation versus the first (for both the 

original measured Plan 2 distribution and normalized Plan 2 distribution) for each 

combination of dose delivered versus previous dose received (Figure 48B) are plotted in 

Figure 58. Between the second (Plan 2) and first (Plan 1) irradiations, the dose response 

sensitivity dropped by 8-10% in the region that previously received high dose. In 

comparison, the response in the region that previously received a mid dose (~80-85% of the 

high dose) appears to have been affected proportionately, with a lesser response reduction of 

7-8%. Dose reduction in the region previously receiving a low dose (~20-25% of the high 

dose), there is an average response reduction of 3-6%, which is proportionately greater than 

the amount of dose delivered relative to the other regions. Given that relatively low signal 

was measured in this region, however, measurements are more susceptible to noise; this is 

particularly pronounced in the region of two irradiations of low dose and is apparent by the 

larger standard deviation depicted by the error bars. 

When the measurements of the second irradiation (Plan 2) are normalized to match 

the high dose region of the first irradiation (Plan 1), the potential effect of prior irradiation 

on a relative distribution becomes more apparent. In regions that previously received high or 

mid doses, error generally fell within 1-2% with a slightly greater difference (by ~1%) in the 

region that previously received the mid dose irradiation. In the region that had previously 

received low dose, however, errors were as high as 4-7% for all measurements taken in the 

second irradiation. This indicates that (1) differences in the prior dose received are sufficient 

to cause noticeable dosimetric errors, and (2) these errors are spatially dependent based on the 

distribution(s) previously delivered to the dosimeter volume. 
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Figure 58: The average percent difference across all three dosimeters between the 
Plan 2 (2nd irradiation) and Plan 1 (1st irradiation) measured distributions when Plan 2 
is registered to Plan 1. Plan 1 serves as a baseline measurement for comparison to the 
Plan 2 measurements. The (A) shows the differences in measured signal between the 
two irradiations while (B) shows the difference when the Plan 2 distribution is 
normalized to the Plan 1 distribution in the central high dose region. Error bars 
depict standard deviation. 
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5.D.2.f. Dosimeter Age and Dosimetric Accuracy 

Evaluation of how time elapsed since manufacture affects the response within the 

dosimeter was carried out with a comparison of Plan 1 measurements between Dosimeter A 

(188 days post-manufacture) and Dosimeter D (315 days post-manufacture). In both cases, 

the dosimeters were kept under the same storage conditions (room temperature and in the 

dark) and received no prior irradiations before Plan 1 was delivered. AP (PDD) profiles down 

the central high dose beam overlap for both dosimeters are shown in Figure 59, first by dose 

response (A), then with both profiles normalized to best match the Eclipse-calculated 

distribution (B). As before in Figure 49, the distribution for Dosimeter A was instead 

normalized to match at its highest response point due to its sensitivity gradient. 

Examination of these profiles reveals instructive information regarding both the age 

dependency of the dose sensitivity and the dose response chemistry of this series of Presage-

RU dosimeters. In Figure 59A, the comparison of the dose response of Dosimeters A and D 

shows that while the later Dosimeter D measurement matches that of Dosimeter A at the 

edges of the profile, the distribution on whole is responding with a lower sensitivity. In fact, 

as shown in Figure 59B, the response for Dosimeter D is much closer to the expected 

distribution from Eclipse except for a small (~10%) bump of higher dose that is located at 

the center of the profile and also spatially corresponds to the higher dose region of in 

Dosimeter A. In other words, the dose response sensitivity of an RU-50-1.5 dosimeter 

irradiated at 315 days is much more homogeneous than an analogous dosimeter irradiated at 

188 days. This strongly indicates that the dose response within the dosimeters is affected by a 

desensitizing factor that is diffusing into the dosimeter over time, which is unprecedented in 

the standard PRESAGE® dosimeter made from the hard 80D durometer polyurethane. 
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Figure 59: A comparison of AP profiles (PDD) between Dosimeter A (irradiated at 
188 days) and Dosimeter D (irradiated at 315 days). (A) Dose response of both 
dosimeters. (B) Dose responses normalized to best match the Eclipse distribution. 
Note that Dosimeter D matches the Eclipse distribution reasonably well except for a 
centrally located ~10% increased response that corresponds with the dose response 
peak in Dosimeter A. 
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These observations are further supported by additional profiles taken in a coronal 

plane (Figure 60) where the distributions of Dosimeter A and Dosimeter D have been 

normalized to match the Eclipse dose in the central high dose region. In both profiles, it can 

clearly be seen that the dose response gradient in Dosimeter D matches the expected 

distribution more closely, particularly toward the distribution edges where the dose 

sensitivity gradient is visible in the results from Dosimeter A.  

These results, along with the age dependency observed in the small volume 

characterization studies, are discussed further in section 5.D.2.g. 

 

            135



 

 

 

A 

 

 

B 

 

 

Figure 60: (A) Lateral and (B) diagonal line profiles taken across a coronal slice where the measured dose distributions from 
Dosimeter D and Dosimeter A were normalized to match the high dose region of the Eclipse-calculated distribution. Greater 
dose response homogeneity was seen in Dosimeter D. 
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5.D.2.g. Sensitivity Gradients and Age-Dependence 

An age-dependence in dose response sensitivity was observed in Presage-RU. This 

was seen both in small volumes of Presage-RU that provided single value ΔOD/cm 

spectrophotometer measurements showing decreasing dose sensitivity over time that 

approaches a plateau of lower response (Figure 34) and in large volume dosimeters that 

revealed a pronounced dose sensitivity gradient within the dosimeter volume where dose 

response was reduced at the dosimeter edges by as much as a 30% (section 5.D.2.b) at 188 

days but resolved to approach homogeneity at a lower dose sensitivity matching the 

dosimeter edges by 315 days (section 5.D.2.f). Clearly, these results indicate that over time, 

there must be a desensitizing element diffusing into the dosimeter, or conversely, a 

sensitizing component diffusing out of the dosimeter. 

One possibility is evaporation of solvents out of the dosimeter through the dosimeter 

surface. While there is currently no published study evaluating the degree to which this may 

be happening, the manufacturer (Heuris Inc.) reports that reduced levels of solvent also 

reduce the sensitivity. The fact that the dosimeters produce a strong chemical odor suggests 

that some component of the dosimeter is being emitted through evaporation. 

Another possibility is the diffusion of oxygen into the dosimeter. Oxygen reacts with 

the post-irradiation colored malachite green radical (or in this case, a malachite green 

derivative radical). This autoxidation reaction renders the dye molecule colorless, thus 

reducing sensitivity (Figure 61). It should be noted that the diffusion of oxygen is not 

observed in the higher durometer standard PRESAGE® dosimeters10, and thus is expected to 

be a consequence of the low durometer polyurethane matrix. 
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Figure 61: Chemical reaction of oxygen with the LMG radical (left), which creates a 
colorless molecule. This reaction would occur analogously with LMG derivative leuco 
dyes, such as the 2-methoxy-DEA LMG used in the Presage-RU formulations under 
evaluation. Figure courtesy of John Adamovics (Rider University and Heuris Inc.). 

 

The effect of oxygen on the dose response of an analogous chemical reporting system 

(LMG and tetrabromoethane) has been well-examined by Alqathami et al.35 In this prior 

work, the chemical reporting system was found to have partial oxygen desensitization, 

meaning that the presence of oxygen reduced dose response sensitivity but did not eliminate 

it. A comparison of the dose response in solution both with and without deoxygenation using 

N2 demonstrated that in a solution in the presence of oxygen, the system will respond with 

~30% lower signal. When LMG dissolved in tetrabromoethane with and without 

deoxygenation were incorporated into PRESAGE® dosimeters (using the hard, 80D 
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durometer polyurethane used in standard PRESAGE® formulations), the difference lessened 

to a ~5% lower sensitivity in the dosimeters without deoxygenation. This was attributed to 

the dosimeters’ solid polyurethane matrix, which would minimize the diffusion of 

atmospheric gasses. 

All PRESAGE® dosimeters are currently manufactured without deoxygenation of the 

chemical reporting system, and the minimal difference seen in the standard hard 

PRESAGE® formulations in the study by Alqathami et al. supports this method of 

manufacture. The relevance to the current study is in the difference between the results seen 

in solution versus in the hard 80D durometer polyurethane. In terms of oxygen diffusivity, 

the 50A durometer polyurethane used in RU-50-1.5 would fall somewhere between the 

freely flowing solution and the rigid 80D durometer polyurethane; it is known that 

permeability to small molecules is usually much greater in soft materials (e.g., rubbery 

polymers like the 50A polyurethane) than in hard materials (e.g., the 80D polyurethane)91. 

This can be attributed to greater fractional free volume, i.e. the space between polymer 

molecules, in lower durometer polymers. In comparison to either polyurethane, a liquid such 

as the LMG and tetrabromoethane solution would have much higher oxygen diffusivity. 

This explains the greater difference in sensitivity seen in solution versus in the 80D 

polyurethane in the Alqathami study. In the 80D polyurethane, because oxygen cannot 

readily diffuse into the dosimeter, the level of oxygen within the cured dosimeter is 

essentially static. Furthermore, the process of polyurethane curing is exothermic, with 

temperatures reported by the manufacturer (Heuris Inc.) as high as ~60°C for dosimeters of 

the volume used in this study, and the higher temperature is expected to contribute to 

degassing the dosimeter during the curing process. Meanwhile, in the solution, oxygen would 
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be able to diffuse in readily, leading to a higher oxygen concentration versus in the 

polyurethane, and therefore a greater reduction in the response compared to its corresponding 

deoxygenated system. 

Because permeability to oxygen in the 50A polyurethane should be greater versus the 

80D polyurethane much but less than the solution, it would be reasonable to surmise that 

oxygen could be diffusing into the dosimeter and causing the sensitivity age-dependence and 

gradients observed. The RU-50-1.5 dosimeters presumably started out with a lower 

concentration of oxygen relative to the atmosphere with assistance in degassing from the 

exothermic polyurethane curing. The diffusion of oxygen into the dosimeter over time would 

account for the gradual desensitization of the dosimeter that extended inward from the 

dosimeter edges (Figure 49, Figure 52) until approaching homogeneity at a lower baseline 

sensitivity (Figure 59, Figure 60) from near complete diffusion through the volume. It should 

also be noted that while oxygen desensitization is the primary hypothesis discussed here, 

regardless of whether the sensitivity gradient is caused by oxygen diffusion in or solvent 

diffusion out, the differences between polyurethane matrices is the probable cause for this 

diffusion and would facilitate either or both. 

Given that the use of a low durometer, elastic polyurethane matrix is the probable 

cause of these sensitivity issues, a reasonable follow-up inquiry would be whether these 

revelations are expected to impact the work done on deformable dosimeters, which is covered 

in the next chapter. One mitigating factor not yet discussed in this work is the effect of 

storage temperature on sensitivity in these dosimeters; all the results presented so far involved 

Presage-RU dosimeters kept at room temperature. Of the RU-50-1.5 dosimeters, there was a 

single dosimeter of the same batch that was kept in cold storage (3°C) from the moment of 
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arrival until irradiation with a clinical head and neck VMAT plan at 175 days, which was 

essentially contemporaneous with the uniform dose irradiation (Figure 52, 173 days) and 

Plan 1 irradiations (Figure 53, 188 days) performed with the dosimeters kept at room 

temperature storage. Unlike the dosimeter measurements described so far, the measurements 

from this dosimeter showed excellent agreement on par with standard PRESAGE® 

measurements (Figure 62) and no evidence of the sensitivity gradient seen in the dosimeters 

stored at room temperature. A 3D gamma analysis (3%/3mm) yielded a 98.1% passing rate. 

 

 

Figure 62: Comparison of dose response accuracy for dosimeters stored at room 
temperature (top row) and refrigeration (bottom row) with dose maps and line 
profiles normalized to the Eclipse-calculated treatment plan. The dosimeters were 
irradiated at approximately the same time (188 days for RT, 175 days for 3°C), but no 
evidence of a sensitivity gradient was soon in the dosimeter kept in cold storage. 

 

Obviously, these cold storage results do not affect conclusions from the previously 

discussed data regarding whether the RU-50-1.5 formulation can be used in the context of a 

reusable 3D dosimeter; keeping an irradiated dosimeter in cold storage would prevent the 
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post-irradiation signal from clearing for reuse. This observation, however, does potentially 

affect the development and storage of deformable dosimeters as cold storage may prevent the 

desensitization hypothesized to arise from use of elastic polyurethanes. While the deformable 

dosimeters used in previously published studies22,53 (also covered in Chapter 6) were 

formulated from a different low durometer polyurethane, it should be noted that they were 

kept in cold storage prior to use and measurement. 

5.E. Conclusions and Future Presage-RU Development 

The series of Presage-RU dosimeters evaluated in these studies attempted to leverage 

the optical clearing characteristic of lower durometer polyurethane dosimeters in an effort to 

create reusable 3D dosimeters. Some favorable characteristics were observed, including 

clearing rates that would be fast enough to allow the dosimeters to clear within a practical 

period of time, consistent clearing rates over multiple irradiations, dose response linearity 

with repeated irradiations at the same dose, and fairly low levels of inaccuracy due to prior 

irradiation as long as the doses previously received are within ~20-25% of each other. 

Realistically, however, the effect of prior irradiation on the dosimeters remains a concern as it 

was seen that the relative amount of dose delivered to any given region of the dosimeter will 

affect subsequent sensitivity in that area, which would in effect create spatially-dependent 

variable dose sensitivities throughout the dosimeter based on the distributions of prior 

irradiations. The one major shortcoming of these dosimeters, however, was also a result of the 

change to lower durometer polyurethane: diffusion effects that led to age-dependent gradients 

in dose response sensitivity and prevented accurate measurement.  

Future development in reusable PRESAGE® dosimeters will pursue a different 

avenue for dosimeter clearing: the addition of hindered amines (ethylenediamine) to the 80D 
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durometer polyurethane. Use of the 80D polyurethane will eliminate the diffusion effects 

seen in the low durometer Presage-RU dosimeters, and the addition of ethylenediamine has 

been seen in other formulations to contribute to optical clearing. While a successful reusable 

dosimeter may not have been realized from this work, these studies nonetheless contributed 

useful information that will affect future development, including in the area of deformable 

dosimetry, and provide a framework for future reusable dosimeter testing. 
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6. DEFORMABLE IMAGE REGISTRATION 
ALGORITHM VALIDATION WITH 3D 
DOSIMETRY 

6.A. Background and Clinical Significance 

Deformable image registration (DIR) algorithms have two main applications in 

radiation therapy: dose accumulation and treatment response assessment through multi-

modality image fusion. In dose accumulation, DIR algorithms deform dose calculated on 

different CTs (i.e., taken throughout a fractionated course of therapy or phases of a 4DCT) 

back to a reference dataset, and thereby track the cumulative dose delivered to an anatomical 

volume in different states of deformation92. This information is of particular importance for 

adaptive radiation treatment approaches, which compensate for under/over-dosing to 

optimize therapeutic efficacy. In treatment response assessment, DIRs are used to relate intra-

treatment functional image data (e.g., PET metabolic activity) to pre-treatment images, 

thereby enabling clinical decisions on current treatment efficacy and whether modification is 

required to improve outcome. 

Several different DIR algorithms are employed in commercially available clinical 

software packages, and have equal applicability to both dose-tracking and treatment response 

assessment. One major caveat of these clinical DIR algorithm applications, however, is that 

there is currently no established method of validating accuracy through comparison to 

measured dose. This has been a topic of recent debate in the field93,94, particularly with 

respect to dose deformation, a process that has been referred to as being “more akin to 

‘Photoshopping’ the dose than to dose calculation.”93 
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Previous efforts have been made to assess DIR algorithm accuracy. A multi-

institutional study of the accuracy of 21 DIR algorithms95 showed that in CT to CT 

deformations using patient data, lung errors at visible bronchial landmarks were as high as 5 

mm, and maximum liver errors at visible vessel bifurcations were greater than 5 mm in all 

cases and ranged as high as 13 mm. Another multi-institution study of 8 DIR algorithms96, 

which evaluated accuracy with a deformable phantom embedded with radiopaque fiducials97, 

saw a similar maximum error range of 5.1-15.4 mm. It should be noted that these errors were 

seen even though accuracy was evaluated at only a limited number of landmarks for both 

studies (17 bronchial bifurcations per lung and 25 vessel bifurcations in the liver for the 

patient data study; 48 fiducials in the phantom study). Additionally, use of visible landmarks 

to evaluate deformation accuracy with skew results in favor of good performance as high-

contrast features drive the deformation calculation and may not be representative of overall 

performance98–100. While digitally removing the fiducials prior to deformable registration (as 

was done in the phantom study) avoids the obvious bias from using high contrast markers 

within the images, processing remnants could still affect the DIR prediction. 

These studies highlight the need for more comprehensive DIR algorithm verification 

methods, particularly methods that are also capable of assessing performance in low contrast 

regions. One approach is to use 3D dosimetry techniques that capture dose under 

deformation, thus providing a physical distribution as a standard for comparison22,29,101,102. A 

key advantage of 3D dosimetry is that the dose distribution itself can be used to spatially 

label and quantitatively track the ground truth of deformation in a deforming dosimeter. 

This labeling can be high-resolution (1 mm isotropic) and fully comprehensive in 3D, 

creating a uniquely powerful validation platform that compares ground truth with the 
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calculations from DIR algorithms. 3D methodologies utilizing deformable polymer-based gel 

dosimeters have been presented by both Yeo et al.102,103 and Niu et al.29, read out in the 

former case by optical computed tomography (optical CT) and in the latter by magnetic 

resonance imaging (MRI). There are disadvantages to MRI not only in terms of the inherent 

accuracy of the methodology, but also in terms of cost and accessibility104,105. Optical CT is 

capable of high accuracy at low cost, but in the case of polymer gels, scatter effects limit the 

size of the dose distribution that may be evaluated without sophisticated corrections106. Both 

gel dosimeters represent homogenous, low-contrast structures, but would likely face 

limitations in complex phantom manufacture (e.g., anthropomorphic shapes) due to 

requiring a flexible external membrane. More recent developments have included the 

introduction of deformable radiochromic silicone dosimeters that can be read out with optical 

CT and produced relatively easily, but these dosimeters also exhibit the disadvantageous 

characteristics of dose-rate dependence and an increase in background color over time36–38. 

A deformable PRESAGE® dosimeter would retain all the advantages of the 

deformable 3D dosimetry approach, can be accurately read out by optical CT without need 

for complex scatter corrections11,78, and could also potentially be created in complex shapes as 

needed to optimize phantom development. The work in this dissertation covers the 

identification of promising deformable PRESAGE® formulations through extensive 

characterization studies, application toward validating clinical DIR software, and future 

development of a dosimetric phantom for validating DIR algorithm performance. 

The initial feasibility study for this work, “On the need for comprehensive validation 

of deformable image registration, investigated with a novel 3D deformable dosimeter,” has 

been published in International Journal of Radiation Oncology · Biology · Physics22. A follow-up 
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study was conducted in collaboration with Velec et al. at the Princess Margaret Cancer Centre 

and subsequently published in Practical Radiation Oncology53. The former and portions of the 

latter have been adapted for this chapter. 

6.B. DIR Algorithms in Radiation Therapy 

A large number of DIR algorithms have been developed for application to radiation 

therapy, both for commercial clinical platforms and specifically for research purposes107. In a 

multi-institutional study by Brock95, 21 participating institutions each used a unique 

combination of similarity metric, regularization method, and optimization for DIR. The 

primary focus of our work with evaluating DIR algorithms with deformable 3D dosimetry is 

in validating DIR algorithms for clinical use, and therefore studies have been limited to DIR 

algorithms used in commercial clinical software platforms. 

Four examples of commercially available clinical software platforms featuring DIR 

and dose deformation capabilities are 

(1) Velocity™ (previously VelocityAI, developed by Velocity Medical Solutions; 

acquired by Varian Medical Systems): A B-splines algorithm combined with a 

mutual information metric108–110. 

(2) MORFEUS (Princess Margaret Cancer Centre, licensed by RaySearch): A 

biomechanics-based algorithm using finite element modeling techniques29,111. 

(3) MIM Maestro (MIM Software Inc.): A constrained, intensity-based, free-form 

algorithm112. 

(4) Mirada RTx (Mirada Medical): A free-form algorithm derived from Lucas-Kanade 

Optic Flow113 for CT-to-CT deformations and a multi-modal mutual information 

algorithm114–116 for deformation between CT and other modalities. 
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VelocityAI (versions 2.8.1 and 3.0.1), MORFEUS, and MIM Maestro (version 5.7) are 

evaluated within this work. 

6.C. Identifying and Characterizing a Deformable 3D 
Dosimeter for Use in DIR Algorithm Validation 

6.C.1. Presage-Def Formulations under Evaluation 

12 different deformable PRESAGE® formulations, which will from this point be 

referred to as Presage-Def, were characterized and evaluated for potential use in deformable 

dosimetry studies. These comprise all 11 formulations listed under the deformable label in 

Table 1 and reusable formulation RU-3050-1.7. Because only one batch of RU-3050-1.7 

(Batch #14) was used for deformable studies, this formulation will be referred to as B14 in 

the context of Presage-Def development. All Presage-Def formulations were characterized for 

dose response using small volume samples as previously described in section 2.A.3.a. Because 

PRESAGE® dosimeters made with elastic polyurethanes are known to optically clear with 

time17, formulations with promising dose response characteristics were also repeated at least 

one later time point to verify sufficient stability for accurate dosimetry (as explained in 

section 5.C.3.a for reusable dosimeters). Relatively higher sensitivities on par with standard 

PRESAGE® formulations and higher temporal stability are desired. 

The Presage-Def formulations were made with variations on the leuco dye and 

polyurethane matrix, and tested for optimal dose response sensitivity and stability. The 

formulations under study can be categorized by polyurethane matrix: D0-6 (BJB Enterprises 

F15, Shore hardness 10-20A), PT1 & PT2 (Polytek Poly 74-30, Shore hardness 30A), GR1 & 

GR2 (Polytek GlassRub, Shore hardness 45-50A), and B14 (Heuris Inc. FC30 and FC50, 

Shore hardness 30-50A). For each polyurethane, individual formulations varied only by the 
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leuco dye used. All other components and all concentrations were kept constant, thus 

allowing evaluation of the sensitivity and stability of dose response for each leuco dye. A total 

of 7 leuco dyes, all derivatives of LMG, were evaluated. The variable components of all 

Presage-Def formulations are listed in Table 20. 

It should be noted that formulation D0 was the first Presage-Def formulation 

published in the studies by Juang et al.22 and Velec et al.53, which are detailed in section 6.D: 

Evaluating Clinical DIR Algorithms with Deformable 3D Dosimetry. Also, while D0 and 

D1 are nominally the same formulation, they are listed separately due to inter-batch 

differences (discussed further in section 6.C.2) and to distinguish D0 as the formulation and 

batch used in the publications cited. Formulations D1-6 were manufactured and evaluated 

contemporaneously. 
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Table 20: Variable components of Presage-Def formulations under evaluation, grouped by 
polyurethane matrix. 

Formulation Leuco Dye Polyurethane Durometer 

D0 
Original Presage-Def22,53 2-methoxy-DMA LMG 

F15 10-20A 

D1 2-methoxy-DMA LMG 

D2 2-methoxy-DMA LMG 

D3 p-methoxy LMG 

D4 dimethyl-DMA LMG 

D5 o-Cl-LMG 

D6 o-Br-LMG 

PT1 naphthal-DEA LMG 
Poly 74-30 30A 

PT2 dimethyl-DMA LMG 

GR1 naphthal-DEA LMG 
GlassRub 45-50A 

GR2 dimethyl-DMA LMG 

B14 2-methoxy-DEA LMG FC30, FC50 (1:1) 30-50A 

 

6.C.2. Presage-Def Dose Response Sensitivity and Stability 

The initial dose responses of all Presage-Def formulations evaluated to date are 

organized by polyurethane matrix durometer and shown in Figure 63. The dose response 

stability for all formulations is shown in Figure 64 with dose response sensitivity 

measurements tracked at both 1 hour and 2 days following the initial measurement. The 1 

hour tracking measurements are representative of the short-term response changes that a 

dosimeter may be subject to between irradiation and readout while the 2 day measurements 

indicate longer-term trends in stability. Tracking measurements were only available at 1 hour 

for D0 and 2 days for D1-6. 
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Figure 63. Initial dose responses of all deformable PRESAGE® formulations to date, 
grouped by polyurethane durometer and color-coded by leuco dye. 
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Figure 64. Dose response stability of Presage-Def formulations as represented with 
tracking measurements after 1 hour and 2 days. 
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6.C.2.a. Presage-Def Formulations with Shore Hardness 10-20A 

Review of the dose response within each polyurethane group (Figure 63) reveals the 

dramatic effect that variations in leuco dye can have on the dose response sensitivity. The 6 

leuco dyes tested in D1-6 (Shore hardness 10-20A) yielded a range of dose response 

sensitivities with up to a 10× difference in response. The dose response sensitivity in D1 

(0.0012 ΔOD/[cm∙Gy]) was 63% lower than that of D0 despite nominally identical 

formulations, and an additional later batch tested to exhibit an even lower sensitivity of 

0.006 ΔOD/(cm∙Gy). The inconsistency in these results could conceivably be attributed to 

difficulties in solubilizing the LMG derivative (2-methoxy-DMA LMG) used for the leuco 

dye, and indicates that a more soluble leuco dye that yields better consistency should be used 

for future Presage-Def formulations. 

The leuco dyes with the highest sensitivities in this group were p-methoxy LMG 

(D3), with a sensitivity of 0.0040 ΔOD/(cm∙Gy), and dimethyl-DMA LMG (D4) , with a 

sensitivity of 0.0034 ΔOD/(cm∙Gy). While both formulations yielded dose responses an order 

of magnitude less than desired sensitivity (on par with standard PRESAGE®, ~0.02 

ΔOD/[cm∙Gy]), both exhibited higher sensitivities than the original Presage-Def formulation 

(D0, 0.0032 ΔOD/[cm∙Gy]). Examination of the stabilities of these two formulations (Figure 

64), however, suggests that dimethyl-DMA LMG (D4) would be preferable over p-methoxy 

LMG (D3) despite a 20% lower initial dose response. Across the span of 2 days, dimethyl-

DMA LMG (D4) had the highest stability across all 6 leuco dyes and retained 82% of its 

initial signal. Meanwhile, the response of p-methoxy LMG (D3) completely cleared within 

the same period of time. Dimethyl-DMA LMG therefore proved to be the most promising 

leuco dye within D0-6 for favorable dose response sensitivity and stability. 
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These results were also supported by a study performed in larger cylindrical 

dosimeters (6 cm diameter, 5 cm length) made from formulations D3 and D4. The 

dosimeters were irradiated by a cross-shaped plan of two orthogonal 1 cm thick stripes of 

radiation with an additional 1 cm2 field boost to the central overlap between the stripes to 

create 3 distinct dose regions of approximately 20%, 50%, and 80% isodose (Figure 65). The 

dosimeters were read out via optical CT and tracked for 168 hours to evaluate the change in 

attenuation at three 0.2 cm3 regions of interest (ROIs) located at the positions indicated in 

Figure 65A. The resulting plots of average signal versus time (Figure 66) for each ROI are in 

line with the small volume sample measurements read out by spectrophotometer detailed 

above. In the dosimeters, signal from p-methoxy LMG (D3) undergoes an exponential decay, 

retaining 81-85% of the initial signal after one hour. This drops to 14-24% after 24 hours 

and 0-15% by 43 hours. Meanwhile, signal from dimethyl-DMA LMG remains within 4% at 

the 1 hour mark. At 24 hours, the signal remains fairly stable with average signal retention of 

98-100% in the mid and high dose ROIs and 57% in the low dose ROI. By 48 hours, this 

drops to 81% in the high dose ROI, 69% in the mid dose ROI, and 40% in the low dose 

ROI. These results suggest that dosimeters made with dimethyl-DMA LMG may exhibit 

dose-dependent changes in optical density over long periods of time, but excellent stability is 

maintained during a reasonable amount of time (1 h) for immediate post-irradiation readout. 
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Figure 65: (A) Coronal, (B) transverse, and (C) sagittal views of the cross-shaped plan 
delivered to dosimeters of formulation D3 and D4. Three ROIs located in the  for 
tracking dose response stability are shown in (A). 

 

A 

 

B 

 
Figure 66: Dose response stability for (A) D3 (leuco dye p-methoxy LMG) and (B) D4 
(leuco dye dimethyl-DMA LMG) tracked by the average attenuation per voxel within 
the ROIs at different dose levels shown in Figure 65. 

 

6.C.2.b. Presage-Def Formulations with Shore Hardness 30-50A 

Higher sensitivities were seen in the remaining formulations, all of which are made 

with higher durometer (Shore hardness range 30-50A) polyurethanes. Direct comparisons can 

be made between the dimethyl-DMA LMG formulations (D4, PT2, and GR2) and the 2-

methoxy-DEA LMG formulations (D2 and B14). For the dimethyl-DMA LMG formulations, 

polyurethanes Poly 74-30 (PT2) and GlassRub (GR2) both showed a sensitivity increase of 
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approximately 40% over the F15 (D4) polyurethane matrix. Good dose response stability was 

retained with 100% (PT2) and 98% (GR2) retention in signal after 1 hour, which is an 

improvement over the original D0 formulation (91% retention after 1 hour). Measurements 2 

days following irradiation showed 69% (PT2) and 81% (GR2) signal retention. For the 2-

methoxy-DEA LMG formulations, the change in sensitivity between F15 (D2) and 

FC30/FC50 (B14) was even more pronounced with a 750% increase, yielding the highest 

sensitivity (0.0119 ΔOD/[cm∙Gy]ix) seen to date in a deformable formulation. This is the first 

deformable formulation that has exhibited sensitivity at the same order of magnitude as 

standard PRESAGE®. Good initial stability was also seen with 97% signal retained after 1 

hour. The dose response later dropped to 17% of the initial signal after 2 days, indicating 

lower long-term stability. The Poly 74-30 and GlassRub formulations also introduced 

another LMG derivative, naphthal-DEA LMG (PT1, GR1), which performed similarly for 

both polyurethanes with a dose response sensitivity of 0.0071 ΔOD/(cm∙Gy). The naphthal-

DEA LMG formulations also demonstrated good stability with 100% (PT1) and 97% (GR1) 

signal retention over one hour, which dropped to 87% (PT1) and 67% (GR1) after 2 days. 

These results indicate that the most promising leuco dyes for improved sensitivity and 

stability are dimethyl-DMA LMG, as previously noted, and naphthal-DEA LMG, which is 

expected to yield higher sensitivity. 

                                                 

ix For the sake of maintaining consistent measurement methods with the other Presage-Def formulations, the sensitivity for 
B14 (formulation RU-3050-1.7, Batch #14) used here is based off of spectrophotometer measurements taken as soon as 
possible following irradiation. The exponential decay equation fit and calculation to determine ΔOD at time t=0 for all dose 
points, which was implemented in Chapter 5: A Reusable 3D Dosimeter, are not applied here. 
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6.C.3. Challenges and Ongoing Development in Presage-Def 
Formulations 

While the Poly 74-30 (PT1, PT2) and GlassRub (GR1, GR2) formulations both 

showed favorable dose response characteristics in readings in small volume samples, further 

investigation revealed formulation issues that halted Presage-Def development with these 

particular polyurethanes. Tracking measurements of GR1 and GR2 showed a steady increase 

in the background color over time (Figure 67), which is contraindicative in of itself as 

darkening of the dosimeter would reduce the measurable dose range and dosimeter shelf-life. 

Furthermore, subsequent testing with larger dosimeters unfortunately showed both 

polyurethanes to be intrinsically overly pigmented (Figure 68B-D) and unusable for 3D 

dosimetry. 
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Figure 67: Dose response sensitivity of formulations PT1-2 and GR1-2 tracked for 48.5 h. 
The leuco dye naphthal-DEA LMG (first row, PT1 and GR1) yields a ~50% higher response 
than dimethyl-DMA LMG (second row, PT2 and GR2) in both polyurethanes. The GlassRub 
polyurethane (right column, GR1 and GR2) exhibits an undesirable increase in background 
signal over time. 
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Figure 68: Sample projections illustrating challenges with visualizing certain 
polyurethanes. All projections depict dosimeters prior to irradiation. (A) shows a 
dosimeter of the original D0 formulation, which visualized well in the optical-CT 
scanner. The polyurethanes used for (B) PT1, (C) GR1, and (D) PT2 had high 
background pigmentation that would prevent dose readout in the optical-CT scanner.   

 

B14 exhibited the highest sensitivity to date (0.0119 ΔOD/[cm∙Gy]), reasonably high 

initial stability (dose response within 3% of initial measurement after 1 hour), and good 

clarity that allows visualization in the optical-CT scanner. This formulation was subsequently 

employed for one study on dosimetric accuracy (section 6.E). Later batches of the same 

formulation (RU-3050-1.7), however, proved to have inconsistent mechanical properties and 

were not readily deformable, leading to discontinuation of this formulation for deformable 

dosimetry work. 

Despite these setbacks in development, the work done to date has yielded important 

data that are being applied to ongoing development. First of all, two leuco dyes with 

favorable dose response sensitivity and stability have been identified: dimethyl-DMA LMG 

and naphthal-DEA LMG. These two leuco dyes have both demonstrated good performance in 

multiple polyurethane matrices relative to the 5 other leuco dyes tested. Furthermore, as seen 

in the case of B14, even a leuco dye that exhibits relatively lower dose response sensitivity 

and stability can still yield desirable results when incorporated into a favorable chemical 

environment. Aside from the polyurethane matrix, one additional difference between the B14 

            159



 

 

formulation and the others tested is the introduction of dimethylsulfoxide (DMSO), which 

has a stabilizing effect on the initial, colored radical form of the malachite green derivative 

(Figure 1) that contributes to the dose response signal, and has been reported by the 

PRESAGE® manufacturer (Heuris Inc.) to increase sensitivity by ~20-30%. Because B14 

yielded good results for multiple characteristics of interest, upcoming deformable 

formulations for evaluation and future use will be based on the B14 formulation but with 

modifications to the formula for lower durometer (and therefore greater deformability) and 

substitution of the leuco dye for dimethyl-DMA LMG and/or naphthal-DEA LMG. 

6.D. Evaluating Clinical DIR Algorithms with Deformable 
3D Dosimetry 

The following section describes and presents the results of two analogous studies22,53 

using the same set of deformable dosimeter optical-CT data to evaluate two different 

commercially available clinical DIR algorithms: VelocityAI (version 2.8.1, prior to being 

acquired by Velocity in 2014) and MORFEUS (licensed by RaySearch Laboratories). MIM 

Maestro (version 5.7) was also considered for this study and is discussed further in sections 

6.D.1.b and 6.D.2.b. 

6.D.1. Methods and Materials 

6.D.1.a. Presage-Def Deformable 3D Dosimeter 

Presage-Def material is similar to standard PRESAGE® but with polyol replaced by 

polyether to create an elastic polyurethane matrix. Presage-Def has a density of 1.02 g/cm3 

and contains 2% leuco dye by weight. Leuco dyes bis(N,N-dimethylamine)-o-methoxy-LMG 

(2-methoxy-DMA LMG) and 2,4-dimethyl-N,N-dimethylamine-LMG (dimethyl-LMG) were 

used in the formulations (D0 and D4 in Table 1 and Table 20) for this study. The effective 
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atomic number (Zeff) was calculated with the power law method and as a function of energy 

using Auto-Zeff (RMIT University, Melbourne, Australia)60, and compared to water to 

determine water-equivalence.  

To characterize dose sensitivity, Presage-Def material of formulations D0 and D4 was 

poured into small volume optical cuvettes (1×1×4 cm). For mechanical characterization, 

Presage-Def was also cast in optical cuvettes, but then removed from the cuvettes to create 

unbounded small volume samples (9×9×25 mm). The DIR validation tests were performed 

on cylindrical Presage-Def dosimeters (6 cm diameter, 4.75 cm long) (Figure 69A) of 

formulation D0. All irradiations were conducted on a 6 MV linac at 600 cGy/min. Dose 

sensitivity was determined from the change in optical density in cuvettes irradiated at 100 

SSD and 5.5 cm depth in a 30×30×16 cm block of solid water to known doses between 0-8 

Gy. Change in optical density was measured using a Spectronic Genesys 20 

spectrophotometer and determined by subtracting the pre-irradiation absorption from the 

post-irradiation absorption for each cuvette at the peak absorption wavelength of 633 nm. 

For Presage-Def to be an effective deformable 3D dosimeter, it must have mechanical 

properties similar to biological tissue. The dosimeter’s polyurethane matrix has a Shore 

hardness of 10-20A. Young’s modulus and Poisson’s ratio were measured as these are 

necessary parameters for biomechanical deformation algorithms111. Elasticity was determined 

by subjecting a sample to tensile compression by 30% at 2 mm/min using a Lloyd LRX Plus 

tensile tester. Young’s modulus was calculated from the resulting stress-strain curve. 

Poisson’s ratio was determined by calculating the ratio of transverse to axial strain from x-ray 

CT images taken of a sample with and without applied tension. 
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Feasibility of dose tracking in a deforming Presage-Def dosimeter was evaluated by 

irradiating two cylindrical dosimeters with a spaced checkerboard arrangement of 5 mm 

square beams created by MLC fields (Figure 70A). This pattern formed a grid of clearly 

identifiable unique dose elements that facilitated visualization of the pattern of spatial 

deformation throughout the dosimeter similar to pin-cushion distortion mapping. The 

checkerboard dose pattern allows the distortion field to be unambiguously resolved, as 

opposed to dose distributions where the distortion field is ambiguous because more than one 

point can have the same dose value. Both dosimeters were irradiated in air while seated on the 

table. One dosimeter was irradiated under a simple lateral compression of ~27% (1.6 cm), 

simulating a deformed organ (Figure 69C, Figure 70C). Compression was achieved by placing 

6×8×1 cm solid water plates on either side of the dosimeter and applying a clamp to the 

center of the plates to achieve the desired level of deformation. The plates were removed 

following irradiation, allowing the dosimeter to return to its original shape. The second 

dosimeter was irradiated without the deformation mechanism to establish dose distribution 

in the absence of deformation and provide a comparison point for the distribution in the 

deformed dosimeter (Figure 70B). 

High resolution 3D dose distributions were read out from both dosimeters using a 

telecentric optical-CT scanner recently benchmarked and commissioned for clinical use11 

(Figure 70D). Dose distributions were reconstructed from 360 projections acquired over 360 

degrees. The data was reconstructed at 1 mm isotropic resolution to match the 1 mm 

calculation grid used in the Eclipse treatment planning system (Varian Medical Systems, Palo 

Alto, CA). Higher resolution reconstructions are possible if needed21. 
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Figure 69: (A) Photograph of a 6 cm diameter cylindrical Presage-Def dosimeter with 
attached docking-plate enabling precise registration in the optical-CT scanner. (B) 
Mid-plane CT slice of a dosimeter without compression. (C) Corresponding CT slice 
of the same dosimeter with compression up to 1.6 cm (27%). Arrows show direction 
of compression. 

 

 

Figure 70: (A) MLC checkerboard radiation field pattern. 5 mm square radiation 
fields are shown in blue. (B) Control (non-deformed) and (C) experimental 
(deformed) dosimeters are irradiated and read out with optical CT in (D) the 
DMOS. 
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Figure 71: A flow chart summarizing the method of DIR algorithm validation with 
3D dosimetry. 

 

6.D.1.b. Validation of DIR Algorithms 

Our method for investigating the accuracy of DIR algorithms is shown in Figure 69 

and is similar to that proposed in Yeo et al.103 The method was applied to two commercial 

DIR algorithms: VelocityAI Version 2.8.1 (Velocity Medical Solutions, Atlanta, GA) and 

MORFEUS (Princess Margaret Cancer Centre, licensed by RaySearch Laboratories). MIM 

Maestro (version 5.7) was also considered and will be discussed below. 

VelocityAI uses a non-biomechanical, multi-resolution modified basis spline (B-

spline) algorithm combined with a mutual information similarity metric108–110. Deformable 

registration between images is based on the similarity of image features (i.e., sensitive to 
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image intensity), but is insensitive to pixel-level noise because deformation in B-splines 

algorithms is interpolated between the points of a uniform grid of control points108. X-ray CT 

images of the dosimeter were acquired before and after compression (Figure 69B-C) and 

imported into the DIR software. The plates used to compress the dosimeter were digitally 

removed from the compressed dosimeter CT prior to import into VelocityAI. The dose 

distribution in the dosimeter under deformation was calculated in Eclipse Figure 72 and 

similarly imported into the DIR software. The CT images were rigidly registered to each 

other manually and then fine-tuned using the software’s automatic rigid registration. A 

deformation map was then generated by the DIR algorithm to deform the CT of the 

compressed dosimeter back to the shape of the dosimeter without compression (Figure 73). 

The deformation map was then applied to the Eclipse dose distribution to yield the DIR-

predicted dose in the uncompressed dosimeter. 

 

 

Figure 72: (A) Coronal, (B) transverse, and (C) sagittal views of the Eclipse-calculated 
MLC checkerboard treatment plan as delivered to the dosimeter under lateral 
deformation. The high dose (maximum 33.8 Gy) was used to ensure sufficient signal 
given the low sensitivity in this formulation of Presage-Def. This TPS-calculated 
plan, which corresponds to conditions and geometry at the time of delivery, provided 
the original dose distribution that is deformed by the DIR algorithms under 
evaluation. 
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Figure 73: Overlay of the CT to be deformably registered (compressed CT) and the 
target CT (uncompressed CT), both before (A) and after (B) deformable image 
registration in VelocityAI. Note the contour match in the registered overlay (B), 
where differences between the deformably registered and target CTs is imperceptible. 

 

MORFEUS is a biomechanical, finite element model (FEM) based algorithm111. 

Deformations produced by this DIR algorithm model the forces acting on deforming 

structures, and therefore deformations are independent of contrast within the CT images. 

Volumetric models are generated from contours and automated guided-surface projections are 

used to correspond CTs of the structure of interest. This determines the displacements of 

nodes on the surface and also serves as the boundary condition. The surface boundary 

conditions and the elastic properties assigned to the structure are then used to determine the 

position of internal element nodes using finite element analysis. Two DIR models were 

evaluated for this study: DSurfProj, which modeled the deformation from the compressed CT to 

the uncompressed CT (compression plates digitally removed) using automated guided-surface 

projections, and DPlates, which directly modeled the physical interaction between the 
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compressing plates and the dosimeter. For DSurfProj, a volumetric model (7.8×104 tetrahedral 

elements with 4 connected nodes and an average volume of 2 mm3 per element) was 

generated from the contoured CT of the uncompressed dosimeter and deformed to match the 

contoured CT of the compressed dosimeter. For DPlates, pictured in Figure 74, both the 

uncompressed dosimeter and the solid water plates used for compression were modeled from 

CT data. The rigid plates were then moved to their final positions in the compressed CT to 

deform the modeled dosimeter in accordance with material properties and forces modeled by 

the plate positions. In both models, deformation of the homogeneous dosimeter was 

independent of Young’s modulus (E) and insensitive to Poisson’s ratio (ν)53. Both models 

used E=0.95 kPa. DIRSurProj was modeled with ν=0.480 and DIRPlates was modeled with 

ν=0.499 to maximize external contour agreement between the modeled compressed 

dosimeter and the compressed dosimeter CT. All MORFEUS calculations and analysis were 

undertaken by our collaborators (Velec et al.53) at Princess Margaret Cancer Centre. 
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Figure 74: MORFEUS model of dosimeter deformation (DPlates) in uncompressed and 
compressed geometries. Adapted from Velec et al.53 

 

MIM Maestro uses an intensity-based, free-form DIR algorithm112, and was 

considered for this study as another example of a clinically used, commercially available 

intensity-based method that could be directly compared against VelocityAI. As with 

VelocityAI, the x-ray CT images of the dosimeter before and after compression (Figure 69B-

C) were imported into MIM Maestro (version 5.7), rigidly registered, and then deformably 

registered. Unlike the registration with previous two algorithms, however, there were 

noticeable discrepancies in the deformable registration in MIM Maestro (Figure 75), 

particularly with smearing of the image at some of the structure edges. Adjustments to the 

rigid registration prior to deformable registration did not improve the deformable 

registration. Later versions of MIM Maestro (version 6.0 onward) include a feature (Reg 

Refine™) that allows fine-tuning of the deformable registration through user correction by 
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essentially locking the alignment at user-defined points on the structure117. This likely would 

have improved the contour match between the deformable registration and the target 

structure, but was not yet available at the time of study. The dose deformation results from 

this MIM Maestro DIR were not subject to full analysis due to the discrepancies seen in 

deformable registration, but are briefly reviewed in section 6.D.2.b. 

 

 

Figure 75: Deformable image registration performed in MIM Maestro version 5.7. 
Discrepancies between the deformable registration and the target structure are noted 
with red arrows in the third row. 

 

The accuracy of the DIR predictions were evaluated by comparison with the optical-

CT measured dose distribution, which represents the ground truth of deformation 

experienced by the dosimeter. Differences in checkerboard field locations were quantified by 
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determining the centroid of each field at three different axial cross-sections (depths of 12 

mm, 23 mm, and 34 mm from the incident surface) and evaluating the magnitude of 

displacement between corresponding fields in the calculated distribution. Field shape 

differences were quantified in these same axial cross-sections by taking the full width at half 

maximum (FWHM) for each field along its horizontal (along the axis of compression) and 

vertical (perpendicular to the axis of compression) profiles. 

Absolute dose in the dosimeter was obtained by applying the dose sensitivity 

calibration (Figure 76A). Quantitative dosimetric comparisons between measured dose and 

DIR-predicted dose were then performed by calculating 3%/3mm 3D gamma passing rate 

(CERR, Washington University, St Louis, MO). All points receiving dose greater than 5% 

maximum dose (i.e., 5% threshold) were included in the calculation. A similar analysis was 

performed on the control non-deformed dosimeter to establish baseline data on the accuracy 

of this method. 

6.D.2. Results 

6.D.2.a. Presage-Def Characteristics 

The dose response of Presage-Def (Figure 76A) demonstrated linear responses 

(R2=0.9885 and R2=0.9964) with sensitivities of 0.0032 ∆OD/(Gy∙cm) and 0.0034±0.0007 

∆OD/(Gy∙cm) for the 2-methoxy-DMA LMG (D0, labeled as o-MeO-LMG in Figure 76A) 

and dimethyl LMG (D4) formulations. These values are substantially lower than standard 

PRESAGE® (~0.02 ∆OD/[Gy∙cm]). The stress-strain curve (Figure 2B) showed a stress-

dependent Young’s modulus (stress/strain) and increasing resistance to deformation with 

increasing applied stress. This is consistent with biological tissues like liver as indicated118. 

Young’s modulus ranged from 13.5-887 kPa over a stress range of 0.233-303 kPa. Poisson’s 
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ratio was 0.475 (SE=0.036), which is within the range of literature values for biological 

tissues (0.450-0.499)111. Presage-Def was determined to be water equivalent through the 

power law (Zeff=7.48) and independent verification via Auto-Zeff that confirmed water-

equivalence to within 1.5% between 0.03-10 MeV (Figure 76C-D). 

The relative dose distributions in the non-deformed and deformed dosimeters are 

shown in Figure 77, columns 2 and 5. The measured dose distribution in the deformed 

dosimeter clearly illustrates that the radiation pattern has tracked with the changing shape of 

the dosimeter as it returned to its original uncompressed geometry after irradiation. As 

expected, the checkerboard field dimensions expanded along the axis of compression and 

contracted along the axis orthogonal to compression. 
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Figure 76: (A) Presage-Def dose response. (B) Stress-strain curve for Presage-Def 
determined through tensile compression compared to stress-strain data for human 
liver under blunt impact compression118. Young’s modulus is represented by the slope 
and is stress-dependent. (C) Energy-dependent Zeff values for Presage-Def and water. 
(D) Percent difference in Zeff values between Presage-Def and water. 

6.D.2.b. DIR Algorithm Validation 

The predicted deformed dose distribution from VelocityAI is shown in Figure 77 

with corresponding quiver plots that quantify the magnitude and direction of the 

checkerboard displacements (centroid positions of each field) relative to the ground truth 

measured displacement. Differences between the predicted and actual deformed centroids 

ranged from 0-9.0 mm with a mean difference of 4.2 mm. The control non-deformed 

centroid data (Figure 77, column 4) showed much smaller differences of 0-1.4 mm (i.e., 
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variations of no more than 1 pixel) with a mean of 0.8 mm. Minimum, maximum, and mean 

displacements for each cross-section are summarized in Table 21. 

Large differences were seen in the individual checkerboard field shapes between the 

measured and VelocityAI-predicted deformed distributions (Figure 77, columns 5-6). These 

differences are quantified in Table 21. The predicted horizontal FWHM varied from 6 mm 

narrower to 14 mm wider than the measured fields while the vertical FWHM varied from 2 

mm shorter to 2 mm taller. Meanwhile, the baseline control data demonstrated accuracy in 

this approach with average absolute errors of 0.7 mm in field width and 0.8 mm in field 

height (i.e., within 1 pixel). This is to be expected as all measurements are subject to ±1 mm 

uncertainty due to the 1 mm isotropic resolution used. The largest errors were all observed in 

cross-section B, the region of maximum deformation. The magnitude of centroid 

displacement did not correspond to differences in field shape. This is demonstrated in the 

case of field 13 (Figure 69A) in cross-section B (Figure 77B, columns 6-7): the VelocityAI-

predicted distribution exhibited a relatively small centroid location error (2.2 mm) for this 

field, but generated the largest field shape error (14 mm) seen within this sample. This result 

emphasizes the need for comprehensive measurements to evaluate of DIR-generated dose 

deformations as the field size errors provide a higher degree of sampling than the field 

centroids would have provided alone. 

Both MORFEUS deformation models (Figure 78) yielded substantially more accurate 

dose distributions as quantified by both field centroid location and individual field size. The 

average overall errors in the checkerboard field locations were ≤1 mm for both DSurfProj and 

DPlates (Table 22). Average differences between the predicted and measured centroids ranged 

from 0-1.7 mm with a mean difference of 0.9 mm for DIRPlates versus a range of 0-2.4 mm 
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with a mean difference of 1.0 mm for DIRSurfProj. Minimum, maximum, and mean 

displacements for each cross-section for DIRPlates and DIRSurfProj (analogous to the VelocityAI 

results in Table 21) are summarized in Table 22. Analysis of the field size errors also showed 

improvement over the VelocityAI results with maximum field size errors of only ±3 mm for 

DIRSurfProj and ±2 mm for DIRPlates. 
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Figure 77: Comparison of 
measured and predicted 
dose distributions in the 
control (non-deformed) 
and deformed dosimeters. 
The DIR prediction 
depicted in the deformed 
case is from VelocityAI. 
In the leftmost column, 
A-C show a side view 
projection of the 
dosimeter indicating the 
location (depth) of the 
reconstructed images to 
the right: (A) Depth=12 
mm, (B) Depth=23 mm 
(central cross-section 
incurring maximum 
compression), (C) 
Depth=34 mm. Error 
plots indicate the 
magnitude and direction 
of the difference between 
the field centroids in the 
measured and calculated 
deformed distributions. 
Rows (D-E) illustrate 
orthogonal cross-sections 
through the dosimeter. 
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Figure 78: A comparison of MORFEUS-predicted deformed dose distributions for the 
two deformation cases, DIRPlates and DIRSurfProj, and the optical-CT measured 
dosimeter dose distribution (Velec et al.53). 
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Table 21: Comparison of the measured and predicted dose distributions in deformed and non-
deformed Presage-Def dosimeters. The non-deformed columns compare Presage-Def 
measurement and the TPS-calculated dose, and the deformed columns compare Presage-Def 
measurement and the VelocityAI prediction. Cross-sections are at depths of (A) 12 mm, (B) 
23 mm, and (C) 34 mm as shown in Figure 77. Centroid displacement quantifies field 
location differences while the horizontal and vertical FWHM quantify field shape differences. 
All centroid displacement values are absolute. The minimum, maximum, and mean errors 
across all 3 cross-sections are summarized as Overall. There is an uncertainty of ±1 mm on all 
measurements due to the 1 mm isotropic resolution used. 

   
Non-Deformed 

(Eclipse) 
 

Deformed 
(VelocityAI) 

Cross-
Section 

  
Centroid 

Displacement 
(mm) 

Δ 
Horizontal 
FWHM* 

(mm) 

Δ 
Vertical 

FWHM* 
(mm) 

 
Centroid 

Displacement 
(mm) 

Δ 
Horizontal 
FWHM* 

(mm) 

Δ 
Vertical 

FWHM* 
(mm) 

A 

Minimum  0.0 -2 -2  0.0 -5 -2 

Maximum  1.4 1 1  7.3 9 1 

|Mean|  0.9 0.8 1.0  4.0 3.1 0.6 

B 

Minimum  0.0 -2 -2  2.0 -6 -2 

Maximum  1.4 1 1  7.3 14 2 

|Mean|  0.7 0.6 0.7  4.5 4.5 0.6 

C 

Minimum  0.0 -2 -2  2.0 -6 -2 

Maximum  1.4 1 1  9.0 10 1 

|Mean|  0.7 0.5 0.8  4.1 4.0 0.6 

Overall 

Minimum  0.0 -2 -2  0.0 -6 -2 

Maximum  1.4 1 1  9.0 14 2 

|Mean|  0.8 0.7 0.8  4.2 3.8 0.6 

* FWHMcalculated – FWHMmeasured 
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Table 22: Comparison of the measured deformed Presage-Def dosimeter dose distribution and 
the MORFEUS-predicted dose distributions, DIRPlates and DIRSurfProj. Cross-sections are at 
depths of 12 mm (A), 23 mm (B), and 34 mm (C) as shown in Figure 77. Centroid 
displacement quantifies field location differences while the horizontal and vertical FWHM 
quantify field shape differences. All centroid displacement values are absolute. The 
minimum, maximum, and mean errors across all 3 cross-sections are summarized as Overall. 
There is an uncertainty of ±1 mm on all measurements due to the 1 mm isotropic resolution 
used. (Velec et al.53) 

   
Deformed, DIRPlates 

(MORFEUS) 
 

Deformed, DIRSurfProj 
(MORFEUS) 

Cross-
Section 

  
Centroid 

Displacement 
(mm) 

Δ 
Horizontal 
FWHM* 

(mm) 

Δ 
Vertical 

FWHM* 
(mm) 

 
Centroid 

Displacement 
(mm) 

Δ 
Horizontal 
FWHM* 

(mm) 

Δ 
Vertical 

FWHM* 
(mm) 

A 

Minimum  0.0 -1 -2  0.0 -3 -2 

Maximum  1.7 1 1  2.3 2 1 

|Mean|  0.9 -0.1 -0.4  1.0 0.0 -0.3 

B 

Minimum  0.0 -1 -2  0.3 -2 -1 

Maximum  1.6 1 1  1.9 3 1 

|Mean|  1.0 0.1 -0.2  1.0 0.4 -0.1 

C 

Minimum  0.0 -2 -1  0.0 -2 -1 

Maximum  1.7 2 1  2.4 3 1 

|Mean|  0.9 0.0 -0.4  1.0 0.3 -0.4 

Overall 

Minimum  0.0 -2 -2  0.0 -3 -2 

Maximum  1.7 1 1  2.4 3 1 

|Mean|  0.9 -0.4 -0.4  1.0 0.2 -0.3 

* FWHMcalculated – FWHMmeasured 
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The 3D gamma analyses (Table 23) yielded a more comprehensive view of the 

measured and predicted dose distributions in both control and deformed cases. The non-

deformed control yielded good agreement between the measured and predicted dose 

distributions with a 3D gamma passing rate of γγ3%/3mm=96% (Figure 79A). The VelocityAI 

deformation yielded a 3D gamma passing rate of only γ3%/3mm=60% (Figure 79B) with failing 

regions in the Velocity-predicted distribution occurring throughout the dosimeter volume. 

This passing rate is on par with a rigid registration of the original Eclipse-planned dose 

calculation (compressed geometry) to the measured deformed dose distribution 

(uncompressed geometry), which resulted in a passing rate of γ3%/3mm=58%. The MORFEUS 

DIR models demonstrated better performance with γ3%/3mm=91% for DSurfProj and γ3%/3mm=90 

for DPlates. 

 

Table 23: Summary of 3D gamma passing rates (3%/3mm) for both rigid and deformable 
registrations. 

 Reference 
Distribution 

Evaluated 
Distribution 

3D Gamma Passing Rate 

γ3%/3mm 

Rigid Registration TPS calculation 

(uncompressed) 
Control Dosimeter 96% 

TPS calculation 

(compressed) 

Deformed Dosimeter 

(uncompressed) 
58% 

Deformable Registration Deformed Dosimeter VelocityAI 60% 

Deformed Dosimeter MORFEUS, DSurfProj 91% 

Deformed Dosimeter MORFEUS, DPlates 90% 
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Figure 79: 3D gamma maps (3%/3mm criteria with 5% threshold). (A) Non-
Deformed: Comparison between measured and Eclipse dose distributions in the non-
deformed control dosimeter. (B) Deformed: Comparison between the measured and 
VelocityAI-predicted dose distributions in the deformed dosimeter. Transverse maps 
are located in the region of maximum compression. All failing gamma values (≥1) are 
displayed in red to aid visualization. 

 

As previously mentioned in section 6.D.1.b, the dose deformation results from MIM 

were not fully analyzed due to a sub-optimal deformable registration that did not match the 

target structure contours as well as the deformations from VelocityAI and MORFEUS, but a 

deformed dose distribution was generated by the deformation map shown in  Figure 75 

nonetheless. Review of this dose deformation (Figure 80, bottom row) shows similar issues to 

the distribution generated by VelocityAI (Figure 77) where the distribution is deformed in 

an inconsistent, non-physical manner throughout the dosimeter volume. This is expected to 
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be the result of the intensity-based algorithm erroneously matching regions of noise due to 

the dosimeter’s homogeneity. 

 

 

Figure 80: Deformation of the TPS-calculated dose delivered (top row) to the 
predicted deformed dose distribution (bottom row) in MIM Maestro. The deformed 
dose distribution was derived from the deformation map generated in Figure 75 
(bottom row) and overlaid on the CT of the uncompressed dosimeter. 

 

6.D.3. Discussion 

The results demonstrate that Presage-Def is able to integrate dose in different states 

of deformation and can be used as a validation method to investigate the accuracy of DIR 

algorithms. Although the commercial intensity-based VelocityAI algorithm successfully 

deformed external contours, substantial internal errors were detected in the scenario studied. 

Conversely, the biomechanical MORFEUS algorithm performed well with mean errors ≤1 

mm. This indicates that strong caution must be applied when selecting and using specific 

DIR algorithms in a clinical context, and speaks to the recent controversy in this regard93. 
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Additionally, user-defined parameters are usually fairly limited in commercially available 

clinical DIR software. The accuracy of dose deformation could possibly be improved if the 

user had access to vary the deformation algorithm parameters94,103. 

Other efforts have been made toward the development of deformable 3D dosimeters 

for DIR validation. Presage-Def has several potential advantages, including the lack of 

requirement for an external container, thereby simplifying the mechanics of deformation; 

robustness to the environment (i.e., no evidence of desensitization in the presence of 

atmospheric oxygen in this study); no diffusion of radiochromic signal; and amenability to 

accurate and fast optical-CT imaging because the optical contrast is created by light-

absorbing dye molecules rather than light-scattering particles8.  

The checkerboard irradiation pattern was specifically designed to quantify 

deformation-induced distortion throughout the dosimeter volume. As shown in Figure 77, 

the irradiation pattern in the deformed dosimeter demonstrated dose tracking consistent with 

the dosimeter’s physical deformation. The high 3D gamma passing rate in the control 

condition (96%) (Figure 79A) demonstrated Presage-Def’s capability for accurate 

quantitative 3D dosimetry.  

One particular challenge in the development of a deformable phantom, whether in 

the case of the simple cylindrical dosimeter investigated here or in future anthropomorphic 

dosimetric phantoms (section 6.F), is determining whether deformation in the materials used 

is representative of deformation of tissues within the human body. Complicating variables 

include tissue inhomogeneities, which could result in nonuniform mechanical properties and 

subsequent deformation, as well as the influence of other anatomical structures applying a 

complex combination of forces to deformation on a structure of interest. It should be noted 
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that the simple geometric case evaluated in this initial study does not account for these 

anatomical complexities, and therefore dose deformations generated from the DIR algorithms 

evaluated should be assessed in the context of these limitations. Previous work in developing 

a 2D deformable pelvic phantom by Kirby et al.99 used urethane rubber to mimic soft tissues 

and a rigid urethane plastic to mimic bony anatomy, and demonstrated good agreement with 

the deformations seen in patient CT data when deformed to simulate bladder filling. 

Accurately simulating anatomical deformations in 3D, both in terms of creating deformation 

forces analogous to physiological motion and modeling the mechanical properties of tissues, 

will be a much more complex and difficult problem to solve. 

Tensile data for Presage-Def demonstrates elastic properties similar to that of 

biological tissues, indicating that Presage-Def has promise as an anthropomorphic phantom 

material. Young’s modulus is highly dependent on the method of deformation119, therefore 

further tensile testing may be required to directly compare with specific tissues of interest. 

The close agreement of Presage-Def stress-strain data with liver (Figure 76D) suggests the 

possibility of matching Presage-Def mechanical properties to specific tissues. This is a 

reasonably promising start, and will be investigated further in future work. 

Lack of internal structure in the homogeneous cylinder scenario studied provides a 

challenging deformation for intensity-based DIR algorithms, but is relevant for clinical cases 

with organs with regions of significant homogeneity (e.g., liver)100. As an intensity-based 

DIR algorithm, VelocityAI performed well in deforming the external contours of the 

dosimeter and matched the deformed contours to the edge of the dosimeter with sub-

millimeter accuracy, but showed substantial internal deformation errors. Intensity-based 

deformable image registration algorithms rely on matching fairly closely spaced 
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heterogeneous intensity features. In our case, however, the deformable dosimeter was 

homogeneous with heterogeneous features confined to the high contrast at the dosimeter 

edges. Other studies have shown that VelocityAI can produce good deformation results 

relative to other DIR algorithms in cases where internal structures and greater contrast are 

present99,120. In the present study, the intensity-independent biomechanical algorithm 

employed by MORFEUS demonstrated substantially closer agreement to the measured 

deformed dose distribution. This underscores the necessity and importance of validating DIR 

algorithms for specific clinical scenarios prior to clinical implementation. 

6.E. Dosimetric Accuracy of Presage-Def Formulations 

6.E.1. Evaluating Dosimetric Accuracy with Integral Dose 

As shown in the study detailed in the previous section 6.D, Presage-Def has 

demonstrated dosimetric accuracy in a control case with no deformation when compared to 

the TPS-calculated dose distribution. An assumption made here is that Presage-Def retains 

this level of dosimetric accuracy with deformation as without, and therefore the distribution 

measured by a dosimeter irradiated deformation under reflects the actual dose delivered. In 

the case of measured deformed dose distributions, a treatment plan is delivered while the 

dosimeter is under compression, and measurement is performed after the dosimeter is released 

from compression and has physically deformed the dose distribution by returning to its 

original geometry. As a result, there is no corresponding calculated dose distribution by 

which a 3D gamma comparison can be made. The straightforward way to test this would 

naturally be to scan the dosimeter post-irradiation without releasing it from deformation, 

which would allow a direct comparison to TPS-calculated dose distribution. Given the 

optical-CT methods of measuring Presage-Def, however, this option is not readily feasible as 
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any external structures applying physical deformation to the dosimeter would necessarily 

occlude the dosimeter during scanning and prevent measurement. 

One proposed method of evaluating dosimetric accuracy under deformation is to 

compare integral dose at specific isodose levels between the TPS-calculated dose distribution 

(calculated on a CT of the dosimeter under compression to represent the irradiation scenario) 

and the measured dose distribution. This was investigated with a simple experiment using 2 

cylindrical Presage-Def dosimeters (formulation B14, 8 cm diameter, 4.5 cm length) that 

were irradiated in a water-bath with a 4-field box treatment. Isocentric dose was 20 Gy. One 

dosimeter served as control (no deformation) while the other was laterally compressed during 

irradiation by 21% with acrylic plates. The volume of the compressed dosimeter during and 

after compression was determined by contouring CTs in Eclipse, and was found to remain 

constant (229.4±1.9 cm3 compressed versus 229.3±3.7 cm3 uncompressed). Both dosimeters 

were imaged using optical CT, then reconstructed at 1 mm3/voxel resolution (Figure 81). 

Measured dose distributions were then compared to corresponding distributions 

calculated by a commissioned Eclipse planning system. Accuracy in the control was evaluated 

with 3D gamma (3%/3mm, 10% threshold). Integral dose in both the control and the 

deformed dosimeters was calculated for the high dose region defined by the 75% isodose line. 

These values were then compared to the integral dose within the 75% isodose lines for the 

corresponding TPS-calculated distributions. 
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Figure 81: Comparison of Eclipse-calculated and Presage-Def-measured dose 
distributions in both the control and deformed dosimeters. Lateral line profiles 
demonstrate good agreement in the control and illustrate the effect of deformation in 
the compressed dosimeter. 

 

Measurement accuracy compared to the TPS-calculated distribution was verified in 

the control case with a 3D gamma passing rate of 96.6% (Figure 82). Integral dose in both 

control and deformed dosimeters was calculated for the high dose region as defined by the 

75% isodose line, and yielded similar results (3.8-4.0% less than the Eclipse integral dose) in 

both cases (Table 24). An unexpected elevated signal was noted on the dosimeter edge in the 

direction of compression (Figure 81, bottom row). 
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Figure 82: 3D gamma analysis (3%/3mm, 10% threshold) of the control dosimeter 
with no deformation yielded a 96.6% passing rate. 

 

Table 24: Comparison of calculated and measured integral doses as determined at the 75% 
isodose. 

 Control Integral Dose 
(Gy·cm3) 

Deformation Integral Dose 
(Gy·cm3) 

Eclipse 
Calculated Dose 558.5 549.4 

Presage-Def 
Measured Dose 537.0 527.5 

% Difference -3.8% -4.0% 

 

One assumption made in this test case is that deformation in the dosimeter volume is 

uniform enough across the region of the Eclipse-calculated 75% isodose line that the 

deformed geometry is equivalent to the 75% isodose line for the measured dosimeter released 

from deformation. While further study would be necessary to determine whether this 

assumption is true, particularly since greater displacement is likely seen toward the edges of 

the volume, the similarity in percent difference between the control and deformation cases 
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versus their TPS-calculated counterparts suggest that this may be a reasonable assumption for 

this test case. At the very least, integral dose could potentially be used as another metric of 

comparison against DIR-generated deformed dose distributions to verify preservation of total 

dose. 

6.E.2. Integral Dose Comparison with DIR-Generated Dose 
Distributions 

Two DIR-predicted dose distributions for this test case were generated in VelocityAI 

version 3.0.1, one at Duke and one at Velocity Medical Systems. Deformations were 

generated as previously described in section 6.D.1.b using the target and to-be-registered x-

ray CT datasets shown in Figure 83. The water tank, blocks of solid water beneath the tank, 

and acrylic compression plates from the irradiation setup were included in the CTs. The 

deformation performed at Duke (Velocity (DU)) was generated using Velocity’s built-in 

image volume registration navigator, which followed the sequence of manual rigid 

registration followed by automatic rigid registration, then deformable registration within a 

user-defined ROI (Figure 83, right column). The ROI was set for the region around the 

dosimeter with a small margin that included the bottom of the tank and the tank walls. The 

DIR generated by Velocity Medical Systems (Velocity (VM)) used an ROI with a larger 

margin around the dosimeter. 
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Figure 83: CTs of the dosimeter setup with compressed geometry (to be deformably 
registered) and uncompressed geometry (target), along with an overlay of the Velocity 
(DU) DIR. The dotted white boxes in the DIR overlay indicate the boundaries for the 
DIR ROI. 

 

The Eclipse-calculated dose distribution representing irradiation conditions on the 

compressed dosimeter is shown in Figure 84 alongside the dosimeter measurement and both 

DIR-predicted distributions. Qualitatively, it is apparent from a visual inspection that (1) 

there are differences between the measured and DIR-predicted distributions where both DIR-

predicted distributions show deformation in areas that are not physically intuitive, and (2) 

there are marked differences between the two DIR-predicted distributions, which highlights 
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the variability that can arise from different users even when given very limited user-

controlled parameters (in this case, the size and position of the ROI). 

 

 

Figure 84: The Eclipse-calculated dose distribution on the compressed geometry 
reflecting irradiation conditions and a comparison of the measured dosimeter 
distribution versus the two DIR-generated distributions. Velocity (DU) uses the DIR 
performed at Duke University and Velocity (VM) uses the DIR performed at Velocity 
Medical Systems. The maximum dose displayed is 20.1 Gy. 
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Table 25: Comparison between the Eclipse-calculated dose distribution representing 
irradiation conditions and the deformed dose distributions measured by the Presage-Def 
dosimeter and predicted by the two VelocityAI DIRs. 

 
Eclipse 

Calculated 
Dosimeter 
Measured 

Velocity (DU) 
DIR Predicted 

Velocity (VM)  
DIR Predicted 

Maximum Dose (Gy) 
within distribution 

20.1 19.8 20.1 20.1 

Mean Dose (Gy) 
within 75% isodose 

18.8 18.2 18.6 18.7 

Volume (cm3) 
within 75% isodose 

29.2 29.1 33.1 35.3 

Integral Dose (Gy∙ cm3) 
within 75% isodose 

549.4 527.5 618.1 661.0 

% Difference 
in integral dose 

(𝑰𝜟 − 𝑰𝜟𝑬𝒄𝑬𝒊𝑬𝑬𝒆)/𝑰𝜟𝑬𝒄𝑬𝒊𝑬𝑬𝒆 
- -4.0% 12.5% 20.3% 

 

Quantitatively, Table 25 provides a look at a comparison of 4 different metrics: 

maximum dose within the distribution, mean dose within the 75% isodose, volume within 

the 75% isodose, integral dose within the 75% isodose, and percent difference in integral 

dose when compared against the Eclipse calculation. Due to noise in the dosimeter 

measurement, a representative maximum dose value was determined by taking an average 

dose in the plateau of the central uniform high dose region. These metrics offer a number of 

observations about the deformed dose distributions. First of all, while the maximum dose in 

the dosimeter distribution is slightly lower than that in the Eclipse calculation (by 0.3 Gy), 

the maximum dose from the original calculation is maintained in both DIR-predicted 

distributions. If the dosimeter measurement is accurate, this suggests that the DIR-predicted 

distributions may not be accounting for stretching of the material, which would be expected 

to potentially lower the dose per voxel. Additionally, the volume of the 75% isodose region is 
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similar between the Eclipse calculation and the dosimeter measurement, with only a 

difference of 0.1 cm3 (0.3% difference). This is to be expected if our assumption regarding 

correlation in displacement of the 75% isodose line is true. Meanwhile, the volumes of the 

75% isodose region are much larger for both DIR-predicted distributions: 3.9 cm3 (13%) 

larger for Velocity (DU) and 6.1 cm3 (21%) larger for Velocity (VM). Finally, a comparison of 

integral doses shows that the DIR-predicted distributions are substantially greater than what 

is calculated by Eclipse by 12.5% and 20.3%. This is of particular concern since it 

demonstrates that DIR-generated dose distributions could greatly exaggerate the regions and 

magnitude of dose delivered. 

These metrics only examine dose delivered and volume without regard to the position 

or exact shape of the distribution. If position and shape in comparison to the dosimeter 

measurement were also to be taken into account, it is apparent from Figure 84 that additional 

errors would be observed. As previously noted, intensity-based algorithms such as that 

employed by VelocityAI are particularly challenged when faced with accurately deforming 

the volume of homogeneous structures. One additional challenge introduced here is the 

presence of the deforming mechanism in the CT. Intensity-based DIR algorithms that reply 

solely on contrast differences with the CT image cannot readily distinguish between 

structures with different properties, such as the incompressible walls versus the compressible 

dosimeter, or model how these structures will behave when they come into contact. A feature 

that was incorporated into later versions of VelocityAI (version 3.1.0+), Structure-Guided 

Deformable Image Registration, allows the use of contoured structures to help guide 

deformation in more physical ways, and was recommended by the manufacturer for future 

studies along these lines. 
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6.F. Future Work: An Anthropomorphic Deformable 
Dosimetric Phantom 

One major objective of future work in 3D deformable dosimetry for validating DIR 

algorithms is to expand to clinically relevant scenarios through the design and development 

of an anthropomorphic deformable dosimetric phantom. Physical phantoms that have been 

applied toward DIR validation include an anthropomorphic lung phantom that is 3D but has 

limited sampling (48 positional markers)96,97, an anthropomorphic pelvic phantom that has 

high sampling (2093 positional markers) but is limited to a single 2D plane99, and the 

previously mentioned homogeneous gel dosimeters29,102, only one of which (DEFGEL)102,103 

was able to measure dose throughout its volume. Notably, a deformable, full 3D dosimetric 

Presage-Def phantom with anatomic characteristics would have the potential to fill a gap in 

these phantom offerings available by providing physical, ground truth measurements of 

comprehensive dose/voxel data for heterogeneous, anthropomorphic data sets. 

General considerations for phantom development include identifying an anatomical 

region of interest, inclusion of heterogeneities (which could potentially include options such 

as rigid structures for bone, air gaps, or stiffer regions to mimic lesions), and determining the 

mechanism of deformation. Presage-Def could potentially be used either as the primary 

material for the phantom (i.e., the entire phantom would be scanned with optical CT for dose 

readout) or as a removable dosimetry insert within a larger phantom. 

6.F.1. Prototype Heterogeneous Deformable Phantom 

Early work included a prototype 15.7 cm diameter cylindrical Presage-Def 

deformable dosimeter that was created incorporating two air cavities (4.0 cm diameter) and a 

rigid high-Z spine-mimic insert (2.8 cm diameter) (Figure 85). The dosimeter was subjected 
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to bilateral compression to demonstrate complex, non-uniform deformation (Figure 85A), 

and also irradiated with an 8.6 cm × 7.4 cm field and imaged with optical CT to investigate 

feasibility of optical-CT dose readout in a heterogeneous phantom (Figure 85B). Although 

the reconstructed image was subject to more imaging artifacts than a homogenous dosimeter, 

the irradiated field was clearly visible in 3D dose distributions obtained by optical CT. This 

demonstrates that optical CT with a heterogeneous dosimeter should be feasible. 

 

 

Figure 85: A heterogeneous prototype phantom made from deformable PRESAGE® 
and incorporating air cavities and a rigid structure to mimic bone. (A) This phantom 
geometry is subject to complex deformations. (B) Reconstructed image of an open 
field irradiation. Optical-CT readout is subject to more imaging artifacts than a 
homogeneous dosimeter, but is still feasible. 
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6.F.2. Future Development: A Deformable Dosimetric 
Gynecological Phantom 

More recently, funding was acquired for the development of a female pelvic phantom 

for evaluating the use of DIR algorithms on multimodality gynecological treatments 

combining image-guided brachytherapy (IGBT) with external beam radiation therapy 

(EBRT). Curative treatment for inoperable uterine and cervical cancer combines highly 

conformal EBRT and brachytherapy, but there is currently no validated method to sum the 

dose delivered to treatment target or organs at risk. This is a particular challenge when 

combining IMRT/RapidArc plans with image guided brachytherapy due to the deformation 

of the cervix and uterus from the brachytherapy applicator. The proposed anthropomorphic 

phantom for evaluating whether DIR algorithms are capable of accurately summing dose 

delivered via these two modalities will be designed and constructed based on representative 

patient CTs, with the use of 3D printing to create anatomically accurate structures that will 

be made from Presage-Def and used as deformable dosimetric inserts. The first phase of 

development will focus on the uterus and whether anatomically accurate deformation and 

accurate dosimetry can be achieved. Secondary goals for continued development include 

neighboring normal tissue organs at risk such as the bladder, rectum, sigmoid colon, and 

small bowel. 
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APPENDIX: LIST OF ABBREVIATIONS 

1D 1-Dimensional 

2D 2-Dimensional 

3D 3-Dimensional 

4DCT 4-Dimensional Computed Tomography 

AAPM American Association of Physicists in Medicine 

AP Anterior-Posterior 

(CH2)5CO Cyclohexanone 

C4H8O2 Ethyl acetate 

C6H12O2 Butyl acetate 

CBr4 Carbontetrabromide 

CBrCl3 Bromotrifluoromethane 

CCD Charge-Coupled Device 

CCl4 Carbontetrachloride 

CERR A Computational Environment for Radiotherapy Research 

CT Computed Tomography 

DEA Diethylamine 

DIR Deformable Image Registration 

DLOS Duke Large FOV Optical-CT Scanner 

DMA Dimethylamine 

dmax Depth of maximum dose 

DMicrOS Duke Micro Optical-CT Scanner 
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DMOS Duke Mid-sized Optical-CT Scanner 

DMSO Dimethylsulfoxide 

EBRT External Beam Radiation Therapy 

ERE Electron Return Effect 

FFF Flattening Filter Free 

FOV Field Of View 

FWHM Full Width at Half Maximum 

GUI Graphical User Interface 

GYN Gynecological 

H&N Head and Neck 

HDR High Dose Rate 

IGBT Image-Guided Brachytherapy  

IMRT Intensity Modulated Radiation Therapy 

IROC Imaging and Radiation Oncology Core 

LED Light-Emitting Diode 

LMG Leucomalachite Green 

MLC Multileaf Collimator 

MRI Magnetic Resonance Imaging 

MR-IGRT Magnetic Resonance Image-Guided Radiation Therapy 

MRT Microbeam Radiation Therapy 

MU Monitor Units 

OD Optical Density 

ΔOD Change in Optical Density 
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PA Posterior-Anterior 

PDD Percent Depth Dose 

PET Positron Emission Tomography 

PVDR Peak-to-Valley Dose Ratio 

QA Quality Assurance 

ROI Region Of Interest 

RPC Radiological Physics Center 

RT Radiation Therapy 

SBRT Stereotactic Body Radiation Therapy 

SE Standard Error 

SNR Signal-to-Noise Ratio 

SRS Stereotactic Radiosurgery 

SSD Source-to-Skin Distance 

TG Task Group 

THF Tetrahydrofuran 

TLD Thermoluminescent Detector 

TPS Treatment Planning System 

VMAT Volumetric Modulated Arc Therapy 

Z Atomic number 

Zeff Effective atomic number 
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