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Abstract 
Purpose: To investigate and characterize a novel 3D dosimetry system consisting of 

ClearView radiochromic gel dosimeters and a state-of-the-art telecentric optical CT 

scanner: The Duke Large Field of View Optical-CT Scanner (DLOS).  

Methods and Materials: ClearView radiochromic dosimeters (Modus QA) are gellan 

gum based radiochromic dosimeters containing a water-soluble tetrazolium salt which 

reduces into an insoluble formazan dye (with associated color change) under ionizing 

radiation. Initial spectrophotometric studies investigated linearity of dose response on 

small volumes of ClearView in optical cuvettes. Simple, single beam benchmark 

radiation therapy treatments (central axis photon, lateral photon, and electron 

deliveries) were delivered to 10 and 15-cm diameter ClearView dosimeters. 

Additionally, a “stacking pyramid” delivery was developed consisting of overlaid fields 

of increasing size, delivered down the central axis of each dosimeter, with a 1x1 cm2 

small field at the center. The treatments were modeled with a commissioned Eclipse 

treatment planning system. Dosimeters were scanned with the DLOS, submerged in a 

refractive index (RI) matching fluid (ca. 10% propylene glycol) both pre- and post-

irradiation (within 24h) and 3D reconstructions of the change in linear-optical-

attenuation was determined using in-house software and 3D Slicer. Percent depth-dose 

(PDD), cross plane and in-plane profiles, and relative 3D gamma analysis were 
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performed and compared to the commissioned Eclipse dose, which served as ground 

truth. All experiments followed a standardized workflow for consistency. 

Results: Linearity of dose response was confirmed in the cuvette study with excellent 

agreement (R2 ≥ 0.9986) at two wavelengths (520-and 632 nm) at 3 post-irradiation time 

points: 21 hours, 6 and 10 days. Dosimeter reconstructions were performed at 1mm³ 

resolution in full 3D. Relative dose profiles of all irradiations, in both 15-and 10 cm 

dosimeters, show good agreement in comparison to Eclipse dose calculations, with root 

mean square errors (RMSE) 0.00107-0.006649, and R2 ≥ 0.9808. Relative 3D gamma 

analysis was performed at 7%4mm, 5%3mm, 3%3mm, 3%2mm, and 2%2mm for all 

deliveries on both 10-and 15-cm dosimeters.  15-cm benchmark irradiations passed with 

≥ 94% at 2%2mm, ≥ 90% at 3%3mm, and ≥ 90% at 2%2mm, for the central axis, left 

lateral, and electron deliveries, respectively. 10-cm benchmark irradiations passed with ≥ 

93% at 3%2mm, ≥ 91% at 3%3mm, and ≥ 90 at 3%2mm, for the central axis, left lateral, 

and electron deliveries, respectively. 15-cm stacking field irradiations passed with ≥ 94% 

at 3%2mm, and 10-cm stacking field irradiations passed with ≥ 96% at 2%2mm. Regions 

of known artifacts were excluded from gamma analysis (jar base, neck, wall). Some 

artifacts remain unaccounted for (e.g., ring and cupping artifacts).  

Conclusion: This work presents the first use of a telecentric optical-CT scanner with 

ClearView. The system shows substantive promise for a new, comprehensive 3D 

dosimetry system, and this effort lays the groundwork for further, more specialized 
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applications. Both the benchmark irradiations and stacked field deliveries performed 

exceptionally well in the various gamma analyses and investigation of the profiles, even 

in the presence of artifacts that were not completely accounted for in the data analysis. 

General differences between the 15-cm and 10-cm dosimeters are not made abundantly 

clear with the small sample size of this work, but both seem viable. There seems to be no 

difference between photon and electron deliveries, and both are viable with the system 

given the experiments performed. 
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1. Introduction  
1.1 Radiotherapy Delivery Advancements 

A major new direction in radiotherapy (RT) is in the use of small photon beams 

used in various forms of highly conformal and sophisticated dose deliveries, which are 

showing improved survival rates and better local control than standard fractionation 

regimes [1-3]. Small field treatments often come with high dose per fraction and carry 

inherent risk in small errors causing significant treatment morbidity in normal healthy 

tissue. Small fields possess increased uncertainty in their dosimetry due to the 

breakdown of physical phenomena, such as lateral charged particle equilibrium (LCPE). 

Practical issues also exist such as the conventional detector size being too large relative 

to radiation field size, and the need to interpolate detector readings in the space where 

there is no measured dose when using 2D systems [2].  

Additionally, advanced 3D RT techniques (intensity modulated radiotherapy 

(IMRT), stereotactic radiosurgery (SRS), etc.) are now commonplace in the clinic. These 

techniques can have high dose modulation using multileaf collimators (MLC) along with 

dynamic leaf motion, dose rate, and movement of the gantry and collimator. The result 

is a dose delivery with steep dose gradients, which assists in delivering treatment to the 

region of interest while sparing surrounding healthy tissue.  
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1.2 Dosimetric Challenges 

The dosimetric challenges surrounding the use of small fields and advanced 3D 

techniques present a unique challenge for quality assurance (QA). To truly characterize 

a complex 3D dose distribution, a fully 3D dosimetry system would be highly 

advantageous, and essential for true a comprehensive analysis. A prescient example 

concerning IMRT is the Imaging and Radiation Oncology Core Houston Quality 

Assurance Center (IROC-H, formerly RPC) head and neck phantom, which has been in 

use since 2001 to credential institutions in National Cancer Institute sponsored clinical 

trials. The process intends to help expose and resolve IMRT delivery errors and 

associated errors/inaccuracies, with the aim to improve an institution’s treatment 

delivery as whole. The phantom uses a common 2D dosimeter, the thermoluminescent 

dosimeter (TLD), as well as sheets of radiochromic film. The TLDs are used to evaluate 

absolute dose, and to normalize the film dose distributions while the film is used for 

field localization as well as dose distributions. The process is involved and can be 

explored elsewhere in depth [4].  

Meaningful to this work is the broad acceptance criteria of ± 7% of planned 

absolute dose to the planned treatment volume(s) (PTV) and the distance to agreement 

(DTA) of ± 4 mm in the high-gradient region between the primary PTV and organ at risk 

(OAR). From 2001 to 2011, the phantom was irradiated 1139 times by 763 institutions 

with a pass rate of 81.6% [4]. A follow-up study was performed re-evaluating 156 
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irradiations from 2014-2015 with tighter criteria. When the criteria were tightened to 

3%3mm, pass rates plummeted to 37%. The failures were characterized by systematic 

errors and primarily setup errors/positional shifts [5]. 

A fully three-dimensional QA system is a promising solution to errors of this 

nature, as well as the challenge of small field characterization. There exist several unique 

chemical 3D dosimetry solutions, each with their own strengths and weaknesses. 

Common to all is the ability for high resolution, isotropic measurements that a 2D or 

quasi-3D system cannot replicate. These dosimeters can chemically produce either a 

physical density change (polymer gel), or a color change (radiochromic gel/plastic), due 

to ionizing radiation. Depending on the gel in use, they can be scanned with MRI, x-ray 

computed tomography (CT), or optical CT [6]. Like other QA solutions, 3D dosimeters 

are not perfect and still face drawbacks in clinical application due to chemical/image 

instability, signal diffusion, and complex preparation and data analysis.  

The dosimeter explored in this work is the ClearView 3D Dosimeter (ModusQA). 

ClearView is a single use radiochromic gel designed for use with optical CT, created 

specifically to provide chemically stable 3D dosimetry with no apparent signal diffusion 

for handling the verification of complex, clinical 3D dose deliveries in radiotherapy and 

radiosurgery [7]. The gel is contained in a clear cylindrical plastic jar and is nearly 

water/tissue equivalent. The gel itself is colorless, optically clear, low scattering, and 

optically changes to purple through the reduction of a water-soluble tetrazolium salt 
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into an insoluble formazan dye (Fig. 1). The change in optical attenuation is directly 

proportional with absorbed dose and therefore possesses a linear dose response between 

0 and 80 Gy [7, 8]. ClearView was chosen as a dosimeter due to the large company 

support behind it (Modus QA), which can lead to future sustainability of the product 

and the potential for a wide impact in the field.  

The optical-CT scanner used is the state-of-the-art, in house developed, Duke 

Large Field of View Optical-CT Scanner (DLOS). The DLOS is a telecentric system 

capable of producing isotropic 3D data on a sub-mm scale. The DLOS has been 

previously commissioned and characterized with the Presage (Heuris Pharma) 

radiochromic dosimeter [9,10]. 

 

Figure 1: 15-cm ClearView dosimeter irradiated by a stacked field delivery (top 
to bottom) exhibiting the radiochromic color change (~purple) in response to ionizing 

radiation. 
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1.3 Aims 

The primary goal of this work is to develop, test, and demonstrate a novel Duke 

technique for quality assurance (QA) which can set a new capability and standard for 

the verification of complex radiation dose-distributions. This new capability will enable 

more effective evaluation of treatment accuracy, thereby improving safety and enabling 

effective implementation of sophisticated new radiation therapy techniques where the 

dose is shaped in more extreme ways. The use of the DLOS with ClearView presents a 

novel approach as this is the first use of ClearView scanned with a telecentric optical-CT 

scanner. The primary goal is achieved through the completion of several supporting 

aims, which are outlined below. 

The first aim of this work is to become familiar with the dosimeter, and to 

independently verify basic properties such as the linear dose response with change in 

optical attenuation (Δ𝜇𝜇), the sensitivity as a function of time, and the choice of scanning 

wavelength.  

The second aim of this work comprises the bulk of the research and is to 

investigate the ability of the system to recreate simple, single beam benchmark radiation 

deliveries by comparing the delivered dose distributions to the calculated distributions 

in the commissioned Eclipse treatment planning system (TPS), which is used as the 

ground truth. This aim encompasses many supporting steps, which include determining 

the optimal refractive index (RI) of the RI-matching solution for the DLOS, determining 



 

6 

the ideal reconstruction parameters, developing a standard operating procedure (SOP) 

workflow, and the use of data analysis software and techniques.  

The final aim is to explore the use of the ClearView/DLOS system in the presence 

of typical small field commissioning irradiations. A first step in this direction is the 

delivery of a ‘stacking pyramid’ field plan, which includes a small field at its center of 

1x1 cm2, then overlaid with progressively larger field sizes. Future work would include 

deliveries such as single isocenter multi-target (SIMT), determining output factors, and 

off-axis factors. This could move towards a step in proving the efficacy of this system for 

use in the commissioning and verification of small fields but is currently out of scope for 

this thesis work. 
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2. Methods and Materials 
2.1 ClearView 3D Dosimeters 

The dosimeter used in this work is ClearView formulation 1.0. The radiochromic 

process is due to the reduction of a colorless tetrazolium salt, incorporated into a gellan 

gum matrix, into a formazan dye. The formazan dye is insoluble in water and becomes 

trapped in the gellan gum matrix, thus allowing for little to no signal diffusion [7]. The 

gellan gum matrix is a microbially produced polysaccharide which forms into a clear 

hydrogel displaying high mechanical and thermal strength and stability [12]. Propylene 

glycol serves as a radical quencher, which helps to increase the radiation chemical yield 

of the formazan dye reaction. Various relevant characteristics of formulation 1.0 for this 

work are seen in Table 1 [13].  The ClearView gel currently obtained from Modus QA is 

contained in polyethylene terephthalate (PET) jars. Two sizes of jars were used in this 

work: 10-and 15-cm diameter. Eight jars were used, four of each 15 cm and 10 cm. The 

jars were received on December 4th, 2020 and six were irradiated on January 7th, 2021, 

with the remaining two irradiated on January 14th, 2021. Post-scans were completed 

within 24 hours of irradiation. 
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Table 1: A brief overview of ClearView dosimeter properties. 

 

2.2 Duke Large Field of View Optical-CT Scanner (DLOS)  

The Duke Large Field of View Optical-CT Scanner has been well characterized 

elsewhere [9]. Key features include the bi-telecentric lens system which can reject any 

light 0.1° off the optical axis and ~175 µm voxel edge length. This ensures more than 

adequate spatial resolution for optical 3D dosimetry as well as reduction in concern over 

stray light artifacts affecting the data. Each pixel represents a line integral of optical 

attenuation through the dosimeter. The tank is filled with refractive index matching 

fluid to provide a more uniform fluid-dosimeter interface. A simplified diagram can be 

seen in Figure 2 [9]. The rotating stage is affixed with a docking mechanism, which 

custom 3D printed bases can slot into. These bases are affixed to the ClearView 

dosimeter to aid in alignment between scans for reproducibility (Fig 3).  

Formulation

Wavelength of maximum color 
change

Dose range with linear response

Signal formation

Radial dose response gradient

Axial dose response gradient
< 0.01%

≤ 0.1%

Water, gellan gum, 
tetrazolium salt, propylene 

glycol

530 +- 10 nm

0 – 80 Gy

>20 min 
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Figure 2: A basic schematic of the Duke Large-FOV Optical CT Scanner 
(DLOS) (based on [9]). Red dashed arrow indicates stray light rejection. 

 

 

 

 

Figure 3: The 3D printed docking base attached to the base of a 15-cm 
ClearView jar. 
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2.2.1 System Set-up 

The DLOS is equipped with a 3W-632nm LED (Opto-Engineering) fitted with a ± 

5 nm bandpass filter to assist in reducing spectral artifacts and a weak optical diffuser 

which helps to increase the uniformity of the flood field. 3D data is attained through a 

series of rotations (meeting Nyquist sampling criteria) of 1 degree per rotation for 360 

total degrees. Each projection image is taken 10 times and averaged to increase signal-to-

noise ratio (SNR). A full scan takes approximately 13 minutes with these settings. Every 

projection image is also flood and dark field corrected to reduce effects of imperfections 

in the glass surfaces of the lens and/or aquarium, nonuniformity imperfections, and 

nonuniformities of the fluid, CCD array, and light source. The flood field is an average 

of 50 projections taken before any scans, with only fluid in the aquarium. The dark 

image is acquired by covering the camera lens and is also an average of 50 projections.  

Controlling and acquiring the data is maintained by a custom LabView graphical 

user interface (GUI) (Fig. 4). This interface allows a user to specify all aspects of the 

image acquisition including rotation values, projections to average, performing rotation 

tests, and camera shutter values. The GUI includes a live-view display which assists the 

user in adjusting any shutter values to determine the best acquisition parameters, and 

investigation of the uniformity of the fluid and dosimeter body. The data is stored as a 

series of raw images. 
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Figure 4: A screenshot of the LabView interface used to control the image 
acquisition. Shown is a 15-cm dosimeter with fluid matching around the base. 

2.2.2 Optical CT Recon GUI 

The raw images from the acquisition were imported into an in-house MATLAB 

GUI designed for reconstruction of the images (Fig. 10). The GUI allows for a user to 

import the pre-and-post irradiation images, as well as the associated flood and dark 

fields. The post-irradiation images are divided by the pre-irradiation images to create a 

division sinogram, which is then reconstructed using the MATLAB iradon function. This 

generates the Δ𝜇𝜇 data. The GUI allows the user to select for a voxel length, median filter, 

and frequency filter to be applied to the sinogram/reconstruction. A 5x5 median kernel 

filter, 2 mm voxel length, and Ram Lak filter was chosen in previous work with Presage 



 

12 

[9]. For this work, all reconstructions use a 1x1 kernel median filter selection (i.e., no 

median filter), 1 mm voxel length, and a Ram Lak filter. An investigation and discussion 

of how these choices were made is detailed in the Results and Discussion section.  

2.2.3 Refractive Index 

The refractive index (RI) fluid had to be replaced from the previous usage of the 

DLOS with Presage with a new fluid for ClearView. The fluid values were not 

specifically known and had to be determined experimentally. Propylene glycol was 

chosen as an additive to distilled water to create the RI fluid, based on input from 

Modus QA. The tests were performed using both a 15-and 10-cm dosimeter, separately, 

by adding small amounts of propylene glycol to the tank of distilled water and 

observing the edge matching on the LabView live-screen.  

2.3 Aim 1 - Basic Properties Investigation 

Standard 1 cm2 poly(methyl methacrylate) (PMMA) cuvettes of ClearView were 

used for preliminary independent investigation of the linear dose response and 

wavelength response, reported elsewhere [7,8,11]. The experiment consisted of 14 total 

cuvettes of ClearView 1.0. All cuvettes were irradiated at 6MV with 600 MU/min, 100 cm 

SSD, at field isocenter of 10x10 cm2 on a Varian Clinac 21EX. Two cuvettes per 

irradiation were settled into bolus material to account for lateral scatter, placed on a 

stack of solid water to account for sufficient backscatter, and covered with 1.5cm of solid 

water (Fig. 5), such that the source surface distance (SSD) is 100cm at the surface of the 
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solid water. One pair of cuvettes were irradiated per dose of the following:  250, 500, 

1000, 1500, 2000, and 4000 MU, with a set of unirradiated used for 0 MU. 

 

Figure 5: Cuvette experimental set-up. Red arrow indicates where cuvettes are 
inserted into bolus. On the right, 1.5cm of solid water is placed on top. 

The radiation induced change in optical transmittance was measured with a 

GENESYS20 spectrophotometer. The cuvettes were normalized to water such that water 

represented 100% transmittance (T). All cuvettes were scanned prior to irradiation and 

post-irradiation, and the T values subtracted to determine the change in T (Δ𝑇𝑇). The data 

was averaged between the two cuvettes used for each irradiation value. The change in 

transmittance Δ𝑇𝑇 values were converted to Δ𝜇𝜇 with the equation 1, 

 Δ𝜇𝜇 =  − ln(Δ𝑇𝑇). (1) 

The wavelengths investigated were 520 nm and 632 nm, to test against two 

potential LED sources to use for the DLOS, as well as to confirm higher sensitivity when 

scanned at the lower wavelength [11,13]. The cuvettes were scanned 21 hours, 6 days, 
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and 10 days post-irradiation to investigate any temporal effects on sensitivity and 

linearity. 

2.4 Aim 2 - Benchmark Irradiations 

A series of simple, well characterized irradiations were chosen to compare to the 

Eclipse TPS to determine baseline ClearView and DLOS functionality and agreement 

(Fig. 8). A generalized workflow was developed for all irradiations and can be seen in 

detail in Appendix A. The abridged workflow can be seen in Figure 6, and a diagram 

displaying the alignment of the jar in room for treatment (Fig. 7). In Figure 6, the top 

row indicates the pre to post-scan timeline, with the post-scan and pre-scan recombining 

into the second row with the Recon GUI step. Following the reconstruction, the data 

cube is converted and imported, along with DICOM information from Eclipse, into 

3DSlicer for profile data and to perform 3D gamma. The last step is the use of MATLAB 

to produce line profile plots. 

The irradiations were delivered for both 10 and 15-cm diameter dosimeters to 

check for consistency and to determine if any deviations due to the dosimeter size exist 

with the DLOS. All irradiations were performed on a Varian Clinac 21EX at a dose rate 

of 600 MU/min. The irradiations consist of a central axis (CAX), left lateral (LLAT), and 

electron delivery.  

A coronal slice of each plan created in Eclipse can be seen in Figure 8, and basic 

plan details in Table 2. All dosimeters were placed upside down on the lid to provide a 
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flat, stable surface, except for the 10-cm dosimeter electron delivery. The background 

values of unirradiated portions of the gel were added to each set of data to account for 

any offset regarding fluid darkening between pre-and-post scanning. In some cases, this 

is not used for data analysis, and will be noted in the Results and Discussion. Any 

smoothed data is performed with a 3-point moving average filter in MATLAB. 

 

Figure 6: Generalized workflow. 

 

 

Figure 7: A (not to scale) diagram of the machine alignment. Green lines are 
room lasers and yellow box the light field. 
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Table 2: Benchmark delivery Eclipse information. 

  

 

 

 

 
Figure 8: Coronal slices of the Eclipse plans for benchmark irradiations. The 

15-cm dosimeters are presented in the top row, with the 10-cm dosimeters on the 
bottom row. Irradiation parameters given in Table 2. 

  

Central Axis 6 MV 600 4x4 99.7 7700
Left Lateral 6 MV 600 4x4 92.4 6600

Electron (Left Lateral) 20 MeV 600 6x6 (cone) 100 7610
Central Axis 6 MV 600 4x4 99.6 7750
Left Lateral 6 MV 600 4x4 94.4 6820

Electron (Central Axis) 20 MeV 600 6x6 (cone) 100 7240

MUSSD (cm)Field Size (cm2)
Dose Rate 
(MU/min)

Energy 

15-cm

10-cm

Dosimeter Size Delivery
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2.4.1 Central Axis Delivery 

The first plan is a 6 MV, 4x4 cm2 field size photon irradiation down the central 

axis (CAX) of the dosimeter, through the base of the jar towards the lid, as it is upside 

down. The general aim was to irradiate to a max of ~70 Gy for each dosimeter to be near 

the 80 Gy maximum linearity region. For the 15-cm dosimeter, the plan dose in Eclipse 

was set to 560 cGy/fx, with 10 fractions for a total of 5600 cGy, with a 3D Dose MAX of 

7118.2 cGy. This correlates to a total of 7700 MU. The plan was delivered in service mode 

in one fraction. For the 10-cm dosimeter, the plan dose in Eclipse was set to 640 cGy/fx, 

with 10 fractions for a total of 6400 cGy, with a 3D Dose MAX of 7170.6 cGy. This 

correlates to a total of 7750 MU. The plan was delivered in service mode in one fraction. 

2.4.2 Left Lateral Delivery 

The second plan is a 6 MV, 4x4 cm2 field size photon irradiation from the left 

lateral (LLAT) direction. This delivery represents the same goal as the central axis 

delivery but delivered laterally, instead, by rotating the gantry 90°. For the 15-cm 

dosimeter, the plan dose in Eclipse was set to 500 cGy/fx, with 10 fractions for a total of 

5000 cGy, with a 3D Dose MAX of 7162.2 cGy. This correlates to a total of 6600 MU. The 

plan was delivered in service mode in one fraction. For the 10-cm dosimeter, the plan 

dose in Eclipse was set to 600 cGy/fx, with 10 fractions for a total of 6000 cGy, with a 3D 

Dose MAX of 7094.8 cGy. This correlates to a total of 6820 MU. The plan was delivered 

in service mode in one fraction. 
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2.4.3 Electron Delivery 

The final benchmark irradiation is an electron delivery, delivered laterally and 

down the central axis, for the 15-and 10-cm dosimeter, respectively. Each dosimeter 

received a 20 MeV 600 MU/min irradiation set to 100 cm SSD, with a 6x6 cm2 applicator 

to a total of 7610 MU. The 15-cm flask was irradiated laterally to the jar wall, while the 

10-cm flask was irradiated anterior to posterior, with the lid and protective lining 

removed, directly to the gel surface. 

2.5 Aim 3 - ‘Stacking Pyramid’ Central Axis Delivery 

 This irradiation is a slightly more complex distribution designed to test the 

ability of the dosimeter to handle fractionation, to see if the dose adds in a linear fashion, 

and how well the gradient regions can be reconstructed. To achieve this a series of 

stacking irradiations were designed. All fields are CAX fields delivering a nominal total 

of 6000 cGy to the isocenter (Table 3), through the base of the jar towards the lid, which 

results in the 3D Dose MAX for the 15-cm dosimeter of 7710.7 cGy, and 7757.3 cGy for 

the 10-cm dosimeter. The first field is a 1x1 cm2, followed by a 4x4 cm2, and finally an 

8x8 cm2 field. The resultant dose distribution appears as a pyramidal shape (Fig. 9), 

hence the “stacking pyramid”. The 10-cm dosimeter introduced a 10-minute wait 

between delivering the 4x4 and 8x8 cm2 fields after the initial 1x1 cm2, to see if any 

changes are present due to initial signal formation. All fields were given immediately 

after one another in the 15-cm dosimeter. 
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Table 3: Stacking pyramid delivery Eclipse details. 

 

 

 

Figure 9: Coronal slice of the ‘stacking’ irradiation delivery Eclipse plan for the 
15-cm dosimeter (left) and the 10-cm dosimeter (right). Irradiation details given in 

Table 3. 

2.6 Dose Calibration 

ClearView samples retain consistent composition within a given batch, and as such any 

sample can be used for calibration purposes [13]. For reasons discussed later in this 

document, it was decided each jar would be independently linearly scaled for dose, 

rather than use a master for all dosimeters. Using the aligned reconstruction and RT 

Dose volumes in 3D Slicer (Appendix A), a series of segments were taken in low-scatter 

15-cm Stacking 6 MV 600 1x1/4x4/8x8 93.5 3010 / 2440 / 2230

10-cm Stacking 6 MV 600 1x1/4x4/8x8 99.6 3090 / 2570 / 2400

Dosimeter Size Delivery Energy 
Dose Rate 
(MU/min)

Field Size (cm2) SSD (cm) MU
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regions (i.e., near incident radiation) of the reconstructed dosimeter, to determine the 

background Δ𝜇𝜇 and dose values of the jar, as well as a segment in a representative area, 

e.g., the center of the irradiation (Fig. 15). The background segments were taken as 

median values and averaged to find a general background signal in both Δ𝜇𝜇 and dose. 

As the dose response is linear with Δ𝜇𝜇, the data was used in a simple linear fit (Eqn. 2) to 

find the slope, x,  

 x =  
𝑦𝑦 − 𝑏𝑏
𝑚𝑚

 (2) 

with y being the dose at the representative point, b being the background value of the 

dose, and m being the Δ𝜇𝜇 value at the representative point. The derived slope and 

background Δ𝜇𝜇 values were entered in the 3DSlicer Gel Dosimetry Slicelet to calibrate 

the reconstruction to the dose. This calibrated volume was then used in the gamma 

analysis. 

2.7 Data Analysis 

To perform data analysis MATLAB and 3DSlicer were utilized. MATLAB served 

to transform the reconstruction data cube and permute the axes to match the planning 

CT orientation to assist in 3DSlicer, add background corrections, and generate plots for 

line profiles. 3DSlicer was utilized in conjunction with the SlicerRT and Gel Dosimetry 

Analysis slicelets to extract profile data as well as 3D gamma analysis. 
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2.7.1 Line Profiles and Reconstruction Parameters 

Line profiles of the reconstructed data can display varying amounts of noise. To 

increase the signal to noise ratio (SNR), a line profile and a median-averaged cylinder of 

data were compared. A line profile was taken in the reconstruction GUI and compared 

to different width median cylinders taken from 3D Slicer (Appendix A). A cylinder 

segment was taken around the line profile center in 2 mm, 5 mm, and 10 mm diameters 

with the median value at every slice used for the Δ𝜇𝜇 value, instead. This was performed 

for a 1x1 and 4x4 kernel median filter, both with the Ram-Lak and Hamming filter 

applied. Reconstructions were made for each of these settings (i.e., 16 total 

reconstructions), analyzed with gamma analysis at 3%3mm, to determine the highest 

pass rate reconstruction parameters. 

2.7.2 MATLAB 

The planning CT of the dosimeters was performed with the jar upright, in the 

head-first supine (HFS) regime, thereby making the classic HFS axial slice represented as 

the coronal slices of the jar. The reconstruction GUI reconstructs the optical CT image in 

standard HFS. The data cubes had to be permuted so the axial slices and coronal slices 

were swapped to better align in 3DSlicer. Once this was performed with a basic permute 

function, the data cube had to be converted into .nrrd for use in 3DSlicer. This was 

accomplished with nrrdWriter [14]. Once the chosen data was extracted from 3DSlicer 

and saved as a .nrrd, the file was read into MATLAB with nrrdread [15].  



 

22 

The data extracted from 3DSlicer for use in line profile comparisons represents a 

cylinder of the reconstruction. The cylinder of data is iterated through, and the median 

value at every slice (1-mm) found.  

Due to the darkening of the refractive index fluid between pre-and-post scans, 

reconstruction artifacts, and scatter, the background signal was in some cases negative. 

This causes a uniform artificial lowering of the calibrated dose, which necessitated an 

offset be added to the data. This value was added to the data cube in MATLAB and then 

converted to .nrrd. 

Finally, to view relative agreement between the dose and reconstruction profiles, 

both the dosimeter data and Eclipse plan dose were normalized to their respective 

maximum (or representative) values and overlaid. This data is represented as plots 

created in MATLAB. 

2.7.3 3D Slicer 

3DSlicer, using the SlicerRT and Gel Dosimetry Analysis slicelets, were used for 

manipulation of reconstructed volumes, image registration, obtaining both line and 

cylinder profiles, and 3D gamma analysis.  The reconstructed data was imported into 

3Dslicer as a .nrrd file, a common 3D image file container. Line profiles for Eclipse plan 

dose were obtained simply by using the Line Profile tool and the data exported as a text 

file to be read into MATLAB. The cylinders of data required a more involved process 

which is detailed in Appendix A, for reproducibility.  
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The 3D gamma analysis was performed by adapting the process detailed by 

Kevin Alexander [16]. The DICOM data (Planning CT, CBCT, RT Dose, RT Struct) and 

reconstructed data are imported to 3DSlicer through the Gel Dosimetry Analysis slicelet 

interface, the images are registered to the on-board imaging (OBI) cone beam computed 

tomography (CBCT) space, dose calibration coefficients are entered, and the gamma 

analysis is performed. Gamma analysis was performed at 7%4mm, 5%3mm, 3%3mm, 

3%2mm, and 2%2mm. There is not a clear understanding of what a fully 3D system 

should use for gamma analysis, so the most generous criteria were taken from the IROC 

standards of >85% of pixels passing 7%4mm gamma analysis for film in their head and 

neck phantom credentialing system [5] and incrementally tightened to the range of 

portal, IMRT, and SRS/SBRT QA performed at Duke (i.e., 3%3mm and 3%2mm).  
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3. Results and Discussion 
3.1 Basic Properties Investigation 

The linear dose response found in the cuvette study is displayed in Figure 10. 

The plots show the change in linear attenuation versus the delivered MU to the cuvette 

samples for two wavelengths, 520 and 632 nm. Additionally, the plot shows the linear fit 

of the values scanned 21 hours, 6 days, and 10 days post-irradiation. Regardless of 

wavelength or time since irradiation, the linearity is strong with R2 ranging from 0.9986 

– 0.9995. As expected, the results from the 520 nm scans show increased sensitivity, as 

this is closer to the peak sensitivity wavelength of 530 ± 10 nm [13] than the 632 nm scan.  

The scans at 0 MU for all 3 post-scan times yield negative values of Δ𝜇𝜇, which 

indicates the post irradiation scans had increased values of transmittance compared to 

the pre-irradiation scans. This yields higher values of optical attenuation for the pre-

scans, which causes the Δ𝜇𝜇 to be negative, when taken as post minus pre-irradiation. 

This result is likely due to the ClearView not responding well to dose less than 10 Gy, in 

which imperfections in the cuvette or gel itself can distort the signal [8]. As time 

increased when taking post-scan measurements, the values of the 6- and 10-day 

measurements can be seen to be uniformly less than the scans taken 21 hours post-

irradiation. This is consistent with published behavior [8]. As time increase, the signal 

diffuses, causing more transmittance of light in the post-scans, resulting in a net overall 

smaller Δ𝜇𝜇.  
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Although the 520 nm scans showed higher sensitivity, it was found that the 520 

nm LED did not produce enough light in the current DLOS set-up. For this reason, the 

already installed 632 nm LED source was used for the scans. 

 

 

Figure 10: Linear fits of cuvette data over several post-irradiation times for 520 
nm (left) and 632 nm (right). 

3.2 Refractive Index 

The ideal refractive index was found to be 1.3383. Figure 11 shows several 

iterations of fluid with the LabView screen detailing the change along the edges of the 

base of the jars. This was based purely on viewing the images in the LabView window. 

An investigation into the refractive indices of the jar wall material and the ClearView gel 

itself may yield a more rigorously obtained RI value for the fluid. 
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Figure 11: The same 15-cm jar as seen with a small amount of fluid in the 
LabView preview window, as the RI was increased by addition of propylene glycol. 

The RI increasing from left to right: 1.3315, 1.335, and 1.3385. 

3.3 Dose Delivery Comparisons 

The following sections detail the line profiles and gamma analysis comparing the 

Eclipse plans to the scanned and reconstructed treatments in the ClearView dosimeters. 

All the comparisons are relative rather than absolute dose comparisons to neglect any 

errors inherent in absolute dose conversion.  

It should be noted that the exterior of the jars used in this work became covered 

in some form of contaminant (Appendix A, Fig. 32) prior to scanning. This was likely 

traced to the light sealing bags the dosimeters were kept in, which spread the material. It 

is possible this was superglue from the process of attaching the bases to the jars, but it 

seems unlikely it spread to every single jar and inside of each bag. Regardless, multiple 

cleaning solutions were attempted, and the best solution was the use of a generic foam 

cleaning pad. This effectively removed the large areas of highly attenuating built-up 

material but likely introduced extra fine abrasions to the entire jar surface, which would 

serve to scatter the light. The reconstructions seemed to not be too affected, however, 
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after cleaning. The dosimeter displaying the largest apparent change was the 15-cm 

stacking pyramid delivery. This can be seen along the edges of the jar in figure 12, in the 

“Reconstruction” window. This scattering could have introduced a uniform artifact to 

the entire data set. 

The results of the benchmark irradiations follow the same pattern, displaying 

line profile comparisons, cross-plane comparisons, and gamma results. Each profile 

comparisons figure shown (Fig. 16, 20, 24) include the raw Δ𝜇𝜇 values vs distance, a 

normalized PDD overlaid with the normalized Δ𝜇𝜇, a smoothed version of the former, 

and the linearity of the fit. Additionally, any areas of obvious artifacts present (e.g., jar 

wall or neck artifacts), which are seen in the line profiles, are excluded from the gamma 

analysis. 

3.3.1 Reconstruction Parameters 

A high pass Ram-Lak filter shows great delineation in sharp jumps and blocks 

low frequency blurring, but also allows noise. If a low-pass filter such as the Hamming 

window is applied to the reconstruction, the data is smoothed which reduces the 

contrast, but also helps eliminate noise. Initially, a 4x4 kernel was chosen along with a 

Ram-Lak filter for all reconstructions. Investigating line profiles taken from the stacking 

pyramid delivery in the reconstruction GUI (Fig. 12), it was found that the stacking 

irradiation suffered as the 4x4 kernel median filter caused unnecessary dips in the 

shoulders and peak of the data (Fig. 13), due to the small field size at the center. 
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Figure 12: Reconstructing the stacking irradiation at 4x4 kernel median filter, 
with a Hamming window applied. The bottom right “Reconstruction” axial image 
denotes the location of the line profile taken for each of the 4 plots shown in figure 

13. 

Though noisier and less smooth, the 1x1 kernel coupled with the Ram-Lak 

represents the truest form of the data. The 4x4 Hamming (Fig. 13.D) shows artificial 

depressions of the shoulders and peak. 
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Figure 13: A: 1x1 kernel (Ram-Lak), B: 1x1 kernel (Hamming), C: 4x4 kernel 
(Ram-Lak), D: 4x4 kernel (Hamming). 

Additionally, due to some experimental delays between pre-and-post scanning, 

the RI fluid darkened, causing significant changes to the background Δ𝜇𝜇 of some of the 

dosimeters. To account for this, regions of unirradiated portions of each dosimeter were 

sampled to find an average background Δ𝜇𝜇 value and added through the data cubes and 

then re-reconstructed, as mentioned in the Methods. To fully examine which 

reconstruction method yields the best results/which were affected, all dosimeters were 
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analyzed with gamma analysis at 3%3mm for 1x1, and 4x4 kernel median filters, with 

both Ram-Lak and Hamming windows, and both with and without background 

additions. If the dosimeters with added background correction performed worse than 

with the background added, the background approach was not used.  

In the gamma analysis, all 15-cm dosimeters performed better with the 

background addition, while only 2 of the 10-cm dosimeters performed better (the 

electron and lateral irradiations) with the background addition. Confirming the earlier 

line profile examination of the median filters and frequency filter, all dosimeters 

performed best with the 1x1 kernel and Ram Lak window. All results therefore 

represent a background corrected data set (excluding the 10-cm ‘stacking pyramid’ and 

central axis deliveries), reconstructed with a 1x1 kernel median filter, with a Ram Lak 

window applied. 

Due to the 1x1 kernel essentially resulting in no median filter, the line profiles 

seemed too noisy to use. This resulted in median cylinders of data to increase the SNR. 

As can be seen in figure 14, the stacking irradiation plan reconstructed with the 1x1 

kernel and Ram-Lak filter appear with much improved SNR. However, due to the size 

of the small field at the center of the irradiation, the diameter of the cylinder is very 

important. The 10 mm cylinder artificially depressed the signal while the 2 mm was 

close to the original line profile. The 5 mm cylinder seemed to be a good middle ground 
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and was therefore used to increase SNR. The 10 mm cylinder was used for all other 

irradiations as it provided the best SNR. 

 

Figure 14: Different sized cylinders overlaid to investigate the effect on SNR 
as compared to a line profile (Fig. 11). A: full path, B: zoom on the peak and 

shoulders. 

3.3.2 Dose Calibration 

For the gamma analysis, each dosimeter was independently linearly scaled for 

dose calibration. Table 4 shows the linear fits derived for each of the dosimeters and 

figure 15 an example of the data acquisition.  

Table 4: Linear scaling information for each dosimeter entered in 3D Slicer. 
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Figure 15: Various segments taken in 3D Slicer used to determine the linear fit 
equation for dose calibration on the stacking pyramid delivery. 

3.3.3 Central Axis Delivery  

Median, 10 mm cylinder profiles taken down the central axis of the dosimeter for 

both sized dosimeters are shown in figure 16. The profiles shown include the raw Δ𝜇𝜇 

values, a normalized PDD overlaid with the normalized Δ𝜇𝜇, a smoothed version of the 

former, and the linearity of the fit. The regions tested for linearity resulted in R2 yielding 

0.992 and 0.9934 with root mean square errors (RMSE) of 0.0028 and 0.0019 for the 15-

and 10-cm dosimeters, respectively. 

When normalized as PDD style curves, the agreement is excellent, despite the 

fluctuations due to noise and artifacts. Figure 16 shows clearly where the known areas of 

reconstruction issues exist, at the base of the jar and through the neck, with the vertical 

red lines (Fig. 16 B,F) indicating the approximate useable region / region of linear fit 
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displayed (Fig. 16 D, H). Of note in figure 16, the 10-cm dosimeter profiles were taken 

slightly off the central axis, as there exist significant ringing artifacts down the center 

that made the profile appear very noisy, as is the case with the 15-cm profile. The 

noticeable dip/spike occurring around 45 mm in the 10-cm dosimeter (Fig. 16F) is likely 

due to such an artifact, as can be seen in figure 17. Cross-plane profiles (Fig. 18) also 

show great agreement, with the 15-cm appearing to have a better fit. 
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Figure 16: Profiles taken axially down the center of the dosimeter(s) (inserts of 
15 and 10-cm dosimeters shown in A and E, respectively). A and E show the raw 

median 𝚫𝚫𝝁𝝁 vs distance, B and F show the normalized data overlaid on the PDD from 
Eclipse (region between vertical red lines showing the region of linear fit in D and H, 

respectively). C and G show the normalized curves after smoothing in MATLAB. 

 

 

Figure 17: Axial view of the central axis MV delivery on the 10-cm delivery at 
two different slice depths. The red arrow (right) indicates a significant ring artifact 

which is likely the cause of the irregularity in the profile seen around ~45mm in 
figure 16. 
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Figure 18: Profiles taken across the irradiation path, normalized and smoothed. 
The axial view of the reconstructions in the left column (top) shows the location of the 

line profile. 
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The full gamma analysis results can be seen in Table 5, with the percent 

difference between the 10-and 15-cm dosimeters in Table 6. With the exception of the 

2%2 mm for the 10-cm dosimeter, all pass rates exceed 90%. The largest discrepancy is 

found at 10.04% with the 2%2mm criteria, followed by the 3%2mm with a difference of 

5.18%. An example of the 3%3 mm and 3%2 mm gamma maps can be seen in figure 19. 

The 10-cm dosimeter appears to have some failings in the center, likely due to the 

ringing artifact (Fig. 17), which does not appear as pronounced, if at all, in the 15-cm 

dosimeter.  

Table 5: Gamma pass rates for the various dose tolerance and distance to 
agreement (DTA) values for the central axis (CAX) delivery on the 10-and 15-cm 

dosimeters.  
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Table 6: Percent difference of gamma pass rates between the 15-and 10-cm 
dosimeters for the central axis delivery.  

 

 

Figure 19: Gamma analysis on central axis delivery for 15 cm (top row) and 10 
cm (bottom row) dosimeters, at 3%3mm and 3%2mm. Inserts detail 3D Slicer gamma 
data. Color scale is from 0.5 (green) - 1.5 (red), with yellow indicating ≥ 1. 
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3.3.4 Left Lateral Delivery 

Median, 10mm cylinder profiles taken down the center of the irradiation 

(laterally) for both are shown in figure 20. The profiles shown include the raw Δ𝜇𝜇 values, 

a normalized PDD overlaid with the normalized Δ𝜇𝜇, a smoothed version of the former, 

and the linearity of the fit. The regions tested for linearity resulted in R2 yielding 0.9945 

and 0.9838 with root mean square errors (RMSE) of 0.0011 and 0.0012 for the 15-and 10-

cm dosimeters, respectively. 

Due to the presence of an artifact at the start of the profile, the reconstruction 

profile was normalized to a more representative point, rather than the maximum value 

present. When normalized as PDD style curves, the agreement is not a great fit, due to 

the obvious edge artifacts and curvature of the profile. The entrance of the path on the 

15-cm dosimeter shows a large spike (Fig. 20 A-C), which is absent in the 10-cm 

dosimeter, as well as a jump along the exit point of the jar wall, in both. This is likely 

due to reconstruction artifacts at the jar wall due to refraction and reflection, local jar 

wall geometry and the degree of curvature of the jar wall itself when reconstructed, 

which was expected. The vertical red lines (Fig. 20 B, F) indicate the approximate 

useable region / region of linear fit displayed (Fig. 20 D, H). The specific cause should be 

investigated moving forward, but the regions are excluded from data analysis, 

regardless.  
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The general curved shape the profiles exhibit is likely a function of the 

cylindrical form of the dosimeter/jar. In x-ray CT this is known as a “cupping” artifact 

and is due to beam hardening as x-rays pass through the center of a uniform cylindrical 

object, as the edges have less attenuating material than the center [17]. This effect is a 

good analogy for the occurrence seen, as the optical light has less material at the edges 

and passes through a thick center and back out to the area of less material due to the 

cylindrical symmetry. A potential solution to correct for this artifact would be to use a 

narrower bandwidth filter, in future work. 

Another artifact present in this reconstruction is caused by the over attenuation 

of the seam line present on the jar itself (Fig. 22). This is likely the cause of the dip seen 

in figure 21, on the 15-cm dosimeter cross-plane profile. The cross-plane profiles, despite 

the artifacts, still appear to be a good fit to the calculated dose, with the 10-cm appearing 

to have a better match, likely due to the absence of the artifacts present in the 15-cm 

dosimeter. 
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Figure 20: Profiles taken laterally across the center of the dosimeter(s) (inserts 
of 15 and 10-cm dosimeters shown in A and E, respectively). A and E show the raw 

median 𝚫𝚫𝝁𝝁 vs distance, B and F show the normalized data overlaid on the PDD from 
Eclipse (region between vertical red lines showing the region of linear fit in D and H, 

respectively). C and G show the normalized curves after smoothing in MATLAB. 

 

 

 

Figure 21: Cross plane profiles of lateral MV delivery for both size dosimeters. 
The left column images show the respective dosimeter’s location of the profile.  
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Figure 22: Axial slice of the LLAT MV delivery (15-cm dosimeter) showing an 
artifact originating from the seam lines of the dosimeter jar, and a central ringing 

artifact. 

The full gamma analysis results can be seen in Table 7, with the percent 

difference between the 10-and 15-cm dosimeters in Table 8. Unlike the central axis 

delivery pass rates, the 10-cm dosimeter performs slightly better than the 15-cm 

dosimeter, with the largest difference seen in the 2%2mm pass rates, with a difference of 

3.07% favoring the 10-cm dosimeter. The 3%3mm, 5%3mm, and 7%4mm for both the 10-

and 15-cm dosimeters achieve excellent pass rates, all > 90%. An example of the 3%3mm 

and 3%2mm gamma maps can be seen in figure 23. The failure regions of both the 10-

and 15-cm dosimeter appear near the center (Fig. 23) as reflected in the line profiles 

(Fig.20), for both the 3%3mm and 3%2mm. This failure is likely due to the uncorrected 

cupping artifact mentioned prior. 
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Table 7: Gamma pass rates for the various dose tolerance and distance to 
agreement (DTA) values for the left lateral (LLAT) delivery on the 10-and 15-cm 
dosimeters. 

 

 

Table 8: Percent difference of gamma pass rates between the 15-and 10-cm 
dosimeters for the left lateral delivery. 
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Figure 23: Gamma analysis on left lateral delivery for 15 cm (top row) and 10 
cm (bottom row) dosimeters, at 3%3mm and 3%2mm. Inserts detail 3D Slicer gamma 
data. Color scale is from 0.5 (green) - 1.5 (red), with yellow indicating ≥ 1. 

3.3.5 Electron Delivery 

The electron deliveries differ from the prior benchmark deliveries in that the 

direction of delivered radiation is different between the 10-and 15-cm dosimeters. The 

15-cm received a left lateral (LLAT) electron delivery whereas the 10-cm was given a 

central axis delivery, directly to the gel surface. This was decided for two reasons: for 
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automatic dose calibration in the Gel Dosimetry slicelet, this specific delivery is 

required, and to test the viability of irradiating to the gel surface rather than the jar 

wall(s). Ultimately, the calibration option was not pursued, and the 10-cm dosimeter 

electron treatment stands apart from the rest, in this regard. However, while a direct 

comparison between the jar sizes is not possible, the experiment still proves the validity 

of this irradiation approach. 

The profiles follow the previous sections and represent a median, 10 mm 

cylinder profile taken down the center of the irradiation laterally, for the 15-cm 

dosimeter, and down the central axis for the 10-cm dosimeter. The profiles shown (Fig. 

24) include the raw Δ𝜇𝜇 values, a normalized PDD overlaid with the normalized Δ𝜇𝜇, a 

smoothed version of the former, and the linearity of the fit. The regions tested for 

linearity resulted in R2 yielding 0.9975 and 0.9933 with root mean square errors (RMSE) 

of 0.0013 and 0.0054 for the 15-and 10-cm dosimeters, respectively.  

The 10-cm dosimeter shows the expected reconstruction errors in the neck of the 

jar, where the lid screws on (Fig. 24E). The vertical red lines (Fig. 24 B, F) indicate the 

approximate useable region / region of linear fit displayed (Fig. 24 D, H). Additionally, 

figure 25 shows cross-plane normalized and smoothed profiles. The 15-cm dosimeter 

exhibits the same entrance artifact as the LLAT photon delivery (Fig. 20A, 24A), and 

serves as a further proof of this artifact’s existence. The cross-plane profiles (Fig. 25) 

exhibit generally good agreement, though the 15-cm dosimeter appears to struggle with 
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a ~1-2 mm difference when attempting to match the dose profile, not present in the 10-

cm dosimeter profile. 
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Figure 24: Electron delivery profiles taken laterally down the center of the 15-
cm dosimeter and axially of the 10-cm dosimeter (inserts of 15 and 10-cm dosimeters 
shown in A and E, respectively). A and E show the raw median 𝚫𝚫𝝁𝝁 vs distance, B and 

F show the normalized data overlaid on the PDD from Eclipse (region between 
vertical red lines showing the region of linear fit in D and H, respectively). C and G 

show the normalized curves after smoothing in MATLAB. 
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Figure 25: Electron profiles taken cross-plane, normalized and smoothed, with 
the left column images denoting the location of the profile. 
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The full gamma analysis results can be seen in Table 9, with the percent 

difference between the 10-and 15-cm dosimeters in Table 10. The CAX electron delivery 

(10-cm dosimeter) yielded lower pass rates than the 15-cm lateral electron irradiation. As 

the 15- and 10-cm dosimeters were irradiated differently, it is not abundanly clear if this 

could be a function of the delivery itself and/or the dosimeter size. Every gamma criteria 

achieves ≥ 90% pass rates on the 15-cm dosimeter, which is highly encouraging. The 

tightest critera which passes ≥ 90% is the 3%3mm measurement for the 10-cm dosimeter. 

The largest discrepancy is 14.67% between the 2%2mm criteria. An example of the 

3%3mm and 3%2mm gamma maps can be seen in figure 26. Of note, the 10-cm 

dosimeter achieved higher pass rates when the edges of the reconstruction were 

included (e.g., 3%3mm passing with ~97%). For consistency, the edges were removed 

from the gamma analysis to be in line with other tests. This merits further investigation. 

As mentioned prior, the entrance dose shows significant failure in the 15-cm 

dosimeter, likely due to the same jar wall artifacts and curvature of the larger jar, as seen 

in the LLAT MV irradiation, and was thus removed from the gamma analysis. Likewise, 

the 10-cm dosimeter would show failure in the neck region, but it was removed from the 

volume prior to analysis given the artifacts present.  
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Table 9: Gamma pass rates for the various dose tolerance and distance to 
agreement (DTA) values for the left lateral and central axis electron deliveries on the 

10-and 15-cm dosimeters. 

 

 

Table 10: Percent difference of gamma pass rates between the 15-and 10-cm 
dosimeters for the left lateral and central axis electron deliveries.  
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Figure 26: Gamma analysis on electron deliveries for 15 cm (top row) and 10 
cm (bottom row) dosimeters, at 3%3mm and 3%2mm. Inserts detail 3D Slicer gamma 
data. Color scale is from 0.5 (green) - 1.5 (red), with yellow indicating ≥ 1. 

3.3.6 ‘Stacking Pyramid’ Central Axis Delivery  

The ‘stacking pyramid’ central axis deliveries depart from the simple single 

beam benchmark deliveries. This delivery consists of a 1x1 cm2 field centered on the 

central axis of the jar, with a 4x4 cm2 field directly over that, and finally an 8x8 cm2.  
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The result is a stacked pyramid shape showing smooth gradients between the dose (Fig. 

9, 27). The profiles shown (Fig. 27) follow the same convention as the benchmark 

irradiations. The linear fit resulted in R2 yielding 0.9955 and 0.9945 with root mean 

square errors (RMSE) of 0.0054 and 0.0019 for the 15-and 10-cm dosimeters, respectively. 

Smoothed and normalized profiles taken down the central axis to view the total dose 

along the center of the jar can be seen in figure 28.  

 As evidenced by the profiles, the reconstructions struggle in the shoulders and 

peak, though the general shape is well re-created. The seam line artifacts are present in 

the 10-cm dosimeter, as in the LLAT 15-cm dosimeter. The 8x8 cm2 field exceeds the 

diameter of the 10-cm jar in the corners and very nearly reaches the edges of the jar in 

the reconstruction (Fig. 27E, insert). These regions are likely influenced by the edge 

artifacts seen previously and are most likely the cause of the failures in the first shoulder 

region, between 0-30% on the normalized plots (Fig. 27F). The region between the 

vertical red lines indicates the useable region of this reconstruction, as well as the 

location for the linear fit (Fig. 27 H). The profiles taken down the central axis of the jars 

(Fig. 28) show relatively the same high variance as the profiles of the CAX photon 

delivery. When repeated and tested slightly off the central axis, in the 4x4 cm2 region, 

and 8x8 cm2 field region, the results were similar, indicating high noise throughout the 

reconstruction. 
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Figure 27: Profiles taken laterally across the dosimeter(s) (inserts of 15 and 10-
cm dosimeters shown in A and E, respectively). A and E show the raw median 𝚫𝚫𝝁𝝁 vs 
distance, B and F show the normalized data overlaid on the PDD from Eclipse. C and 
G show the normalized curves after smoothing in MATLAB. D and H show the linear 

fit of the entire profile. Region between vertical red lines (F) showing the region of 
linear fit on H. 
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Figure 28: Profiles down the center of the stacking irradiation, with the left 
column images denoting the location of the profiles for the 10-and 15-cm dosimeters. 
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The stacking plan performed extremely well with gamma analysis, when regions 

of failure (edge, neck) were removed. The results of the gamma analysis can be seen in 

Table 11, with a percent difference between the two dosimeter sizes in Table 12. The 

corners of the 8x8 cm2 field exceeds the body of the 10-cm dosimeter, with the edges of 

the field within 1-cm of the jar walls. Additionally, the irradiation was not centered 

perfectly so one side is slightly closer to the jar wall than the other, which may be the 

cause of the asymmetric good agreement on the line profiles (Fig. 27E). These regions 

were removed and causes the gamma analysis to perform better than the 15-cm 

dosimeter, though notably lacking information on the 8x8 cm2 field. The largest 

difference exists between the two jar sizes with the 2%2mm criteria with a 7.41% 

difference between the pass rates, though the 15-cm dosimeter is nearly 90%.  
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Table 11: Gamma pass rates for the various dose tolerance and distance to 
agreement (DTA) values for the stacking pyramid deliveries on the 10-and 15-cm 

dosimeters. 

  

 

 

Table 12: Percent difference of gamma pass rates between the 15-and 10-cm 
dosimeters for the stacking pyramid deliveries. 
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Figure 29: Gamma analysis on stacking delivery for 15 cm (top row) and 10 cm 
(bottom row) dosimeters, at 3%3mm and 3%2mm. Inserts detail 3D Slicer gamma 
data. Color scale is from 0.5 (green) - 1.5 (red), with yellow indicating ≥ 1. 

3.3.7 Gamma Error Investigation  

The final gamma results are the product of cropping the volume to appropriate 

regions and including a background correction for the fluid changing between scan 

times. Before these corrections were made, the 15-cm stacking delivery had very low 

pass rates (e.g., 47% at 3%3mm), which was far different than the bulk of the work 
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tested. Initial investigations into the low pass rate included changing the location of the 

linear calibration and/or the rotation of the dosimeter, as the cylindrical nature provided 

difficult in the stacking plan, especially. To test these potential causes, a new linear fit 

was derived from the ~middle of the jar (on the plane of the fiducials), rather than near 

the site of incident radiation, to include more potential scatter in the calibration, as the 

failing regions were heavily weighted towards the low dose regions (Fig. 30). When the 

gamma analysis was performed with the new linear fit and then compared with the 

initial calibration, there was no change in the pass rate. To test if the rotation was the 

cause, the dosimeter was analyzed in the standard method, and then again when the 

reconstruction was rotated 180 degrees. Due to limitations in 3D Slicer, the standard 

rotation and the 180-rotation had to be performed in two separate instances of 3D Slicer, 

which is not ideal. These tests were performed at 3%3mm, the results (Table 13) of which 

were 43.03% and 41.52%, for the two separate instances of the 3D Slicer application. This 

is a difference between the standard rotation and the 180-degree rotation of 1.51%, 

between the two applications. This small error is likely due to image registration process 

in 3DSlicer, primarily with human error in the manual alignment, and should be noted. 

However, while not the cause of the large discrepancy, it does seem to indicate the 

linearity is maintained throughout the jar regardless of location, and that the 

distribution is truly symmetric. 
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Table 13: Rotation and linear fit results on the stacking MV delivery. 

 

Eventually, the source of the low pass rates was discovered to be a combination 

of secondary background correction for the 15-cm dosimeter, as well as removing an 

artifact laden region. A background value was taken near the end of the radiation path 

and added throughout the dosimeter volume, following the method described 

previously. This correction coupled with the increased cropping of the volume away 

from the neck artifact increased the gamma pass rates from 47% to 97%, as seen in figure 

30. This secondary correction may have been required due to the extreme scattering 

conditions seen on the jar wall (Fig. 12) due to the cleaning of the jar itself, as mentioned 

prior. 

3 3 2897.97x + 5E-10 43.03
3 3 3129.04x - 8.46E-04 43.03
3 3 2897.97x + 5E-10 41.52
3 3 3129.04x - 8.46E-04 41.52

 pass rate 
(Stacking MV, %)

Linear FitDTA (mm)

0

180

Rotation
Dose 

tolerance (%)
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Figure 30: The 15-cm stacking irradiation before corrections (left) and post 
corrections (right). The pass rate at 3%3mm increased from 47.41% to 97.44% when 

accounting for background and further removal of artifact region from the neck. 

4. Conclusion 
This work presents the first use of a telecentric optical-CT scanner with the 

ClearView 3D dosimeter. The primary goal of this thesis was to investigate the 

capability of the DLOS used with ClearView as a potential QA system, and develop a 

standardized operating procedure for future work. The system shows substantive 

promise for a new comprehensive 3D dosimetry system, and this thesis lays the 

groundwork for further, more specialized applications. The goal was met with great 

success. 

A condensed overview of the tightest criteria passing with at least 90% pass rates 

is shown for all deliveries in Table 14. The benchmark irradiations performed very well 

in the various gamma analyses and investigation of the profiles, even in the presence of 
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artifacts that were not completely accounted for in the data analysis. All the benchmark 

irradiations passed with ≥ 90% at 3%3mm, a common clinical IMRT 2D gamma pass 

rate, and the stacking irradiation delivery passed with 94% at 3%2mm and 96% at 

2%2mm for the 15-and 10-cm dosimeters, respectively.  

The CAX photon deliveries had a pass rate of > 92% at 3%2mm for both sized 

dosimeters, and increasingly high pass rates as the criteria loosened. The LLAT photon 

deliveries suffered from the cupping artifacts (among others) but still managed a 90% 

pass rate at 3%3mm for the 15-cm dosimeter, and 91% for 3%3mm for the 10-cm 

dosimeter. The LLAT electron delivery in the 15-cm dosimeter passed with 90% in 

2%2mm, while the 10-cm dosimeter (irradiated axially) passed with 90% at 3%2mm.  

The high pass rates in the presence of un-corrected artifacts implies 3%3mm at 

least is a viable gamma criterion for this 3D data, with 3%2mm and beyond ostensibly 

very promising. The initial reference point of 7%4mm was passed across the board with 

99-100% pass rates.  
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Table 14: Total gamma results (rounded to nearest percent) for all irradiations 
showing the tightest criteria passing with at least 90%, with “+” indicating higher pass 

rates as criteria is loosened. 

 

 

General differences between the 15-cm and 10-cm dosimeters are not made 

abundantly clear with the small sample size of this work, but both seem to be viable, 

with the 10-cm perhaps performing better with lateral irradiation. Additionally, there 

seems to be no difference or preference between photon and electron deliveries when 

scanned with the DLOS, and both are viable with the system given the experiment 

performed. 

Future work with the system can focus on categorizing the artifacts experienced 

and developing corrections, whether mechanical or non-mechanical in nature. The 

reconstruction GUI features a point spread function and dynamic range adjustments 

that were not explored in this work and could be used in the future. As the flood fields 

are added to every image, it is likely that the ringing artifacts present in the 
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reconstructions are due to imperfections present in the flood fields between pre-and 

post-scans (e.g., a bubble on the surface of the dosimeter in one scan, impurities in the RI 

fluid, aquarium wall, lens, etc.). The DLOS is very sensitive to any imperfections in the 

jars themselves, such as the seam lines of the jars. In this work the seam lines were used 

as initial fiducial guide marks and the lateral irradiations were delivered through them. 

In future work this should be avoided, and greater care should be taken in denoting the 

orientation of the jars. As the jar is nominally symmetric, the orientation was sometimes 

difficult to match in the planning CT, as the jars were reconstructed in the DLOS starting 

at a ~13° difference, which necessitated rotation and interpolation in 3D Slicer to match. 

Care should be taken in the future to have the same alignment present in the planning 

CT and the starting rotation of the DLOS stage, which should ease the data analysis 

workflow and provide better data. Additionally, the use of the 520 nm LED could be 

explored more in depth with different bandwidth filters, or diffusion, to potentially 

increase the sensitivity of the scans. 

The investigation of small fields used in this work was limited in scope but did 

result in important information regarding multiple fields and how they additively 

compare. It is not clear from the two experiments performed if waiting for a signal to 

develop plays a role in the stacking of the fields. Waiting for the signal to fully develop 

between irradiations (> 20 minutes) and repeated on both the 15-cm and 10-cm 

dosimeter would provide a better understanding if this was a factor.  
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Due to the limited scope available in this work, the only comparison was the 

commissioned Eclipse TPS. Future work could deliver the same plan(s) to the ClearView 

as well as portal dosimetry, or typical IMRT devices in use, such as the Delta4 

(ScaniDos). This would provide a good clinical reference point for the system to 

compare against, and test the strengths and weaknesses as compared to the current 

clinical climate. 

This work provides an excellent foundation for further, more rigorous study. The 

DLOS and ClearView 3D dosimetry system shows significant potential for 

comprehensive 3D dosimetry. 
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Appendix A 

The workflow described below follows the simple diagram (Fig. 6) seen earlier in 

the document, but with more detail. The steps described generally follow the guidelines 

in the user’s guide [13] (e.g., keeping the dosimeters refrigerated, letting equilibrate 

before scans, etc.). Acquiring a planning CT of the dosimeter is the first step and an 

example can be seen in figure 31. The dosimeters were placed on their lids to provide a 

flat surface and aligned to the CT room lasers with the seams of the jar and the 3D 

printed base acting as guides. The lasers were centered over the central docking 

protrusion. Light marks were scratched into the surface of the jar where the lasers 

overlapped to serve as permanent marks for fiducial application, as any pen or Sharpie 

marks could leech off into the RI fluid.  

 

Figure 31: The planning CT set-up. 

Next, the desired treatment plan is created in Eclipse with the planning CT. 

When the irradiation is ready to be performed, the pre-scan is taken with the DLOS. 
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Ideally this is done within 24 hours of the irradiation and post-scan to account for any 

changes the dosimeter or system may face if left for an extended period before 

irradiating and scanning. Next the dosimeter is set-up in the treatment room, following 

the set-up performed in the CT acquisition. For the dosimeters that were placed on the 

lid, water was carefully poured around the “base” (Fig. 32) to provide a more 

homogenous entrance and transition for the radiation (opposed to the plastic and air). 

Fiducial markers are then placed onto the marks made in the CT acquisition stage. Once 

the set-up is achieved, an on board CBCT is taken, and the treatment delivered.  

 

Figure 32: Water added to the “base” of the dosimeter. 

The post-scan is then performed 1-24 hours post irradiation with the DLOS. The 

pre-and-post scans are then imported into the recon GUI, investigated for correctness, 

and reconstructed into the Δ𝜇𝜇 volume. The reconstruction is exported as a .mat cube and 

imported to MATLAB. Due to the cube reconstruction differing in direction from the 

planning CT, permutes and flips may be required to match the orientation. Additionally, 

if necessary, the average background value found during the dose calibration step can 
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be added here across the data set to bring the background into better agreement. The 

.mat is then exported from MATLAB as a .nrrd file.   

The data is then imported, along with the relevant DICOM data needed for the 

Gel Dosimetry Slicelet (Planning CT, RT Dose, CT Struct, and OBI CT) to 3D Slicer. The 

Gel Dosimetry Slicelet is used to automatically register everything (sans reconstruction) 

to the OBI space. The reconstruction can then follow the Gel Dosimetry Slicelet tutorial 

[16] and manually place fiducial markers between the planning CT, OBI CT, and 

reconstruction and attempt a registration this way. Alternatively, the volumes can be 

manually matched with the Transform tool. If used with the Transform tool, care must 

be taken to “Harden” the aligned volumes. 

Once the volumes are overlaid and registered, a line profile can be drawn with 

the Line Profile tool, which is used to create a profile of the RT Dose. The Segment 

Editor is then used with the Draw Tube function to generate a cylinder of desired 

diameter about the line profile on the reconstruction volume. Once the segment is 

created, the Mask Volume function is used to create a new volume where only the 

segment exists. The masked volume is then cropped and interpolated with nearest 

neighbor function using the Crop Volume tool to align the axes appropriately. If this is 

not performed the volume extracted may not represent a truly rotated volume and the 

data will not be usable. The new cylindrical volume is then exported as .nrrd.  
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The volume is imported to MATLAB and a simple for loop iterates through 

every slice of the cylinder, finds the median value at each slice, and saves it to an array. 

This creates the cylindrical profile to be used when comparing against the dose line 

profile. The median cylinder profile data is then plotted and viewed. If appropriate, the 

dose is normalized as a PDD, and the same is done for the cylinder profile, either at the 

maximum value present in the array or a representative point (i.e., not normalized to an 

obvious artifact region such as in the lateral irradiations entrance spike). The data can 

then be smoothed using the smooth function. A region of good agreement can then be 

selected, plotted against each other, and the linear fit for the profile determined.   

Back in 3D Slicer, with the aligned and registered volumes, the Crop Volume tool 

is used to crop the RT Dose and reconstructed image to include only relevant areas for 

gamma analysis (i.e., the jar necked is cropped out, the base of the jar, areas where 

known failure exist to missing data or extreme artifact regions). The newly cropped 

volumes are then selected in the Gel Dosimetry Slicelet. The calibration values are then 

entered for the dosimeter in the Dose calibration section of the slicelet. The now cropped 

and calibrated reconstruction is used for gamma analysis. 
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Figure 33: The material built up on a 10-cm dosimeter which was cleaned prior 
to scanning.  
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