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Abstract  
 

This work outlines the development of a novel, imaging-based, method for 

conducting radiotherapy dose verification and quality assurance (QA) testing of therapeutic 

radiation apparatus. In an effort to reduce human error and optimize workflow, light 

emission from plastic discs and rods was used to track surface dose of patients undergoing 

Total Skin Electron Therapy (TSET) and conduct QA testing of linear accelerators (linacs) 

/ irradiators, respectively.  

TSET is a standard technique for treating skin lymphoma, however, the efficacy of 

this treatment is highly dependent on administration of uniform dose over the entire body. 

Thus, verifying dose homogeneity is important to ensuring therapeutic effectiveness. 

Conducting surface dose measurements during TSET is, unfortunately, a resource-

intensive task that requires careful handling and tracking of dosimeters. The imaging 

system described in this work – light emitted from plastic discs attached to the skin surface 

is captured and converted to dose – can produce results remotely, without post-exposure 

processing, and in near real-time. In turn, the workflow for TSET-associated surface 

dosimetry is substantially streamlined when using scintillator dosimeters compared to 

current technologies (Optically Stimulated Luminescence Detectors, OSLD). Additionally, 

scintillator imaging enables an automatic method for storing dosimetric and positional 

treatment information without any additional operator input. These improvements were 

made without sacrificing measurement accuracy.  

In the case of QA testing of linacs or irradiators, point-measurements can often be 

time consuming. By imaging scintillator rods during TBI QA testing, the amount of time 

required to achieve results was minimized since 2D images containing dose distribution 
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information were produced using single irradiations. This was accomplished at equivalent 

accuracy levels compared to OSLDs; additional comparison testing with ionization 

chambers was used to further verify accuracy of scintillator measurements. QA testing of 

MRI-linacs is all the more complicated since use of standard motorized devices in the 

presence of a strong magnetic field is not possible. Thus, scintillating rods were adapted 

for use in daily QA testing of an MRI-linac; this technology was able to complete AAPM 

TG-142 tests accurately and with sufficient sensitivity. 
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Chapter 1: Introduction 
 
The following section was largely references the following work:  

Tendler I.*, Hachadorian R.*, Pogue B. “Chapter 31: Cherenkov and Scintillation 
Imaging Dosimetry”. Radiation Therapy Dosimetry. CRC Press. Book Chapter accepted 
(2019). 

* Authors contributed equally 

1.1      Overview of Scintillation Imaging  

Scintillation is a luminescence process -- molecular excitation caused by absorption 

of ionizing radiation results in emission of light during material electronic relaxation. 

Numerous studies have shown that under appropriate conditions, scintillation signal can be 

directly proportional to dose.1 Plastic scintillators used for dosimetry purposes are often 

composed of a bulk medium and organic fluorophores, where light production is enabled 

through fluorescence resonance energy transfer between these two components, with the 

medium being the conduit for radiation interaction and electron liberation, and the 

fluorophore being the electron/energy acceptor. A secondary fluorophore (a material that 

will absorb light at the lower end of the visible light spectrum)  is sometimes added to shift 

the emission spectra to higher wavelengths.2 Specifically, scintillators emit light when the 

excited organic fluorophore de-excites via a fluorescence, phosphorescence, or some 

alternate delayed fluorescence pathway.3  

There exist two main categories of materials used for scintillation dosimetry: 

organic and inorganic. Popular plastics (organic, usually near water-equivalent) used as 

base, bulk solvent, materials include polyvinyl toluene (PVT) and polystyrene (PS), these 

materials are shaped into volumes and fibers. A commercial example of a PVT-based 

scintillator is Saint Gobain BC-400, while Saint Gobain BCF-12 is PS-based. These 
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scintillators are doped with proprietary organic luminescent agents termed fluors.  Some 

examples of organic fluors used in plastic scintillator dosimeters include anthracene and 3-

hydrofluoride. Additionally, certain scintillating materials can be dissolved in solution, 

thus creating a liquid volume which scintillates. The optical detection of scintillation signal 

is enabled by the large photon output yield associated with these materials. In the case of 

liquid scintillators, p-therphenyl and 2,5-diphenyloxazole (PPO) are common organic 

fluors which can be incorporated into solution. Other dosimetry systems, such as the Saint 

Gobain PreLude 420 (cerium-doped lutetium) and Polysin NaI(TI) (sodium iodide-doped 

thallium), utilize inorganic scintillating crystals. 

 
Figure 1: Emission spectra of various scintillators and organic fluors: plastic (dark and 
light blue) and crystal (dark and light green) scintillators; solid (gray and black) and liquid 
(orange and red) organic fluors. 
 

As part of developing an imaging-based scintillator dosimeter, selecting an 

appropriate scintillating material is highly dependent on the target application. 

Considering the wavelength of maximum emission is important to ensure high detection 
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efficiency, and here Figure 1 shows the range of emission spectra, for example 

scintillators listed above.  

Furthermore, criteria such as scintillator response time (temporal rise and decay of 

signal), geometry (dimensions and shape) are other examples of characteristics one would 

consider when designing a scintillator dosimeter. Examples of scintillator imaging 

dosimetry systems (1D, 2D, and 3D) are listed below: 

1.1.1     1D – Point Measurement 

Scintillators have long been used for point-dosimetry, many of these scintillators 

follow a design first suggested by Beddar in 1992: a small (1mm x 1 mm x 1 mm) sized 

scintillator is coupled to a fiber optic cable. Upon excitation, scintillator light emission is 

directed into the cable and travels to a receiver, see Figure 2A. This signal is converted 

from analog to digital and undergoes amplification, filtering, and other processes.4,5 

Modernized versions of this technology (incorporating better Cherenkov elimination 

techniques and a more robust design compared to earlier versions)  have been evaluated 

for use in proton, photon, and electron dosimetry (both QA and in vivo).6,7 Optical imaging 

of scintillator emission for point dose measurements has also recently been utilized within 

the context of total skin electron therapy (TSET). Thin scintillator discs attached to the skin 

surface of patients undergoing TSET; by time-gating an iCCD camera to linac pulses, light 

output from these plastic discs was captured and related to surface dose remotely and in a 

rapid manner.8   

1.1.2     2D – Surface and Planar Measurements 

Optical imaging of scintillators has been used to conduct two-dimensional 

dosimetry in a variety of different treatment regimes. For example, it has been shown that 
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2D visualization of a proton beam is possible using only a commercial digital camera and 

solid plastic scintillator – this can be useful for computing quenching correction factors 

and conducting quality assurance beam testing, see Figure 2B.9 Detection of scintillator 

emission has also been applied to the task of measuring surface dose during EBRT. For 

example, Jenkins created a flexible, thin, scintillating film using silicone and Gd2O2S:Tb 

(GOS); the sheet was designed to be placed over a patient’s skin surface during radiation 

therapy to track beam movement in real-time.10 Imaging of liquid scintillators has also been 

used for the purposes of 2D dosimetry. Optical imaging of a light-shielded acrylic tank 

filled liquid scintillator via electron multiplying charge coupled device has been proven to 

accurately (compared to treatment plans) measure depth dose lateral profiles and 2D dose 

distribution for therapeutic photon beams.11 

1.1.3     3D – Volumetric Measurements 

Researchers have taken advantage of scintillator volumes for visualizing dose 

deposition in three-dimensions. In the world of proton beam dosimetry, recent innovations 

have been made to enable to the construction of a real-time 3D system capable of tracking 

dynamic spot beam delivery and potentially useful for future 3D dose map reconstruction. 

It should also be noted that this system is capable of high precision measurements in the 

low dose detection regime.12  To visualize real-time dose deposition in 3D, researchers 

imaged a volume of scintillator material placed within the beam path. Utilizing a plenoptic 

camera, linac portal imaging device, and tomographic image reconstruction algorithms, a 

full, live, 3D reconstruction of dose distribution was achieved.13  More recently, a plastic 

scintillator array (with elements extending in 3D) was imaged using a shielded CMOS 

camera, where light was directed into the camera body using a periscopic mirror and was 
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presented for use in real-time commissioning and verification of dynamic radiotherapy 

treatments, see Figure 2C.14 Each of these methods is a research study, and it is not obvious 

which methodology would gain long range adoption, but each has its strengths and 

weaknesses depending a lot on the application need. 

 
Figure 2: Examples of 1D4,5, 2D9, and 3D14 setups used for optical imaging of scintillators.  
The 1D geometry is for point sampling as used for point dosimetry by Beddar and 
colleagues11,12.  Planar measurements, B, have been used to profile proton beams for 
maximum peak depth range analysis by Almurayshid et al16.  Finally, 3D imaging can be 
used with either rotational or angular resolved imaging of the camera, combined with 
algorithms for tomographic recovery, as shown by a number of groups in very different 
geometries19-21.    
 
1.1.4     Strengths & Weaknesses of Scintillation Imaging  

Strengths 

Mature technology of scintillators: The field of scintillator measurement have been 

advanced now with scintillators that have physical properties that match goal of conducting 

quantitative optical dosimetry. Due to the fact that large classes of scintillators have been 

developed as ‘water equivalent’ and can be produced in small in sizes, they can be designed 

to minimally disturb the applied radiation field. Furthermore, the dose rate independency 

and linear response to dose for most useful scintillators has been optimized over the years 

for potential dosimeter use. Within the scope of imaging-based dosimetry systems, the high 
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photon yield  provided by scintillator emission,  matches the concept of remote dosimetry 

with good signal-to-noise ratio for camera based detection.15  

Stability of signal & linearity with dose: Multiple publications have shown that water-

equivalent scintillators are capable of accurately measuring dose in a small-field  

radiotherapy setting.16,17 The ability to prevent field perturbation, as well as avoiding 

volume averaging effects in converting signal to dose, are just a few of the criteria which 

make optical detection of scintillation effective for small-field dosimetry.18 These 

characteristics have also enabled the optical imaging of scintillator emission to be used for 

dosimetry in brachytherapy treatments.19,20 Plastic scintillators have been shown to have 

strong resistance to radiation damage and, in certain cases, can effectively function 

independent of temperature after application of a linear correction factor.6,21–23  

Insensitivity to optical properties: As compared to Cherenkov imaging, scintillation 

dosimetry is independent of tissue optical properties; converting light signal to dose is 

significantly more straightforward when tissue scattering and absorption interactions do 

not need to be accounted for.  As such, direct imaging of scintillators instead of Cherenkov 

emission has some significant value. Table 1 presents a summary of the strengths and 

weaknesses of scintillation imaging.  

Impact of Environmental Conditions on Scintillator Light Output: The impacts of 

temperature on scintillator light output can vary depending on the particular material in 

question. For certain scintillators, such as the BCF-12 (polystyrene core with Polymethyl 

methacrylate, PMMA, cladding) scintillating fiber (Saint-Gobain, Courbevoie, France), 

light output has been shown to decrease 0.13% / oC.22 Thus, for high accuracy patient 

dosimetry use cases, it is recommended that this dosimeter is calibrated at 37 oC. Other 
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dosimeters, like the BC-404 polyvinyl toluene scintillating fiber (Saint-Gobain, 

Courbevoie, France), showed a temperature dependence in light output of 0.08 ± 1.3 x 10-

3 linear temperature coefficient (approximately 2% decrease from 0o – 40o C and < 0.8% 

decrease from 10o – 40o C).24 Thus, dependent on the desired application, one can select 

materials that will not require temperature correction factors. In the case that temperature 

corrections are required, methodology for obtaining and implementing them is well 

described.25 To note, however, that repeated exposure to large changes in temperature (± 

40o C) at 100% humidity can induce surface and volume defects in plastic scintillators. 

This issue can be minimized by the addition of crosslinkers (e.g. divinylbenzene) to the 

plastic scintillator bulk matrix.26   

Weaknesses  

Complications of mixing Cherenkov emission & scintillation: Single channel detection for 

achieving high SNR has been achieved with PIN photodiodes for fast performance at 

modest cost, while photomultiplier tubes are the optimal choice for high-gradient 

radiotherapy due to their superior signal sensitivity and larger area.27  Multiple systems 

incorporating a small scintillator tip attached to a fiber optic cable for signal transport have 

been described in the literature. The greatest issue these types of dosimetry systems face is 

generation of Cherenkov emission within the body of the fiber optic cable; in this case, 

Cherenkov emission is a low-level contamination of the scintillator output. Numerous 

solutions have been created to combat this issue, these include, but are not limited to: basic 

optical filtering, two-fiber subtraction, chromatic removal, and multi-spectral removal.3  

Some groups have attempted to solve the problem of Cherenkov contamination in systems 

which use fibers in pulsed radiation environments using removal via temporal filtering; 
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others have focused on removing Cherenkov signal generated in liquid scintillators.28,29 

While this is a slight weakness, the methods to separate Cherenkov emission and 

scintillation have been well developed.  

Direct View Limitations: In the case of in vivo dosimetry, one of the greatest advantages 

of imaging scintillator dosimeters lies in the fact that no wires or signal transduction cables 

are necessary – scintillator output is detected remotely via camera. This fundamental 

method of signal detection lends itself well to streamlining and automating dosimetry 

efforts. However, one of greatest drawbacks is that the dosimeter must be in direct view of 

the camera. As mentioned previously, many methods avoid this issue by using a fiber optic, 

however, this eliminates the possibility of wireless signal detection and results in 

Cherenkov generation within the body of the fiber. Solutions employing the use of multiple 

cameras, mirrors, or unique image reconstruction techniques, and other technical methods 

have been described in the literature.30,31 It should also be noted that potential angular and 

distance dependencies must be accounted for when dealing with wireless camera-based 

imaging of scintillator emission. 

Table 1: Comparison of the strengths and weaknesses of scintillator imaging.  
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1.2      Application of Scintillation Imaging to Total Skin Electron Therapy (TSET)  
 
1.2.1     TSET 
 

Total skin electron therapy (TSET) is an effective technique for treating skin 

lymphoma. This treatment modality has shown positive results in both a palliative setting 

and in  long term control of early stage disease.32–35 Efficacy of TSET is highly dependent 

on delivery of a uniform radiation field across the skin surface.36 As such, full-body 

dosimetry is commonly conducted throughout the course of TSET to verify patient dose 

distributions. Since many patients treated with TSET often present with disease across the 

entire body, consistently and efficiently conducting surface dosimetry is crucial to the 

successful administration of TSET.37,38 Currently, there are numerous methods of carrying 

out surface dosimetry for patients undergoing TSET; these techniques, however, have 

substantial drawbacks in terms of functionality and usability. These methods require 

substantial time and resources from the radiation oncology staff, which drives up treatment 

cost and serves as a deterrent to conducting full-body dosimetry. This causes some clinics 

to deny service to this patient group, leading to them getting treatment at major academic 

medical centers.   

1.2.2     Existing Surface Dosimetry Devices  

Live-Readout Dosimeters 

In order to provide live-readout, this category of dosimeters features attachment of 

an active element tip (connected to a wire) to the skin surface. Thus, signal produced by 

the active element is carried via wires to a receiver for further amplification and analysis. 

Considering that a given dosimeter can only provide local dose information, numerous 

detectors are necessary to obtain multiple dose measurements across the body. Thus, in 
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practice, clinicians will place numerous dosimeters across the body surface; in the context 

of existing live-readout dosimetry technology, this leads to difficulties in dealing with 

numerous wires. Furthermore, keeping track of wires and ensuring they are attached to the 

correct input channels of the receiver is entirely reliant on the clinical user – this creates 

numerous opportunities for human error. Dose measurements must also be recorded and 

attached to the patient care record. Examples of live-readout dosimeters include diodes and 

metal-oxide semiconductor field-effect transistors (MOSFET).39 Plastic scintillator fiber 

dosimeters (used for 1D dose measurements) have been previously described in detail, 

section 1.1.1. The active element (scintillator) is coupled to a fiber which is connected to a 

receiver for data processing. As with diode and MOSFET dosimeters, these detectors 

cannot be used in a wireless fashion.  

MOSFET dosimeters (1 mm2 silicon chip) have a small (0.2 x0.2 mm) active 

volume making them useful for applications of small-field dosimetry (TN502RD MOSFET 

Dose Verification System, Best Medical, Canada). Furthermore, independence in 

dosimeter response to dose rate and beam energy, combined with a linear dose response, 

make MOSFETs a useful candidate dosimeter for in vivo surface dosimetry studies.17 The 

downsides to utilizing MOSFET dosimeters, however, lies in their dependence on the 

incident angle of irradiation (±2%), and maximum lifetime radiation exposure limit.40 

Thus, the cumulative exposure of a MOSFET dosimeter must be tracked as usage past 100 

Gy irradiation produces dosimetrically inaccurate measurements due to radiation 

damage.41 Some studies even report maximum accumulated lifetime exposure limits of 50 

Gy.42 Within the context of TSET, this limitation is less-so applicable because the total 

administered dose over the course of treatment is typically < 10Gy. For cases in which 
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exposure limits are at risk of being exceeded, a new, patient-specific, set of MOSFET 

dosimeters can be used. Despite this, the small profile of these dosimeters makes them 

useful for obtaining surface dose measurements in areas such as the nose, ear, and other 

hard-to-reach surfaces. 

Diode dosimeters, similar to MOSFETs, have a small active element which 

transmits data along a cable to a receiver located away from radiation field. The total 

uncertainty budget for diodes, however, is considered to be lower (2% vs. 2.9%) than 

MOSFETs. Previous reports have shown that diodes must be calibrated for dose rate, 

sensitivity to accumulated dose, and temperature dependence; thus, continual QA is 

required to ensure accurate dosimetric measurements.43 Modern examples of diode 

dosimeters, such as the Exradin D1H, have an effective measurement depth of 0.8 mm, 

temperature dependence of < 0.4% / oC, sensitivity decrease of < 1% / kGy, have a dose 

response that is > 99.9% linear, and a field size dependency that is < 3%. These dosimeters 

can be tilted at an angle of 20o – generating a < 0.5% angular dependency.44  

Wireless (Remote) Dosimeters  

These types of dosimeters function via the following general procedure, the 

detector is first exposed to radiation followed by a post-exposure processing step. Analine 

and thermoluminescent dosimeters (TLDs) and can used to evaluate skin surface dose 

during TSET. TL and analine dosimeters require time-intensive post-exposure 

annealing.45,46 Furthermore, the small physical size of TLDs makes practical usage 

cumbersome. Optically Stimulated Luminesce Detectors (OSLDs) do not required 

annealing, however, their use still necessitates the allocation of resources to post-exposure 

readout (mechanism utilizes a high intensity  – the OSLD reader must undergo daily QA 



12 
 

and each OSLD must be processed one at a time.47 Thus, despite the fact that dosimeters 

in this category can wirelessly collect data, they require post-exposure processing, must be 

individually read out, and cannot provide real-time dosimetry.  

Similar in workflow to OSLDs, however, different in its underlying mechanism of 

action, alanine dosimeters have been shown to be effective tools for measuring surface 

dose.48 Unlike OSLDs which require readout using a high intensity light source, alanine 

dosimeters use EPR spectroscopy to extract dose values. Even though these dosimeters are 

accurate within 1%, their dose dependent behavior necessitates careful calibration. Alanine 

dosimeters are dose rate independent, accurate from 200 cGy – 10 kGy, and just as OSLDs, 

are tracked using attached barcodes.49 Alanine dosimeters can be uniquely used in various 

form factors such as pellets or films, yet care must always be taken in record keeping as 

dosimeters are nearly impossible to tell apart, aside from a lengthy barcode number.50  

Gafchromic EBT film can be also be used for wirelessly measuring surface dose. 

Films are placed directly in the path of the beam; post-exposure, a flatbed scanner is then 

used to readout the film – pixel values are converted to dose using an externally derived 

calibration curve. Usually, film does not linearly respond to dose, a sensitometric curve 

must be derived for each batch of film. Furthermore, sensitivity (and uncertainty) of the 

scanner must also be accounted for to ensure higher accuracy results.51 The orientation of 

the film must also be carefully monitored as scanning is directionally sensitive; both 

calibration and real data sets must be placed in the scanner following an identical 

orientation.52 Despite the numerous steps required to achieve results when using 

gafchromic EBT film, its high spatial resolution, ability to capture dose distributions in 2D, 
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low energy dependence, and near-tissue equivalence still makes it an attractive option for 

certain dosimetry scenarios.    

Gel dosimeters are composed of radiation-sensitive materials that polymerize upon 

interacting with ionizing radiation. The 3D dose distribution measurements captured by 

these dosimeters are readout using MRI, CT, or ultrasound.53–56 Gel dosimeters have the 

ability to accurately measure dose along steep gradients, unlike ion chambers – this can be 

especially useful for techniques such as IMRT. Most applications for gel dosimeters are 

based on obtaining 3D profiles during QA, research regarding the application of gels 

(specifically, cryogels) for superficial / skin surface dose measurements is currently under 

development. Early versions of this technology, however, require correction factors for 

angular dependency and corrections for mapping of 2D measured profiles onto the original 

3D body surface.57 

1.3     Application of Scintillation Imaging to Quality Assurance in Radiotherapy 

Linac and Co-60 irradiators must be independently commissioned and undergo 

regular QA testing in order to ensure that radiotherapy treatment plans can be executed 

accurately and precisely. The steps involved in testing these machines are extensive and 

require substantial time commitment. For example, in measuring symmetry and flatness 

for a large field, such as the one generated in a dedicated 60Co irradiator, a qualified medical 

physicist (QMP) must make numerous point measurements. These can be quite time 

intensive as the QMP must re-enter the treatment vault and reposition the dosimeter for 

each measurement (diode). 

The many tests required to accurately commission and maintain a linac are outlined 

in the AAPM Task-Group (TG) Report #142: Quality Assurance of Medical 
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Accelerators.58 These tests are categorized by recommended frequency of execution – 

daily, monthly, and annual – and test type: dosimetry, mechanical, safety, respiratory 

gating, imaging, dynamic/universal/virtual wedges, and multileaf collimation. Of these QA 

tests, many can be accomplished by optical imaging methods. For example, “star-shot” 

tests (procedure for determining linac isocenter) and field size confirmation can be 

completed by irradiating and imaging light emission from a sheet of Acrylonitrile 

Butadiene Styrene (ABS) plastic; normally, these QA tests would be accomplished using 

GaF film and the linac light field.59 

In the case of special procedures, such as total body irradiation, there exists a set of 

quality assurance tests for commissioning and maintenance of equipment for safe and 

effective TBI treatment. AAPM TG #17: The Physical Aspects of Total and Half Body 

Photon Irradiation, outlines the requirements for field symmetry, homogeneity, and dose 

rate.60 Despite, the large SSD utilized in TBI, and the somewhat unorthodox patient setups, 

optical imaging of scintillators can also be used to streamline QA for machines such as the 

GammaBeam 500 60Co irradiator– a machine dedicated for total body irradiation (TBI).61 

In recent times, combined Magnetic Resonance Imaging (MRI)-linacs have become 

available on the commercial market. Machines such as the ViewRay MRIdian and the 

Elekta Unity are enabling a reduction in irradiation of healthy tissue by allowing the 

visualization of internal organs in real-time during radiotherapy.62 However, in terms of 

commissioning and QA testing of MRI-linacs, standard equipment like scanning ionization 

chamber water tanks cannot be used due to the presence of a strong magnetic field and its 

incompatibility with conventional motors and electronic control systems. Thus, there exists 

the possibility for optical imaging techniques of scintillators to be used to improve 
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commissioning and QA workflows. Previous work has shown that imaging the electron 

return effect, percent depth-dose (PDD), and cross-beam-profiles (CBP) is feasible using 

optical imaging of light emission from either solid (acrylic) or liquid (quinine-sulfate doped 

water) form factors.63,64 The work presented in this study aims to develop a means to 

rapidly and accurately conduct daily TG-142 tests for an MRI-linac using optical imaging 

of light emission from custom-developed scintillating rods.  

1.4     Studying Biological Phenomenon in Radiotherapy Using Quantitative Imaging 

The underlying cause of patient-perceived phosphenes in patients undergoing 

radiotherapy has long been debated in the literature. Numerous reports  have theorized on 

the origins of this phenomenon and multiple theories currently exist.65–69 Beyond models 

and case reports outlining patient experiences, there does not exist any quantitative 

evidence of this phenomenon (let alone images or measurements of the light flashes 

happening in real time). Thus, by utilizing our experience in quantitative imaging of 

patients undergoing radiotherapy, we were able to capture, first-time images of light 

emission coming out of the eye of a patient undergoing radiotherapy to the brain. 

Furthermore, by using imaging techniques outlined in Chapters 4, 5, 9 and 10, this light 

emission was quantitatively analyzed and shown to resemble Cherenkov light generation.  

1.5     Project Rationale 

This work focuses on applications of an optical-based imaging system with custom 

scintillating targets to improve workflow in the radiotherapy clinic for two main 

applications: 1) surface dose verification in total skin electron therapy 2) quality assurance 

testing of an MR-linear accelerator (linac) and a Cobalt-60 (Co-60) irradiator. Each system 
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is based on using real time optical imaging techniques to relate scintillation and Cherenkov 

light emissions from plastic samples to deposited radiation dose. 

Verifying surface dose during treatment delivery in the radiotherapy clinic is often 

challenging. Current methods for conducting surface dosimetry require substantial time 

and resources from the radiation oncology staff, which drives up treatment cost and serves 

as a deterrent to conducting full-body dosimetry. However, even though these treatments 

are palliative, there is a need for verified homogeneous dose coverage. For example, the 

overall impact of Total Skin Electron Therapy (TSET), an established method for treatment 

of skin lymphoma, on positive patient prognosis is heavily dependent on application of a 

uniform ( ± 10%) radiation field to the skin surface.70 However, due to inherent distribution 

properties of the administered radiation field, full-body dosimetry is required to ensure 

dose uniformity. In the case that surface dose is measured to be ununiform, shielding, 

spoilers and boost treatments can be used to increase/decrease dose in a targeted 

manner.36,71 In the case of overdosing due to dose inhomogeneity, the patient can 

experience erythema and edema.72 This work aims to develop a rapid and remote method 

– light output from plastic discs directly attached to the skin surface is related to dose – for 

streamlining surface dosimetry during TSET. 

Linac and Co-60 irradiators must be independently commissioned and undergo 

regular QA testing in order to ensure that radiotherapy treatment plans can be executed 

accurately and precisely. The steps involved in testing of these machines are extensive and 

require substantial time commitment. Furthermore, as mentioned above, in the case of 

combined Magnetic Resonance Imaging (MRI)-linacs, standard equipment cannot be 

utilized for commissioning and QA due to the presence of a strong magnetic field. This 
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work focuses on adapting the optical-based system mentioned above for use in improving 

MRI-linac, as well as Co-60 irradiator, QA workflow using custom-chosen scintillating 

materials. 

In addition, the quantitative imaging techniques that were utilized throughout the 

above-mentioned experiments and studies were utilized in an attempt to answer a long-

debated question in the scientific literature: what is the underlying cause of patient-

perceived phosphenes during radiotherapy? The unique technical capabilities of the Optics 

in Imaging laboratory were employed in an attempt to answer this question.  

1.6     Thesis Overview 

Chapter 2 documents the manuscript “Clinical Implementation of a Rapid Multisite 

Remote Surface Dosimetry Technique for TSET: Scintillator Target Imaging” by Tendler 

et al., which outlines the first human pilot study utilizing the generation of scintillator 

dosimeters. Highlights of this chapter include development of a new scintillator form factor 

and image processing workflow.  

Chapter 3 documents the manuscript “Characterization of a non-contact imaging 

scintillator-based dosimetry system for total skin electron therapy” by I. Tendler, et al., 

which describes various clinically relevant characteristics of the dosimeters presented in 

Chapter 3. The results for this chapter provide the standard metrics for evaluating usability 

of a scintillation dosimetry for clinical translation.   

Chapter 4 documents the manuscript “Improvements to an optical scintillator imaging-

based tissue dosimetry system” by I. Tendler, et al., which described improvements to the 

design of scintillator dosimeters described in Chapters 3 & 4. 
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Chapter 5 documents the manuscript “A Novel Dosimeter Improves Total Skin Electron 

Therapy Surface Dosimetry Workflow” by I. Tendler et al. which described the steps 

required to successfully measure surface dose during TSET using the updated scintillator 

imaging system. A thorough comparison is made to a current clinical standard method for 

recording surface dose (OSLD). 

Chapter 6 documents the manuscript “Technical Note: Quality Assurance and Relative 

Dosimetry Testing of a 60Co Total Body Irradiator Using Optical Imaging” by I. Tendler, 

et al., which described the design and testing of novel scintillator-based system for 

conducting QA on a dedicated 60Co total body irradiator. This methodology significantly 

improves workflow efficiency and reduces potential for human error in TBI QA.  

Chapter 7 describes the adaptation of scintillator rods presented in Chapter 7 for MRI-

linac daily QA testing. Types of QA tests and corresponding preliminary data are shown 

demonstrating the feasibility of this scintillator imaging technique.  

Chapter 8 presents a detailed comparison of the physical, chemical, and imaging 

performance of various scintillating materials and form factors. Side-by-side experimental 

tests provide the data necessary to help one make the determination as to which scintillator 

to choose depending on the task at hand.  

Chapter 9 documents the manuscript “Experimentally Observed Cherenkov Light 

Generation in the Eye During Radiation Therapy” by I. Tendler, et al., which provides 

evidence patient-perceived phosphenes seen during radiation treatment are caused by 

Cherenkov light generation in the eye.  

 



19 
 

Chapter 2: Clinical Implementation of a Rapid Multisite Remote Surface Dosimetry 
Technique for TSET: Scintillator Target Imaging  
 
2.1     Initial Attempt at Remote Scintillator Target Imaging for TSET 

In a preliminary attempt at using scintillators to remotely measure surface dose of 

patients undergoing TSET. Square shaped EJ-240 scintillators (Eljen Technologies, 

Sweetwater, TX), were cut to 2.5 × 2.5 cm2 and 5 × 5 cm2 and painted along the edge and 

back side with reflective EJ-510 paint (Eljen Technologies, Sweetwater, TX) – these 

production steps were completed in-house, Figure 3. At the time of experimentation, 

Dartmouth-Hitchcock Medical Center IRB approval for attachment of scintillators to the 

skin was still under review. Thus, since the front plane of a TSET patient aligns with the 

treatment stand, these plastic tiles were attached to the stand to obtain surrogate surface 

dose measurements – scintillators were wrapped in cellophane plastic and taped directly to 

the wooden stand. Additionally, TLDs were placed directly adjacent to these scintillators 

to provide a reference measurement.  

 
Figure 3: EJ-240 scintillator tiles used for surrogate surface dosimetry measurements. 
TLDs were placed adjacent to scintillator tiles for dosimetric reference Paint along the 
edges of the tiles chipped from wear and tear.  



20 
 

Extracting dose information from optical images relied on calculating radiant 

energy fluence, this can be measured directly by taking the average of pixels counts within 

an ROI encompassing the entire scintillator. This approach, however, can be somewhat 

difficult to execute due to physical constraints of imaging a small sized dosimeter i.e. 

insufficient image resolution of the camera system becomes the limiting factor in being 

able to accurately capture light output. Thus, an alternative method involving measurement  

of an ROI larger than the scintillator was utilized. By normalizing the summed values 

(temporally) to the projected scintillator area, and accounting for angular and distance 

corrections, absolute dose can be accurately extracted from optical images. Following 

background subtraction, images were summed temporally. The absolute dose 

measurements extracted from scintillator optical signal were within a sample standard 

deviation of 5%, comparable to the uncertainty expected for TLD/OSLDs.73 However, 

calculating the absolute doses based solely on the radiant energy fluence, without factoring 

correction factors, generated a sample standard deviation of 11%. 

The goals of this initial scintillator imaging study were focused on proving that 

plastic scintillator targets can be imaged remotely with the room lights on. This proof-of-

concept study aimed to demonstrate, for the first time, that small scintillators targets could 

be used to measure surface dose remotely in both phantoms and a clinical TSET setup. The 

surrogate measurements taken in this study (Bruza, 20188) laid the groundwork for the 

eventual translation to scintillator-based on-skin surface dosimetry methods.  
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2.1     Background and Goals – TSET Dosimetry Human Pilot Study 

Following initial testing and surrogate measurement of patient surface dose during 

TSET, scintillator design and image processing steps were improved to minimize angular 

and distance dependence. This study marked the transition from calculating scaled radiant 

energy fluence to using a 2D fitting algorithm to convert detected light output to dose. In 

addition, scintillator size and material were also changed to improve clinical usability 

(attachment to skin). Factors which drove decisions regarding scintillator design were 

maintaining skin build-up effect (increased dose deposition caused be addition of “bolus”) 

such that it was comparable to existing technologies. It was also important to consider that 

a sufficient scintillator volume was required to produce enough light such that it could be 

detected by the imaging system at the extended (4.5 m) camera-dosimeter distance.  

Following phantom experiments, a preliminary human pilot study was used to 

verify that scintillators can accurately and repeatably measure surface dose during TSET, 

compared to TL and OSL detectors. Dosimetry measurements were conducted at 

anatomical sites where surface dose is commonly tracked e.g. forearm, thigh, shin, etc. A 

total of three patients undergoing TSET were imaged and 99 different dosimetry sites were 

measured over the course of treatment. A key feature of this study was that for the first 

time, surface dose measurements were made directly on the skin surface during TSET. 

Thus, dosimetry data produced by the scintillators was more clinically useful in assessing 

uniformity of dose deposition.  
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2.2     Published Work  
 

This chapter is largely derived from the published work:  

Tendler, Irwin, Petr Brůža, Jacqueline Andreozzi, Michael Jermyn, Benjamin Williams, 
Lesley Jarvis, Brian Pogue, and David Gladstone. "Rapid Multisite Remote Surface 
Dosimetry for Total Skin Electron Therapy: Scintillator Target Imaging." International 
Journal of Radiation Oncology* Biology* Physics 103, no. 3 (2019): 767-774. 

DOI: https://doi.org/10.1016/j.ijrobp.2018.10.030 

This article has the following copyright: © 2018 The Author(s). Published by Elsevier 
Inc. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/) 

Licensed Content Publication:  

International Journal of Radiation Oncology, Biology & Physics 

Licensed Content Publisher: Elsevier Inc.  
 

I. I. Tendler was responsible for all data acquisition, analysis, and quantification as well as 

preparing the manuscript. P. Bruza and M. Jermyn were responsible for development of 

the technology and computer code necessary to perform data collection and assisted in the 

manuscript. L. A. Jarvis, B. B. Williams, B. W. Pogue and D. J. Gladstone provided 

advising, supervised human pilot studies, completed patient consent forms, assisted in the 

conception of this study, and participated in editing of the manuscript.  

2.2.1     Abstract  

Purpose 

The goal of this work is to produce a surface dosimetry method capable of accurately and 

remotely measuring skin dose for patients undergoing total skin electron therapy (TSET) 

without the need for post-exposure dosimeter processing. A rapid and wireless surface 

dosimetry system was developed to improve clinical workflow. Scintillator surface 

https://doi.org/10.1016/j.ijrobp.2018.10.030
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dosimetry was conducted on patients undergoing TSET by imaging scintillator targets with 

an intensified camera during TSET delivery.  

Methods & Materials 

Disc-shaped scintillator targets were attached to the skin surface of patients undergoing 

TSET and imaged with an intensified, time-gated, and linac-synchronized camera. 

Optically Stimulated Luminescence Dosimeters (OSLDs) were placed directly adjacent to 

scintillators at several dosimetry sites to serve as an absolute dose reference. Real-time 

image processing methods were used to produce background-subtracted intensity maps of 

Cherenkov and scintillation emission. Rapid conversion of scintillator light output to dose 

was achieved by using a custom fitting algorithm and calibration factor. Surface doses 

measured by scintillators were compared to those from of OSLDs. 

Results 

Absolute surface dose measurements for 99 dosimetry sites were evaluated. Based on 

paired OSLD estimates, scintillator dosimeters were able to report dose with < 3% and < 

5% difference in 88/99 and 98/99 observed dosimetry sites, respectively. Fitting a linear 

regression to dose data reported by scintillator versus OSLD, per dosimetry site, yielded 

an R2 = 0.94.  

Conclusion  

Scintillators were able to report dose within < 3% accuracy of OSLDs. Imaging of 

calibrated scintillator targets via an intensified, linac-synchronized, camera, provides rapid 

absolute surface dosimetry measurements for patients treated with TSET. This technique 

has the potential to reduce the amount of time and effort necessary to conduct full-body 
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dosimetry and can be adopted for use in any surface dosimetry setting where the region of 

interest is observable throughout treatment.  

2.2.2     Introduction 

Total Skin Electron Therapy (TSET) 

TSET is an accepted and effective means for treating skin lymphoma; it has shown 

positive results in both palliative and chronic control of early stage disease.32–35 This 

treatment modality relies on administering a uniform electron field across the skin surface. 

Depending on institutional protocol, patients are positioned on either a rotary or stationary 

stand at a source-to-surface distance (SSD) of 3 – 5 meters. In order to ensure that all skin 

surfaces are exposed to the radiation beam, patients assume various stances following 

methods such as the Stanford technique. As per the recommendation of AAPM TG-121, it 

is important to verify dose across the skin surface to ensure adequate exposure and 

treatment efficacy. 36 Surface dosimetry plays a key role in quality assurance to ensure 

successful treatment. 37,38 Multi-site dosimetry is frequently used throughout the course of 

treatment to verify patient skin surface dose distributions.74 Numerous commercial 

technologies exist for carrying out surface dosimetry for patients undergoing TSET; 

nevertheless, these methods have limitations in functionality and convenience.  

Surface Dosimetry: Wireless Dosimeters 

Wireless devices provide dosimetric information without the need for data 

transmission wires or cables. The active element, which is either located within a hard-

plastic housing or wrapped cellophane, is directly attached to the skin to provide point 

dosimetry. The main drawback to these technologies is that measurement results are not 

available in real-time. Current commercial wireless dosimeters require post-exposure 
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processing or annealing. Common examples of remote dosimeters are alanine, 

thermoluminescent dosimeters (TLDs) and optically stimulated luminescent detectors 

(OSLDs). In the case of TLDs and alanine-based detectors, time-intensive post-exposure 

annealing, on the order of 3 – 5 hours, is required for both readout and resetting.75,76 

OSLDs, on the other hand, do not require post-exposure annealing, however, their use still 

necessitates allocation of resources to post-exposure readout; the OSLD reader must 

undergo daily quality assurance (QA) and each OSLD must be processed one at a time.77 

To obtain full-body surface dosimetry for a TSET patient using wireless 

dosimeters, numerous detectors must be placed across the body; the readout (and in some 

cases resetting) of each dosimeter imposes a time burden on staff. Since several dosimeters 

are placed onto the body simultaneously, the location of dosimeter placement must be 

rigorously tracked and recorded. This is further complicated by the fact that these 

dosimeters are physically small and are changed in between TSET positions. For example, 

a given patient treatment using 3 TSET positions per day, with 7 dosimeters used for each 

position, requires that 21 unique dosimeter locations must be followed each time surface 

dosimetry is conducted. Unfortunately, since human input inherently plays a key role in 

the use of these systems, there exists a nontrivial chance of human error occurring.  

Surface Dosimetry: Wired Dosimeters  

The active tip of wired dosimeters are placed on the patient skin surface and 

connected by wire to a readout device for amplification and analysis. Examples of modern 

live-readout dosimeters include metal-oxide semiconductor field-effect transistors 

(MOSFET), diodes, and scintillation-tip probes. Providing point dosimetry information 

like wireless dosimeters discussed above, numerous live-readout detectors must be used to 
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conduct full-body surface dosimetry. In practice, a clinical staff must keep track of 

dosimeter wires and ensure they are attached to the correct channels of the receiver; as with 

currently available wireless dosimeter, this creates numerous opportunities for human 

error. Additionally, attachment of numerous wires to the skin surface can prove to be both 

uncomfortable for the patient and cumbersome for the clinician (wires must be removed 

and re-attached when the patient is rotated).  

Optical Imaging Methods 

Previous work has shown that 2D scintillation dosimetry can be accomplished via 

optical imaging of  flexible scintillating films.10 However, from a clinical surface dosimetry 

perspective, potential issues related to air gaps between the scintillating sheet and skin 

surface are of concern. Optical imaging of Cherenkov emission from patients undergoing 

TSET has been previously described in the literature; Cherenkov emission can be directly 

related to absorbed dose in tissue, however, Cherenkov emission from human tissue is 

highly influenced by tissue optical properties. This phenomenon contributes to the 

heterogeneous distribution of Cherenkov intensity across the surface of a patient during 

TSET. Correcting Cherenkov intensity to account for tissue optical properties is crucial for 

realizing accurate optical surface dosimetry.78–81 

Scintillation Dosimetry   

The currently available commercial technologies for surface dosimetry are 

cumbersome and require a substantial commitment of time and resources on part of the 

clinical staff. We aim to create a system that avoids disadvantages associated with existing 

surface dosimetry techniques while accurately reporting surface dose. Previous work 

demonstrated a novel whole-body surface dosimetry method capable of recovering dose 
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from remote images of small scintillator targets – thin plastic disks – in real time. 8 Light 

output from scintillator targets is energy independent.15 Following this proof-of-concept 

study, we have evaluated the feasibility of using scintillator dosimeters to obtain remote, 

accurate, skin surface absolute dose measurements for patients undergoing TSET in a 

clinical setting.  

2.2.3     Methods  

Imaging Setup 

A linac-synchronized, time-gated, intensified camera (C-Dose Research; 

DoseOptics, Lebanon, NH) was positioned 4 meters away from the patient to the side of 

the linac at a height of 1.13 m without shielding, Figure 4A. A Canon (Canon, Tokyo, 

Japan) EF 24mm f/1.4L II USM wide angle lens was attached to the camera. The trigger 

mechanism of this camera system is described in Bruza et. al (2018).8 An optical data cable 

connected the camera to a computer outside of the linac vault.  

The following real-time image processing steps were performed during acquisition 

within the C-Dose software: 1) background images underwent spatial median filtering, 

darkfield subtraction, and pulse normalization (division by the number of pulses in the 

background image). 2) Cherenkov and scintillation data underwent spatial median filtering, 

temporal median filtering, darkfield subtraction, and background subtraction. This 

subtracted the correct amount of background signal from the data image, the number of 

linac pulses with the differences in pulse duration and exposure time between background 

and data considered. 
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Figure 4:  Room setup, dosimeter application, and comparison of image processing. (A) 
Photograph of a patient on a custom total skin electron therapy stand, linear accelerator, 
and intensified camera. Zoomed-in view of a dosimeter packet attached to a patient 
provides a close-up perspective on the face of a scintillator, optically 
stimulated luminescence dosimeter, and thermoluminescent dosimeter. Width dimensions 
are provided in mm. (B) Background-subtracted cumulative image of the patient from 
panel A. Zoomed-in view provides region of interest of scintillator used in image 
processing (upper right) and ellipse-convolved Gaussian fit to a single frame of 
the scintillation video. The red arrow points to the maximum amplitude value. 
 
 

https://www.sciencedirect.com/topics/physics-and-astronomy/dosimeters
https://www.sciencedirect.com/topics/medicine-and-dentistry/total-skin-electron-therapy
https://www.sciencedirect.com/topics/physics-and-astronomy/linear-accelerators
https://www.sciencedirect.com/topics/physics-and-astronomy/scintillation-counters
https://www.sciencedirect.com/topics/physics-and-astronomy/luminescence
https://www.sciencedirect.com/topics/physics-and-astronomy/scintillation
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3) Real-time background auto-equalization calculated a background subtraction factor, 

accounting overall intensity fluctuations between background and data (e.g. temporal 

fluctuations in room lighting caused inherent to the AC power supply). The subtraction 

factor is computed dynamically by obtaining a ratio of intensity between background 

(captured while no radiation is present) and subsequent Cherenkov (captured during beam 

on, includes background) frames, the background is then subtracted out using that ratio. 

Every time a new Cherenkov frame is acquired, the ratio is checked with the most recent 

background frame and then used for subtraction. For the spatial and temporal median 

filters, a 5 x 5-pixel window size and a 5-image window size were used, respectively. Final 

outputs are 1600 x 1200 pixel intensity maps (.raw format) of background, Cherenkov, and 

scintillator emission; this video (https://ars.els-cdn.com/content/image/1-s2.0-

S0360301618339191-mmc1.mp4presents) shows real-time cumulative images for a 

patient undergoing TSET in the PA position. 

Scintillators and Multi-Site Dosimetry  

Disc-shaped (Ø 15 mm × 1mm thick) scintillators were machined from EJ-212 

plastic (Elijen Technologies, Sweetwater, TX) and painted along the edge and rear face 

with EJ-510 reflective paint. OSLDs were calibrated using recommendations from the 

manufacturer and literature.82–84 Scintillator, OSLD and TLD dosimeters are shown side-

by-side for comparison in Figure 4A; these dosimeters are 1, 2, and 1 mm thick, 

respectively.   

 

 

 

https://ars.els-cdn.com/content/image/1-s2.0-S0360301618339191-mmc1.mp4presents
https://ars.els-cdn.com/content/image/1-s2.0-S0360301618339191-mmc1.mp4presents


30 
 

Scintillation Dose Response Calibration and Phantom Testing 

Phantom experiments were used to produce a calibration factor converting 

scintillator output to dose. The 7 scintillators used for patient surface dosimetry were 

attached to a flat-faced phantom. The phantom was positioned at a height of 1.2 m, SSD of 

3 m, and 4 m from the camera. Each scintillator was paired with two OSLDs (nanoDot, 

Landauer Inc., Glenwood, IL) and one TLD (TLD-100 rods, Ø1 × 6mm, ThermoFischer 

Scientific, MA, USA). The phantom was exposed to 100, 300, 600, 800, 1000, and 1200 

MU HDTSe doses. A scintillation dose response calibration factor was calculated by fitting 

a linear trendline to a plot of average dose reported by OSLD and TLD versus scintillator 

output.  

Scintillator accuracy in reporting surface dose was verified using the same flat-

faced phantom mentioned above. The scintillator dosimetry system, linac, and room light 

conditions used in patient imaging were identical for this experiment (see Patient 

Dosimetry section for details). Each of the 7 scintillators were attached to the phantom and 

paired with 2 OSLDs. The phantom was positioned at a 3-meter SSD in the center of the 

radiation field perpendicular to the incident beam and irradiated with a 6 MeV HDTSe 

beam for 303 MU. The camera was located adjacent to the gantry head 4-meters away from 

the phantom at an angle of 15o to the phantom face; camera height was adjusted such that 

the phantom was located at the center of the field of view. Percent difference in surface 

dose reported by scintillator and OSLD was calculated  
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Dose Calculation 

Absolute dose values were computed from the scintillator light output using a 

custom image processing algorithm (Matlab, Mathworks, Natick, MA): 1) A flat field 

correction is applied to the images and a region of interest (ROI) surrounding each 

scintillator target is selected, Figure 1B top-right. 2) A Gaussian-convolved-ellipse 

function was fit to each scintillator ROI per frame, Figure 4B bottom-right. This function 

determines the x and y coordinates of the scintillator centroid, height and width of the ROI, 

maximum amplitude of fit, offset of fit, ellipse angle of rotation in radians, and Gaussian 

blur width per frame. 3) The maximum amplitude of the fitted function was determined per 

frame and per scintillator, Figure 4B (red arrow); the amplitude values per scintillator ROI 

are summed for all frames. 4) Resulting summed amplitude value found for each 

scintillator ROI is converted to dose using a calibration factor.  

Patient Dosimetry 
 

Following approval from the Dartmouth-Hitchcock Medical Center Internal 

Review Board, informed consent was obtained from all patients. A total of 3 patients were 

included in this study – 2 were prescribed TSET for a treatment of mycosis fungoides and 

one for Kaposi’s sarcoma. To provide an absolute dose reference, OSLDs were placed 

directly adjacent to scintillators at each dosimetry site, Figure 1A. Scintillators and OSLDs 

wrapped in clear cellophane were taped to patient’s skin on the upper arm (UA), lower arm 

(LA), chest (C), midsection (MS), mid-thigh (MT), mid-shin (MS), and upper foot (UF). 

The number of dosimetry sites was chosen based upon earlier imaging and observations of 

where the dose was expected to vary significantly from umbilicus location. Patients were 

treated with 6 MeV high dose total skin electron (HDTSe) beam from a Trilogy (Varian 
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Medical Systems, Palo Alto, CA) linac at a 3-meter SSD, Figure 4A. Patients were 

positioned on a custom wooden stand adhering to the six-position modified Stanford 

technique (anterior-posterior [AP], posterior-anterior [PA], right anterior oblique [RAO], 

left anterior oblique [LAO], right posterior oblique [RPO] and left posterior oblique 

[LPO]). For each of these positions, treatments were delivered by upper and lower 

treatment fields using gantry angles of 289.5o and 250.5o, respectively. Patients were 

imaged under standard room light conditions. During each dual-field TSET position 

treatment, a single scintillation video file was recorded at seven frames per second.  

2.2.4     Results  

2.2.4.1     Patient Imaging 

Scintillation dosimetry data from three patients over the course of 16 TSET 

treatment days was analyzed. Patients were imaged 5, 7, 2, and 2 times in the AP, PA, 

RPO, and LPO positions, respectively. Image acquisition was dictated by patient 

compliance with TSET as well as availability of clinical and research resources. Images 

produced by the intensified camera displayed both Cherenkov and scintillation intensity 

maps. Figure 5 presents cumulative images corresponding to an entire set of 6 TSET 

positions for a given patient, 5A – F; sample PA images are shown for the two other patients 

included in this study, 5G – H. Surface dosimetry was not conducted during the RAO or 

LAO positions due to patient fatigue (these positions are last in each corresponding TSET 

treatment sequence). The images show a non-uniform Cherenkov intensity across the body 

as well as scintillation signal in the form of bright dots at various anatomical sites.  
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Figure 5: Cumulative, background-subtracted, Cherenkov, and scintillation-intensity maps 
for patients undergoing total skin electron therapy. All 6 total skin electron therapy 
positions are shown for 1 patient: left anterior oblique (A), right anterior oblique (B), left 
posterior oblique (C), right posterior oblique (D), posterior-anterior (E), and anterior-
posterior (F). Sample images from the 2 other patients in the posterior–anterior position 
are shown in G and H. Color-intensity scale is in digital units. Dark areas around the 
midsection of patients are caused by cloth shorts; all identifying features have been 
anonymized. 
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2.2.4.2     Calibration for Dose Conversion – Phantom Data 
 
TLDs were used in conjunction with OSLDs to provide a secondary surface dose 

verification method during calibration experiments, however, only OSLDs were used for 

in vivo measurements due to ease of use. Agreement between OSLDs and TLDs was 3 ± 

1%. A calibration plot of summed scintillator fit amplitude versus average dose reported 

by OSLD and TLD was used to convert scintillator output to surface dose, Figure 6A. Error 

bars represent standard deviation (STD) in dose measured by reference dosimeters (TLD 

and OSLD) and scintillators, increase in STD at higher doses for reference dosimeters are 

expected and disclosed by the manufacture.85,86 

Fluctuation in scintillator STD can be attributed to the low number of scintillator 

discs utilized, repeated tests with a larger sample size of scintillator dosimeters (n = 29) 

showed that scintillator STD was 1 ± 0.1 cGy consistently across all administered doses. 

The linear fit in Figure 6A resulted in an R2 = 0.99. Thus, a linear calibration factor for 

converting summed fit amplitude per scintillator to dose (cGy) was generated and used for 

all scintillator dosimeters in this study.    
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Figure 6: Plots for calibration, percent difference, and scintillator versus OSLD dose 
measurements. (A) Summed-fit amplitudes (a.u.) averaged for all scintillators and 
corresponding dose reported by averaging OSLD (cGy), standard error for OSLD + TLD, 
and scintillators shown in red and yellow, respectively. The equation for obtaining the 
calibration factor is provided. (B) Percent difference in dose reported by scintillator and 
OSL dosimeters per dosimetry site for all patients; ±5% and ±3% shown in red and green, 
respectively. (C) Dose measured by scintillator versus OSLD per dosimetry site; linear 
trendline and 95% confidence interval are plotted. R2 and root mean square error are shown 
for both individual patients and the entire cohort. Abbreviations: a.u. = summed-fit 
amplitudes; CI = confidence interval; OSLD = optically stimulated luminescence 
dosimeters; PT = patient; RMSE = root mean square error; TLD = thermoluminescent  
dosimeters. 
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2.2.4.3     Scintillation Dosimetry Accuracy 
 
Accuracy of scintillator dosimeters was evaluated using phantom testing, average percent 

difference between scintillators and OSLDs in measuring surface dose was 0.6 ± 0.2%.  

For patient imaging, each dosimetry site was considered an independent measurement of 

surface dose reported by scintillator versus OSLD; neither TSET nor anatomical position 

associated with a given dosimetry site were considered in analysis. For a comparison to the 

treatment plan, dose at the umbilicus dosimetry site was tracked for a patient throughout a 

full cycle of 6 TSET positions; given a treatment plan of 200 cGy, total dose at this site 

was measured by scintillator and OSLD to be 183.9 and 182.2 cGy, respectively. The 

accuracy of scintillation dosimeters to measure surface dose for patients undergoing TSET 

was evaluated for a total of 99 dosimetry sites – each dosimetry site featured a scintillator 

and OSLD placed directly adjacent to one another, specific breakdown of dosimetry site 

locations per patient is shown in Table 2. Percent difference between surface dose 

determined by scintillation dosimeters compared to OSLDs was found to be < 5% in 98/99 

and < 3% in 88/99 dosimetry sites, Figure 6B – the maximum difference, 5.4%, was 

observed at the UA of a PA position. Furthermore, it was found that fitting a linear trendline 

to a plot of scintillator versus OSLD dose per dosimetry site for all patients resulted in a fit 

coefficient of determination (R2) = 0.94 and root mean square error (RMSE) of 1.1 cGy. 

97/99 dosimeter comparisons fall within a ± 95% confidence intervals, Figure 6C – the R2 

and RMSE of the fit between dose reported by scintillator compared to OSLD per patient 

ranged from 0.92 – 0.94 and 0.9 – 1.2, respectively.  
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Table 2: Abbreviations: AP = anterior-posterior; C = chest; LA = lower arm; LPO = left 
posterior oblique; MID = midsection; MS = midshin; MT = midthigh; PA = posterior-
anterior; RPO = right posterior oblique; TSET = total skin electron therapy; UA = upper 
arm; UF = upper foot. 

The following are provided for each patient: type and number of TSET positions imaged, 
location and number of all dosimetry sites, total number of sites analyzed, and percent 
difference (<3% and <5%) in surface dose measured by scintillator and optically stimulated 
luminescence dosimeters per TSET position. 

 

2.2.5     Discussion  

This scintillator-based surface dosimetry system was capable of reporting dose with 

a relative accuracy comparable to OSLD dosimeters in a real-world clinical scenario. In 

constructing the scintillator dosimeter imaging system, previously described angular and 

distance dependencies were considered.8 To minimize these effects, the design of this 

system was optimized for TSET imaging; camera settings as well as the dosimeter type, 

size, and shape were dictated by clinical requirements of this treatment modality. This 

system can report surface dose independent of camera-scintillator or incident radiation-

scintillator angles within the range of 0o – 55o. Imaging of scintillator targets can be 

conducted at angles outside of this range as long as the face of the scintillator is in view of 

the camera, however, correction for angular dependence must be implemented. In cases of 
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angles > 80o, usability of this dosimetry system becomes limited. Scintillator dosimetry is 

also independent of change in camera-scintillator distance within 1.5 m. Given that patients 

are instructed to stand still during treatment, and scintillators are attached to the skin such 

that they face towards the camera, surface dose readout could be accomplished without 

correction for angle or distance. In conducting scintillator dosimetry, no system-related 

testing was completed prior to each treatment, but the linearity of signal with dose was 

directly derived from the types scintillators attached to the stand, which were never moved. 

Reference scintillators (of varying sizes) were attached to the TSET patient stand, 

Figure 4A; their emission was captured within each patient treatment image frame, Figure 

4B, so that multiple reference measurements were automatically obtained. Reference 

scintillator output collected during calibration of the system was used as a baseline to 

continually provide information regarding stability and performance of the scintillator 

dosimetry system. Specifically, the camera was checked for damage every day when 

imaging the beam via monitoring of the reference scintillator light emission on the stand. 

During this study, the camera was stable within 2 ± 1% (measured using reference 

scintillators), and on a monthly basis there is expected to be a QA calibration check. It is 

likely that this camera, as with all CMOS technology, will fail at a certain radiation dose, 

but this has not been observed yet. Daily checking continues to ensure that signal intensities 

are comparable between imaging sessions. 

Optical imaging of Cherenkov emission from patients undergoing TSET has been 

previously described in the literature; Cherenkov emission is proportional to absorbed dose 

in tissue, however, as shown in both previous work and this study, it is highly influenced 

by tissue optical properties, Figure 4B and 5.78–80 Correcting Cherenkov intensity to 
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account for tissue optical properties is required, but not yet developed, to enable optical 

surface dosimetry directly from patient skin. Scintillation produced by the unique 

dosimeters described in this paper is emitted independent of tissue optical properties – 

dosimeter locations were chosen to best exemplify the distribution of Cherenkov across a 

range of body surface locations vertically. Painting the rear face and edge of the scintillator 

disc with reflective coating prevented contamination of scintillator signal by Cherenkov 

light produced in tissue underlying the scintillator.  

By analyzing dose reported by OSLD versus scintillator at each dosimetry site 

independently of patient body type, body location, or TSET position, we have shown that 

scintillation dosimetry has the potential to be a robust tool for multi-site measurement of 

surface dose during TSET. In addition, this system could be adapted for use in the rotational 

TSET treatment geometry by simultaneously acquiring images using multiple cameras to 

result in a 360o field of view. Complementary orthovoltage or electron fields are commonly 

used to provide irradiation to parts of the body shielded from the TSET technique such as 

soles of feet or the groin.  Since these sites are not visible and the scintillators do not store 

absorbed dose signal, this dosimetry technique is not applicable to sites needing radiation 

boost by use of complementary fields.  The current design of this system can be adopted 

for use in real-time surface dosimetry – optimization of the scintillator output to dose 

conversion algorithm can be made to enable more rapid dose measurements. For example, 

every 5 frames would be summed, scintillator output for this period will be converted to 

dose, and an on-screen dose-counter per scintillator will be updated. Furthermore, since 

image acquisition is gated to, and triggered by, linac pulses, the scintillator dosimetry 
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system can be modified such that an alert is displayed (or if desired, treatment terminated) 

when the acquisition rate drops below a defined threshold. 

2.2.6     Conclusion 

Skin surface dosimetry was carried out on patients being treated with TSET by 

converting light emission from scintillators to dose. Scintillator dosimeter light output 

linearly increases with dose, has a fluence of approximately 100 × more intense than 

Cherenkov emission from tissue, can be remotely detected in ambient room light settings, 

and can provide rapid surface dose data. Dose reported by scintillators corresponds to that 

measured by OSLDs with discrepancy of less than 3% in 88/99 cases. Compared to current 

surface dosimetry techniques, this system has the potential to reduce the amount time and 

resources necessary to perform multi-site surface dosimetry for TSET patients. The 

resulting dose images can be automatically stored in the medical record, avoiding all 

sources of errors accompanied with detector manipulation, readout, manual dose value 

recording, and even patient misidentification. of Customizing dosimeters for medical use 

will further aid in improving TSET-associated surface dosimetry workflow.  
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Chapter 3: Characterization of a Non-Contact Imaging Scintillator-Based 
Dosimetry System for TSET  
 

3.1     Background and Goals  
 

The performance of commercially available dosimetry devices is often evaluated 

by a number of standardized tests such as, resistance to radiation damage, angular 

dependence, distance dependence, impact on surface dose / perturbation of the radiation 

field, dosimetric accuracy, energy dependence, independence to dose rate, etc. This 

detector characterization, whether provided by the manufacturer or 3rd party research effort, 

enables end-users to compare the performance of various dosimeter types and to choose 

devices appropriate to the measurement task. Certain dosimeters cannot be used for 

particular treatment regimes, thus, determining the appropriate dosimeter is key to ensuring 

that treatment measurements are accurate and do not impact the efficacy of therapy. For 

example, if one wants to measure surface dose during treatments that use small sized fields 

(< 4 x 4 cm2), a detector that is sufficiently small such that it does not obstruct the treatment 

field must be utilized.  Thus, clinical staff use technical information regarding dosimeter 

material composition, dimensions, and performance to make the determination of which 

device best suites the intended purpose. 

The goal of the work described in this chapter was to submit the scintillator 

dosimeters to a variety of different tests to determine the extent of their clinical usability. 

That is to say, the performance limits of both the physical dosimeter and image processing 

algorithm were rigorously tested. The results of these experiments provide key information 

for users looking to implement scintillator dosimeters for monitoring surface dose for 

TSET patients. In addition, the results shown in the chapter demonstrate that scintillator 
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dosimeters can be used in clinical applications other than TSET. A smaller sized disc, for 

example, can be used to make surface dose measurements during whole breast 

radiotherapy. Furthermore, this chapter lays the foundation and provides baseline 

measurements for later studies which aim to improve the durability and usability of this 

novel scintillator dosimetry system. 

3.2    Published Work  

This chapter is largely derived from the published work:  

Tendler, Irwin I., Petr Bruza, Mike Jermyn, Xu Cao, Benjamin B. Williams, Lesley A. 
Jarvis, Brian W. Pogue, and David J. Gladstone. "Characterization of a non-contact 
imaging scintillator-based dosimetry system for total skin electron therapy." Physics in 
Medicine & Biology 64, no. 12 (2019): 125025. 
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3.2.1     Abstract  

Introduction 

Surface dosimetry is required for ensuring effective administration of total skin electron 

therapy (TSET); however, its use is often reduced due to the time consuming and complex 

nature of acquisition. A new surface dose imaging technique was characterized in this study 

and found to provide accurate, rapid and remote measurement of surface doses without the 

need for post-exposure processing. 

Methods 

Disc-shaped plastic scintillators (1 mm thick x 15 mm ⌀) were chosen as optimal-sized  

samples and designed to attach to a flat-faced phantom for irradiation using electron beams. 

Scintillator dosimeter response to radiation damage, dose rate, and temperature were 

studied. The effect of varying scintillator diameter and thickness on light output was 

evaluated. Furthermore, the scintillator emission spectra and impact of dosimeter thickness 

on surface dose were also quantified. Since the scintillators were custom-machined, 

dosimeter-to-dosimeter variation was tested. Scintillator surface dose measurements were 

compared to those obtained by optically stimulated luminescence dosimeters (OSLD). 

Results 

Light output from scintillator dosimeters evaluated in this study was insensitive to radiation 

damage, temperature, and dose rate. Maximum wavelength of emission was found to be 

422 nm. Dose reported by scintillators was linearly related to that from OSLDs. Build-up 

from placement of scintillators and OSLDs had a similar effect on surface dose (3.9% 

increase). Variation among scintillator dosimeters was found to be 0.3 ± 0.2%. Scintillator 
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light output increased linearly with dosimeter thickness (~1.9×/mm). All dosimeter 

diameters tested were able to accurately measure surface dose.  

Conclusion 

Scintillator dosimeters can potentially improve surface dosimetry-associated workflow for 

TSET in the radiation oncology clinic. Since scintillator data output can be automatically 

recorded to a patient medical record, the chances of human error in reading out and 

recording surface dose are minimized.  

3.2.2     Introduction 

Surface dosimetry is widely used in radiotherapy. Specifically, in the case of total 

skin electron therapy (TSET), treatment efficacy is dependent on administration of a 

uniform radiation field across the body.36 Ensuring effective treatment delivery requires 

measurement and verification of surface dose.37,38 Multiple systems which provide 

estimates of the delivered dose within a small surface area for verification of beam delivery 

are available commercially. The most common limitation of these devices is the need to 

keep track of where each probe is placed, since dose is read out and inserted into the patient 

record manually. The labor and time involved in this process comes at a high resource cost, 

and so while many centers have them, most limit their use because of the high level of 

human involvement in the processes.39,87–91   

There exists a clinical need for a completely electronic system which does not 

require manual manipulation, post-exposure processing, or coupling of dose and 

corresponding anatomical location into the patient record. Thus, this study examines a 

number of technical issues associated with measuring surface dose by imaging scintillation 
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emission from plastic targets directly attached to human tissue and tissue-mimicking 

phantoms during TSET.8,92  

The main tools used for surface dosimetry have been Thermoluminscent dosimeters 

(TLDs) or newer systems like Optically Stimulated Luminescence dosimeters 

(OSLDs).93,94 Even more recently, some centers have shifted to MOSFET, diode detectors 

or fiber coupled point scintillator detectors.95–97 It is notable though, that the clinical value 

of surface radiation detectors remains high and continues to grow.3,57,73 Historically, TLDs 

(± 5% error)98,99 and OSLDs (± 3% error)100 have served as standards in the clinic even 

though their use can be affected by problems like high variation in dose estimates, manual 

location tracking error, and a laborious readout process.  The value of diodes and 

scintillator fibers is that they are easier to place, and the readout is immediate after 

treatment.  Recent development of fiber coupled scintillators offers smaller temperature, 

humidity and energy dependence than the previously mentioned methods.3,6,15,101 However, 

like diodes, semiconductor and optical fiber-coupled dosimeters are placed on the patient 

skin with long cables, and the output values must still be entered into the patient record 

manually.  Radiotherapy as a field, has been converging towards automated processes 

where tools should feed data to and from electronic systems seamlessly.  Ideally, this could 

be accomplished with imaging systems where patient position and dosimetry information 

could be captured simultaneously – potentially enabling automation of the dose verification 

process. The scintillator whole-body imaging approach discussed in this study, combined 

with automated readout, could meet this goal.8,92  

This scintillator-based surface dosimetry method was clinically deployed for 

monitoring surface dose in patients being treated with TSET.1,8,92 The technique is based 
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on the linac-synchronized (time-gated) imaging of small plastic scintillating discs that are 

attached directly to the skin surface. Images are collected remotely, in real-time, and could 

be automatically saved to the patient medical record. Use of this novel dosimetry technique 

can potentially allow for time savings and improvement in clinical dosimetry-related 

workflow. Importantly, it was shown that the scintillation images can accurately report 

surface dose for TSET delivery, when compared against standard OSLD dosimeters. As 

such, this data has served as motivation for this study.92 

The primary purpose of this current study was to evaluate the physical 

characteristics of scintillator dosimeters that are essential for clinical TSET utilization. 

Namely, we characterize the emission spectrum, dependence on temperature, dose rate, 

radiation damage, and the influence of thickness and diameter on light output. Given that 

each dosimeter is custom-machined, scintillator-to-scintillator variation was also 

evaluated. Considering that these plastic dosimeters are placed directly on the skin surface 

in the path of the beam, the impact of dosimeter thickness on deposited surface dose was 

quantified.   

3.2.3     Methods 

3.2.3.1     Scintillator Dosimeters & Imaging Setup 

Scintillators were custom-manufactured by Eljen Technogies. The disc-shaped 

dosimeters are composed of EJ-212 plastic and painted with EJ-510 reflective paint (Eljen 

Technologies, Sweetwater, TX) on both the rear face and edge. The TSET scintillators 

measured 1 mm in thickness and 15 mm in diameter, with these dimensions being chosen 

based upon previous tests of the ability to resolve them with the camera system. 

Scintillation emission was captured by an intensified CMOS camera, C-Dose (DoseOptics 
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LLC, Lebanon NH), whose intensifier was gated to signal from the linac klystron (KLYI, 

4.5 μs intensifier gate pulse width). A gate delay of 1.7 μs and 100 μs was used for 

scintillation and background image acquisition, respectively. The images were captured at 

a frame rate of 11 fps. Considering a standard 360 Hz linac pulse repetition rate and 

alternating scintillation/background frame acquisition, each frame was composed of 

accumulation of 16 scintillation pulses. The camera was placed behind and to the side of 

the gantry head at a camera-to-scintillator distance of 4 m. A fiber optic communication 

cable was routed to a computer located outside of the treatment vault. Images are collected 

using online background and darkfield subtraction; online median and spatial filters are 

also utilized. These image processing steps have been previously described in detail.8,92  

A Varian 2100 CD linac (Varian Medical Systems, Palo Alto, CA) was used for 

irradiation during all characterization studies. The experimental setup used to collect 

phantom measurements in this study was identical to that previously utilized for patient 

imaging.7,92 TSET treatments were delivered with a High Dose Total Skin Electron 

protocol (HDTSe, 6 MeV @ 66 cGy/min, measured at the patient). This same procedure 

was used to irradiate samples at a source-to-surface distance (SSD) of 3 m for several of 

the studies, referred to as the TSET setup. Figure 7 presents a schematic of the entire 

imaging setup.   
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Figure 7: An illustration of the TSET imaging setup. The linac is represented by the 
“radiation beam source” and corresponding “collimator”. Image acquisition is time-gated 
to linac pulses; thus, a triggering cable is attached between the signaling panel of the linac 
and the camera (“trigger cable”). Image data is sent to a computer located outside of the 
treatment bunker via optical data cable. Overview of internal image processing steps is 
shown in “control area” panel. Sample ROI are shown as red squares. 
 
3.2.3.2     Dose Estimation from Scintillator Intensity Values  

The dose estimation process fits an analytical model of scintillator emission to 

experimental data within a region of interest (ROI) using a minimization algorithm. This 

technique assumes that scintillator radiance is proportional to imparted dose.102 The model 

considers a case where photon emission of an arbitrarily angled scintillator results in a 

scaled, rotated, ellipsoidal disk. Importantly, the pixel intensity amplitude b of this disk is 

proportional to scintillator radiance. The scintillator model function F can then be 

expressed as: 
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where x(m) and y(n) are pixel coordinates (indices (m,n) of the pixels in the image ROI), 

(xc, yc) are centroid coordinates; w, h, and θ are width, height, and angle of the ellipse. In 

addition, to account for image blurring due to camera and lens imperfections, a 2D 

Gaussian point spread function G is considered with standard deviation σ: 
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Thus, the final model function takes the following form: 
 

 𝑀𝑀 = 𝑎𝑎 + (𝑏𝑏 ∗ 𝐺𝐺) (9) 
 

where a is an offset value due to Cherenkov emission from the skin, b is the amplitude of 

the fitted scintillator model function, and * denotes a multiplication operation. As 

mentioned above, amplitude b is a scaled value of scintillator radiance and is expected to 

be directly proportional to the dose d, received by the scintillator: 

 𝑑𝑑 = 𝑘𝑘𝑐𝑐𝑏𝑏 (10) 
 

The factor kc is derived from a calibration scintillator image in which reference dose 

measurements are acquired concurrently using an OSLD, as described in section 3.2.3.4 

below. The fitting algorithm, implemented in MATLAB (Mathworks, Natick, MA), finds 

the best fit of the model function (Equation 8) to the observed image intensities (pixel-

wise) Im,n by minimizing the error functional 𝜒𝜒2 , representing the sum of the squared 

residuals: 
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𝛽𝛽𝑝𝑝𝑝𝑝𝑝𝑝 = [𝑒𝑒𝑐𝑐 ,𝑦𝑦𝑐𝑐 ,𝑏𝑏,𝑤𝑤, 𝑎𝑎,𝜎𝜎]  is a vector that holds the fitting parameters where psf represents 

“per scintillator and image frame”.   

The dose estimation workflow goes as follows:  
 

1) The patient image stack is imported and flat-field corrected. 
 

2) Approximate coordinates of the centroid of each scintillator are entered.  
 

3) Initial guesses and bounds for β corresponding to the first frame of the image stack are 
entered. 
 

4) The model function M is fit to pixel intensities within a pre-defined scintillator ROI – 
established using (xc, yc) coordinates – per image frame. The optimization algorithm 
utilized is trust-region reflective with a convergence tolerance of 1e-10. 
 

5) The resulting β produced per frame are extracted.  
6) To improve the accuracy of fitting algorithm, step 4 is repeated. However, now the mean 

values of each fitting parameter (obtained from the matrix of βs in step 5) are used as the 
initial guess and bounds.  

 
7) Upon completion, final values of b are summed across all frames, per scintillator, and 

corrected by kc yielding the cumulative dose per scintillator – herein referred to as 
scintillator output.  
 

The parameters of β are computed on a per frame basis. This greatly reduces the 

impact of motion artifacts, which are inevitable and occasionally rather large (~10 cm/s 

observed) in a typical TSET session. The size of the scintillator ROI (user-selected and 

fixed) in our measurements was 40 x 40 pixels, corresponding to a physical dimensions of 

1.5×1.5 cm. Sample outlines of the ROI are shown as red boxes in Figure 8, an ROI is 

created per scintillator and frame; thus, the number of ROIs in each frame will correspond 

to the number of scintillators. Therefore, a dosimeter can move approximately 1 cm 
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between frames without necessitating reassignment of the centroid ROI. The motivation 

for selecting these functions (Equations 7 – 11) was based on minimizing the effects of 

angular dependency between incident radiation, scintillator discs, and the camera. By 

utilizing the function described in Equation 1, surface dose can be computed with no 

angular dependency in the angles of 0o – 55o.92 In earlier versions of this research, 

scintillator light emission was related to surface dose by: 1) Thresholding the cumulative 

scintillator image 2) selecting and ROI inside the scintillator 3) Taking the average of the 

pixel intensities in the ROI. A number of correction factors (lens throughput, camera-

scintillator angle, etc.) were then applied to yield the energy fluence within the scintillator 

ROI.8 See supplemental material for MATLAB image analysis code. 

3.2.3.3     Analysis of Scintillator Physical Properties  

Impact of Temperature on Scintillator Output  

Scintillators (n = 4, thickness = 1.08, 1.09, 1.09, and 1.09 mm, diameters = 1.5 cm) 

were mounted on the custom phantom shown in Figure 8A and 600 ml of water was added. 

The phantom was placed at a 3 m SSD and 4 m away from the camera. The temperature of 

the water was measured using a Fisherbrand 150415C thermometer (Fisher Scientific, 

Hampton, NH). Initially, 10o C water was added to the container and stirred to ensure 

temperature homogeneity throughout the phantom. Data was obtained by using the TSET 

imaging setup and administering 300 monitor units (MU). Temperature of the water was 

increased by placing the phantom on a hot plate (kept at a constant 45o C), again, the water 

was stirred during this process. Scintillator output data was obtained at temperatures of 15, 

20, 25, 30, 35, 37, and 40 oC. 
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Figure 8: A) Setup for temperature vs. scintillator light output B) Spectrometer fiber optic 
probe setup C) Scintillator placed on-top of active volume of IC D) Set-up for testing effect 
of scintillator thickness on surface dose. Solid water, electron cone, and scintillator placed 
on-top of active volume of IC are labeled E) Scintillators of varying (0.65 – 3.13 mm) 
thickness F) Scintillators of varying (5 – 30 mm) diameters 
 
Scintillator Emission Spectra  

The emission light spectra of the scintillators was recorded using an Ocean Optics 

USB4000 Spectrometer (Halma PLC, Amersham, UK). A scintillator was attached to a 

flat-faced phantom and irradiated with 6 MeV using the TSET imaging setup with 100 

MU. The spectrometer probe was placed such that the tip was nearly touching the surface 

of the scintillator (Figure 8B). A 5 second exposure time was used for acquisition. 

Background signal was collected by acquiring data with no active radiation field. 

Furthermore, native signal (Cherenkov and scintillation) generated in the fiber optic probe 

itself was evaluated by removing the scintillator and taking a measurement while 

irradiating the fiber optic only. Native spectra were obtained for a 6 MeV beam. These 

spectra were then subtracted from the scintillator emission data and the results were 

smoothed using a Savitzky-Golay filter in MATLAB. 
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Scintillator Light Output versus Energy  

The response of TSET scintillators to changes in incident radiation energy 

evaluated for n = 5 dosimeters. Scintillators were attached to a flat-faced phantom and 

imaged using the TSET setup. Exposures of 100, 300, 500, 700, 900, and 1100 MU were 

used. Energies evaluated for electron beams were 6, 9, 15, and 18 MeV. Energies evaluated 

for photon beams were 6 and 18 MV. Scintillator output values per dose for each of the 

previously mentioned energy levels was computed.  

Scintillator Light Output versus Dose Rate 

To determine whether dose rate of the incident beam influences scintillator output, 

n = 5 scintillators were attached to a flat-faced phantom and imaged using the TSET setup. 

Dose rates of 100, 200, 300, 400, 500, 600, and 1000 MU/min were used to irradiate 

samples to 300 MU. Scintillator output was normalized to the mean of all values obtained 

in this experiment.  

3.2.3.4     Scintillator Performance  

Scintillator-to-Scintillator Variation & Calibration Factor  

Dosimeter variation was evaluated by comparing scintillator-to-scintillator output 

from a batch of 29 TSET scintillators. Given that each scintillator was custom machined 

and painted, thickness and diameters of scintillators ranged from 1.04 – 1.09 mm and 14.9 

– 15.1 mm, respectively. The scintillators were mounted to a flat-faced phantom and 

imaged using the TSET geometry and exposed to a dose of 500 MU. Scintillator output 

was computed per dosimeter; percent difference from the mean output value was calculated 

for each scintillator. In addition, following previously described methodology, this 

experiment was re-run to obtain a TSET scintillator calibration factor for converting 
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dosimeter light output to dose.92 Six OSLDs were attached to the phantom directly adjacent 

to scintillators and exposed to doses of 25 – 200 cGy. A linear trend line was fit to a plot 

of average dose reported by OSLD vs. scintillator output.  

Scintillator Output vs. Lifetime Radiation Exposure  

To determine whether scintillator light output is influenced by lifetime exposure to 

radiation, 4 new (previously unexposed to radiation) TSET scintillator dosimeters were 

subjected to doses of 0, 1,300, 2,700, 4,100, 8,500, and 15,000 Gy. Scintillators were first 

irradiated with 300 MU using the TSET imaging setup to obtain a baseline output reading. 

Then, scintillators were placed at 60 SSD and irradiated to the doses listed above. After 

each intended dose was administered, the dosimeters were placed in the TSET imaging 

setup and irradiated with 300 MU to obtain incremental scintillator output measurement. 

Following completion of this test, scintillator output was re-verified after a period of 20 

days (dosimeters were kept in a radiation-free environment) by using the TSET imaging 

setup and irradiating with 300 MU.  

Impact of Scintillator Thickness on Surface Dose 

Scintillators of different thicknesses (0.65, 0.80, 1.08, 1.34, 1.51, 1.75, 2.11, 2.28, 

2.57, 2.85, and 3.13 mm) were placed directly on top of a calibrated PTW 23342 ionization 

chamber (IC) (PTW, Freiburg, Germany). Scintillator samples of varying thickness are 

shown side-by-side in Figure 8E. It should be noted that this specific chamber has a 

sensitive volume with a diameter of 3 mm which is smaller than the 15 mm diameter of the 

TSET scintillators – the disc was able to completely cover the entrance window of the IC, 

Figure 8C. A stack of 10 cm of solid water was used to provide backscattering, the top-

most block had a cut-out insert for the IC – the surface of the chamber was flush with the 



55 
 

top of the stack Figure 8D. Scintillators were irradiated at a source-to-surface distance of 

100 cm with a 10 cm x 10 cm field using a 6 MeV for 100 MU (1000 MU/min). For 

reference, the effect of an optically stimulated luminescence detector (nanoDOT, Landuer 

Inc. Glenwood, IL) on surface dose was also evaluated. The percent change in surface dose 

caused by placing an OSLD and scintillators with varying thicknesses on-top of an IC were 

computed. 

Scintillator Output vs. Thickness  

To evaluate the impact of dosimeter thickness on scintillator output, scintillators 

used in Impact of Scintillator Thickness on Surface Dose were mounted to a flat-faced 

phantom and irradiated with 300 MU using the TSET imaging setup. Scintillator output 

was obtained for each dosimeter. Data was normalized to output from the thinnest (0.65 

mm) dosimeter to determine how relative output changes with thickness. 

Scintillator Output vs. Diameter Variation  

Scintillators of 1 mm thickness and diameters of 5, 10 15, 20, 25, and 30 mm were 

attached to a flat faced phantom, Figure 8F. OSLDs were also attached to the phantom 

directly adjacent to scintillators to provide reference surface dose measurements. The 

phantom was irradiated using the TSET imaging setup with doses of 100, 300, 500, 700, 

900, and 1100 (MU) corresponding to 31, 67, 104, 144, 182, and 223 cGy, as measured by 

OSLD. Scintillator output was compared to surface dose measured by OSLD. 

3.2.4     Results  

3.2.4.1     Scintillator Physics Properties  
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Impact of Temperature on Scintillator Output  

Scintillator output was evaluated over a range of temperatures (10, 15, 20, 25, 30, 

35, and 40o) for n = 5 TSET scintillators using 6 MeV. For a change in temperature of 30oC 

(10oC – 40oC) it was found that average output increased by 0.69 ± 0.02%. Scintillator 

output near body temperature (35o C), compared to room temperature (~25oC), was found 

to be 0.21 ± 0.03% higher on average. Figure 9A presents data for average scintillator 

output (normalized percent difference to the baseline output at 10o C) across the tested 

temperature range. A linear fit was generated for this data set with an R2 = 0.95 and RMSE 

= 0.05, shown in Figure 8A.   

Scintillator Emission Spectra 

The emission light spectra of the TSET scintillators when irradiated with 6 MeV 

electrons is shown in Figure 9B. The scintillators were found to have a maximum 

wavelength of emission of 422 nm; emission spectra were normalized to this wavelength. 

Scintillator spectra had ≥ 20% light emission in the bandwidth of 403 – 492 nm.  

 
Figure 9: A) Scintillator output as a function of temperature, values are presented as a 
percent difference from a baseline measurement obtained at 10oC for 6 MeV electrons. 
Equation for linear fit (red dotted line), R2, standard deviation (STD, orange colored) bars, 
and RMSE are also presented. B) Scintillator emission spectra for 6 MeV electron beam. 
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Scintillator Light Output versus Energy 

Normalized TSET scintillator response to changes in incident radiation energy and 

particle type are shown in Figure 10. Normalized scintillator output increases linearly 

irrespective of energy of incoming particle. Separate calibration curves are required for 

photon and electron beams. A linear best fit line was calculated and is displayed in black 

and blue for electron (y = 0.56x) and photon (y = 0.24x) beams, respectively. An R2 = 0.99 

was found for all energies and RMSE errors of 3.5, 3.3, 0.80, 5910 for 6, 9, 15, and 18 

MeV beams, respectively. For photons, RMSE error of 5.8 and 5.3 was calculated for 6 

and 18 MV, fitting for both energies yielded an R2 = 0.98. 

 
Figure 10: Normalized scintillator output versus incident radiation energy is shown for 
varying doses. Line of best fit (black and blue dotted for electron and photon, respectively) 
and standard deviation error (cyan) are plotted. 
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Scintillator Light Output vs. Dose Rate  

The relationship between dose rate and cumulative scintillator light output is shown 

in Figure 11. Scintillator output was normalized to the mean of all measured data points in 

this experiment, depicted as a horizontal red dotted line. Each data point represents an 

average of the n = 5 scintillators utilized in this experiment, 1 standard deviation error bars 

(vertical cyan colored) are also provided in this figure. Scintillators reported data within 

0.05% of the mean across all dose rates tested – dose rate had no impact on scintillator light 

output.  

 
Figure 11: Relative light output versus dose rate. Each data point (blue) shows an average 
of n = 5 scintillators with corresponding standard deviation error bars (cyan). Mean and 
±0.05% for all data points is shown in red and green, respectively. 
 
3.2.4.2     Scintillator Performance  

Scintillator-to-Scintillator Variation & Calibration Factor  

For a group of n = 29 TSET scintillator dosimeters, output per scintillator is shown 

as percent difference from mean, per scintillator, in Figure 12A. It was found that the mean 
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percent difference was 0.3 ± 0.2%; 29/29 and 23/29 scintillators had output within 1% and 

0.5% of the mean, respectively.  

Upon plotting scintillator output for all 29 dosimeters versus dose reported by 

OSLD (range of exposures were 20 – 200 cGy), a linear fit was calculated (R2 = 0.99) and 

a dose conversion calibration factor of 7530 a.u./cGy was derived, Figure 12B. 

 

Figure 12: A) Scintillator-to-scintillator variation for 29 dosimeters. Mean of all percent 
differences, ± 0.5% and ± 1.0% are shown red, light green, and dark green, respectively. 
B) Scintillator output vs. dose reported by OSLD. Linear fit, OSLD STD, and scintillator 
STD are shown in blue, red and yellow, respectively. Equation for trendline, R2, and RMSE 
are also provided.  
 
Scintillator Output vs. Lifetime Radiation Exposure  

To determine whether cumulative radiation exposure influences scintillator light 

output, n = 4 TSET scintillators were exposed to a total of 15,000 Gy. Figure 13 shows 

scintillator output as a function of total radiation exposure. Compared to scintillators 

having received no prior dose, scintillators showed an average 0.2% decrease in signal 

output after exposure to 15,000 Gy. Furthermore, the same batch of dosimeters underwent 

verification testing 20 days post-15,000 Gy exposure, less than an average 0.1% difference 

in scintillator output was noted. Given that we have previously shown that the camera 
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system was stable within 2 ± 1% over a 6-month testing period92, we can reasonably say 

that there was no detectable impact of radiation exposure on scintillator output. 

 
Figure 13: Scintillator output for a group of 4 new scintillators after being exposed to a 
cumulative dose of 15,000 Gy. Data is presented as percent difference from overall mean 
of all data collected (solid red line). A verification measurement taken 20 days post-15,000 
Gy exposure is also shown.  Mean percent difference from overall mean per exposed dose 
is displayed as a dotted red line. ± 0.5% and ± 1.0% are in dotted light and dark green lines, 
respectively. 
 
Scintillator Thickness vs. Surface Dose  

Scintillators of different thicknesses were placed directly on-top of an IC to 

evaluate the effect of increasing scintillator thickness on surface dose (Figure 8A). For 

scintillators of thicknesses ranging from 0.66 mm (thinnest tested) to 3.13 mm (thickest 

tested), surface dose was found to increase by an average of 2.6% and 6.6%, respectively, 

when compared to a baseline reading with no scintillator present. The impact of TSET 

scintillators (1 mm thick) on surface dose was compared to that of a standard nanoDot 

OSLD (2 mm thick), both dosimeters increased surface dose, on average, by 3.9%, Figure 

14A. All scintillator thickness < 1.26 mm increased surface dose by < 5%. 
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Scintillator Output vs. Thickness  

The relationship between scintillator thickness and normalized output is shown in 

Figure 15B. By normalizing dosimeter output to the thinnest scintillator (0.66 mm), it was 

found that scintillator output follows a linear trend with an R2 = 0.99. Thus, for every mm 

increase in scintillator thickness, output increase by approximately 1.9 times – compared 

to the thinnest scintillator, the thickest scintillator (3.13 mm) had 5.7 times greater output. 

 
Figure 14: A) Impact of scintillator thickness on surface dose measured by IC. All data 
points are normalized to IC reading obtained with no dosimeter present (baseline). 5% from 
baseline is shown as a dotted red line. IC measurements obtained with scintillators and an 
OSLD place upon the IC are shown in hollow blue circles and filled pink dots, respectively. 
B) Scintillator light output as a function of thickness. All data points are normalized to the 
thinnest dosimeter (0.66 mm). Linear fit, as well as corresponding R2 and RMSE are 
shown.  
 
Scintillator Output vs. Diameter  

Scintillator output, as a function of exposed dose, for dosimeters of varying 

diameters (thickness of 1 mm) is shown in Figure 15. The custom fitting algorithm was 

able to successfully produce values for scintillator output in all dosimeters tested; all 

dosimeters responded to increased amounts of dose in a linear fashion. It should be noted 

that scintillator output was converted to dose by using surface dose measurements reported 
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by OSLDs. The slopes of the curves reported in Figure 16 correspond to calibration factors 

for dosimeters of varying diameter.  

 
Figure 15: Scintillator output over a range of doses for varying dosimeter diameters. 

 
3.2.5     Discussion 

The purpose of scintillator dosimeters is to provide a surrogate dose measurement  

that enable estimation of absolute dose at a point of interest. We have shown that the 

response of scintillator dosimeters is independent of dose rate, radiation damage, and 

temperature, within clinically relevant range of values. Furthermore, TSET scintillators 

were found to have a similar impact on surface dose compared to OSLDs, a standardized 

surface dosimetry technique. We have previously demonstrated that within the context of 

TSET, scintillator dosimeters are distance and angle independent.92 The current 

manufacturing methodology has been able to produce dosimeters with sufficiently low (0.3 

± 0.2%) scintillator-to-scintillator variation; thus, a bulk calibration factor can be utilized 

for light output to dose conversion.  
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The emission spectra and light output response to changes in thickness and diameter 

of scintillators is presented above. Thus, knowing this information, one could adapt the 

scintillator dosimetry system for situations where a smaller treatment field (with large dose 

gradients) is utilized. For example, dosimeter diameter and thickness can be reduced, the 

camera system, meanwhile, can be modified to have higher sensitivity to scintillator light 

output.  

The addition of automatic scintillation detection capability to the acquisition 

software provided with the C-Dose camera system is currently under development. This 

technique will utilize computer vision algorithms to assess properties of potential 

scintillator locations (based on a range of thresholded images), including intensity, area, 

circularity, inertia, and convexity. Scintillation centroid locations are thereby automatically 

determined in each frame and tracked over time through the course of treatment. The fitting 

model is then used to determine dose values in cGy from scintillation intensity 

accumulation. In the case of false positive or negative identification of scintillators, the 

user can add or remove locations, respectively.  

To eliminate the need for individually wrapping scintillators in cellophane, testing 

is underway to create a protective coating for scintillator dosimeters. Combined with their 

resistance to radiation damage (tested up to 20,000 Gy), we envision these dosimeters have 

the potential for long-term reusability. The protective coating would enable dosimeter 

cleaning with alcohol-based chemical agents in between uses and prevent scratching or 

chipping of the reflective paint.  

In addition to TSET, these dosimeters can be used in estimating surface dose during 

treatment scenarios where static open fields are utilized. For example, there is utility in 
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estimating surface dose during clinical situations such as electron fields.  Due to their 

modest size and stable dose response, scintillator dosimeters can be used to practically and 

efficiently provide this information. 

3.2.6     Conclusion 

This report serves as reference material for the time-gated imaging of scintillator 

dosimeters in determining surface dose of patients undergoing TSET. Combined with a 

previous successful human pilot trial92, the data presented in this study shows that 

scintillator dosimeters are a viable alternative to currently existing surface dosimetry 

techniques.   
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Chapter 4: Improvements to the Scintillator-Based Surface Dosimetry System  

4.1     Background and Goals  

One of the goals of this thesis was to develop the best possible method for 

conducting surface dosimetry during TSET. The scintillator imaging system discussed in 

the previous chapters provides significant advantages over existing technologies. However, 

following rigorous characterization of the scintillator dosimeters (discussed in Chapter 4), 

it was noted that certain features of the scintillators and imaging system could be improved 

to further enhance usability and performance.  

The camera system described in the preceding chapters was initially developed for 

Cherenkov imaging, thus, the majority of the DQE of the intensifier lay outside of the 

emission spectra of the scintillators. By changing the intensifier of the camera such that the 

DQE had more overlap with the emission spectra of the scintillator, Cherenkov signal was 

suppressed, and scintillation detection was enhanced, by 25× and 7×, respectively.  

In order to attach the scintillators to the skin surface, the discs were wrapped in 

cellophane and then taped to the patient – the discs themselves never touched the skin of 

the patient. This step requires that clinical staff prepare the dosimeters prior to treatment, 

thereby adding time to the dosimetry workflow. Thus, there existed a need for development 

of an improved technique for attaching the dosimeters to the skin surface. If one were to 

attach an adhesive backing (double-sided tape) to the discs described in previous chapters, 

they would run the risk of potentially damaging the reflective paint coating on the rear face 

of the dosimeter. In order to allow for placement of the adhesive backing, a clear-coat 

protective coating was introduced into the design of the dosimeter. Since the discs were 

now coated with a protective layer, they could be disinfected the dosimeter with standard 
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clinical cleaning products. This was not previously possible because the reflective coating 

was soluble in alcohol – just as with the application of an adhesive backing, ensuring that 

the reflective coating was not damaged during daily use introduced limitations to the 

dosimetry system.  

The main goal of this chapter was three-fold: 1) improve the design of the dosimeter 

disc to ensure better durability and ease-of-use 2) optimize the imaging system such that it 

was more sensitive to scintillation 3) verify that all modifications made to the scintillator 

system had no impact on dosimetric accuracy and clinical performance. Data described in 

this chapter (both phantom and human pilot studies) showed that these modifications did 

not impact the performance of the scintillator dosimetry system, while simultaneously 

meeting the set goals of improved design and enhanced ease-of-use.  

4.2     Published Work  

This chapter is largely derived from the published work:  

Irwin I. Tendler, Petr Bruza, Michael Jermyn, Antoine Fleury, Benjamin B. Williams, 
Lesley A. Jarvis, Brian W. Pogue, David J. Gladstone, “Improvements to an optical 
scintillator imaging-based tissue dosimetry system,” J. Biomed. Opt. 24(7), 075001 
(2019) 

This article has the following copyright: © The Authors. Published by SPIE under a 
Creative Commons Attribution 4.0 License (CC BY). Distribution or reproduction of this 
work in whole or in part requires full attribution of the original publication, including its 
DOI.  

DOI: https://doi.org/10.1117/1.JBO.24.7.075001 

https://creativecommons.org/licenses/by/4.0/legalcode 

Licensed Content Publication: Journal of Biomedical Optics 
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I. I. Tendler was responsible for all data acquisition, analysis, and quantification as well as 

preparing the manuscript. P. Bruza and M. Jermyn were responsible for development of 

the technology necessary to perform data collection and assisted in the manuscript. P. 

Bruza and A. Fleury were responsible for quantification of camera sensitivity. L. A. Jarvis, 

B. B. Williams, B. W. Pogue and D. J. Gladstone provided advising, supervised human 

pilot studies, completed patient consent forms, assisted in the conception of this study, and 

participated in editing of the manuscript.  

4.2.1     Abstract  

Previous work has shown that capturing optical emission from plastic discs attached 

directly to the skin can be a viable means to accurately measure surface dose during total 

skin electron therapy. This method can provide accurate dosimetric information rapidly 

and remotely without the need for postprocessing. The objective of this study was to: (1) 

improve the robustness and usability of the scintillators and (2) enhance sensitivity of the 

optical imaging system to improve scintillator emission detection as related to tissue 

surface dose. Baseline measurements of scintillator optical output were obtained by 

attaching the plastic discs to a flat tissue phantom and simultaneously irradiating and 

imaging them. Impact on underlying surface dose was evaluated by placing the discs on-

top of the active element of an ionization chamber. A protective coating and adhesive 

backing were added to allow easier logistical use, and they were also subjected to 

disinfection procedures, while verifying that these changes did not affect the linearity of 

response with dose. The camera was modified such that the peak of detector quantum 

efficiency better overlapped with the emission spectra of the scintillating discs. Patient 

imaging was carried out and surface dose measurements were captured by the updated 
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camera and compared to those produced by optically stimulated luminescence detectors 

(OSLD). The updated camera was able to measure surface dose with < 3%   difference 

compared to OSLD–Cherenkov emission from the patient was suppressed and scintillation 

detection was enhanced by 25 × and 7 ×, respectively. Improved scintillators increase 

underlying surface dose on average by 5.2 ± 0.1% and light output decreased by 2.6 ± 0.3%. 

Disinfection had < 0.02% change on scintillator light output. The enhanced sensitivity of 

the imaging system to scintillator optical emission spectrum can now enable a reduction in 

physical dimensions of the dosimeters without loss in ability to detect light output. 

4.2.2     Introduction 

Previous research has demonstrated that imaging optical scintillation from plastic 

targets is a viable method of conducting surface dosimetry during radiotherapy. Surface 

dose information is obtained from light signals captured from multiple scintillator targets 

by an intensified and time-gated camera. This technique was designed to provide multi-

point dosimetric information rapidly, remotely, and without the need for post-exposure 

processing.8,92 This study focuses on quantifying improvements to both the scintillator 

dosimeter and camera components. Scintillators were redesigned to improve durability, 

ease-of-use, and chemical resistance of the plastic to cleaning procedures. The spectral 

sensitivity of the imaging system was optimized in order to maximize the signal-to-noise 

ratio (SNR) of scintillator light emission detection. 

The intensified camera used in previous experiments1,2 was primarily designed for 

imaging Cherenkov light emission – the photocathode was chosen to maximize detector 

quantum efficiency in the red wavelength ranges corresponding to Cherenkov light 

production in animal and human tissues.79,81,103–107 Nevertheless, it has been shown that 
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point surface dosimetry can still be accomplished owing to a sufficient overlap of the 

emission spectrum of the scintillator disks with the quantum efficiency spectrum of the 

camera photocathode. The camera has now been redesigned for detection of scintillator 

light emission, in turn, simultaneously enhancing scintillation and suppressing Cherenkov 

emission detection.  

Scintillator dosimeters were originally designed to have a non-soluble reflective 

coating on the rear face and side edges to allow for high light emissivity out of the front 

face and minimize angular dependency of the detected scintillation light.61,92,107–109 A 

water-based solvent compatible with the specific plastic composition of the scintillator was 

used to paint the scintillators. As such, the coated layer is mechanically fragile and 

chemically very susceptible to common medical-grade cleaning agents. To overcome this, 

earlier versions of the scintillator dosimeter required a single-use cellophane wrapper to 

enable attachment to the skin surface; thus, direct contact with the patient skin surface was 

avoided and the need for disinfection was eliminated. This approach, however, added an 

additional handling procedure during a routine clinical use; a redesign was issued in order 

to allow for disinfection and to eradicate the need for cellophane wrapping and handling. 

Considerations were made towards improving the mechanical and chemical 

hardness of the reflective coating: as an epoxy-based paint could not be used due to typical 

dose-induced yellowing, and polyurethane-based solvents are not compatible with soft 

plastics, an oil-based protective layer was applied to the rear face and edge of the reflective 

paint-coated scintillator. This coating also helps protect the dosimeter enabling more robust 

performance – potential signal loss from damage (e.g. paint chipping or surface scratches) 

is avoided. During redesign, the goal of direct attachment of the scintillator to the skin was 
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established. To accomplish this, an adhesive backing, with minimal contact area, was 

utilized to attach the scintillator to the patient’s skin. In this study we present the impact of 

such modifications on both dosimetric output as well as clinical usability.   

4.2.3     Methods  

Much of the experimental methods and design have been described in two previous 

studies8,92 and so only the differentiating features are described here.  

4.2.3.1     Experimental Setup 

A batch of n = 10 scintillator dosimeters were selected for this study. The 

scintillator discs (15 mm ⌀ x 1 mm thick) were composed of EJ-212 plastic and custom-

manufactured (Elijen Technologies, Sweetwater, TX). The rear-faces of these discs were 

painted with EJ-510 reflective paint (Elijen Technologies). All 10 of the dosimeters were 

tested to obtain baseline measurements of light output, thickness, and influence on surface 

dose. A 500-193-30 AOS Digital Caliper (Mitutoyo, Aurora, Illinois) was used to measure 

dosimeter thickness. Varian 2100 CD and Trilogy linacs (Varian Medical Systems, Palo 

Alto, CA) were used for irradiation during phantom-based experiments and patient imaging 

sessions, respectively.  

Five of the scintillators were kept unmodified as controls and the remaining 5 were 

modified with a protective coating and adhesive backing, according to the redesign aims – 

the modified scintillator group also underwent cleaning. These scintillators (n = 5) were 

coated with oil-based glossy clear-coat (Type 280702, Rust-Oleum, Vernon Hills, IL). 

Scintillators were cleaned using Super Sani-Cloth Germicidal Disposable Wipes (PDI, 

Orangeburg, NY). As per current clinical and manufacturer-recommend standards, the 

entire scintillator was thoroughly wiped and wet with the disposable wipes. The chemical 
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cleaning agent was left on the dosimeter for 2 minutes. Scintillator-sized (0.18 mm 

thickness x 15 mm ⌀) adhesive layers of 2477P double-coated thermoplastic elastomer 

silicone acrylate medical tape with premium liner (3M Maplewood, MN) were placed on 

the rear faces of the modified scintillators to attach them to phantom and patient surfaces. 

A schematic of the redesigned scintillator is shown in the zoom-in panel of Figure 16. The 

effect of protective coating and adhesive backing application on surface dose, dosimeter 

thickness, and light output were evaluated. A redesigned scintillator is shown side-by-side 

to a scintillator wrapped in cellophane in Figure 16.   

 
Figure 16: Both “control” and “redesign” scintillator dosimeters mounted to a flat-faced 
phantom. “Control” scintillators are wrapped in cellophane and attached using medical 
tape. Zoomed-in view of the “redesigned” scintillator shows thicknesses of polyvinyl 
toluene (PVT) plastic, reflective paint, protective coating, and adhesive backing. 
 

Following previously published methods, scintillators were placed directly on top 

of a calibrated PTW 23342 thin window ionization chamber (IC) (PTW, Freiburg, 

Germany) coupled to a Max 4000 electrometer (Standard Imaging, Middleton, WI) to 

evaluate the impact of the dosimeter thickness on surface dose.108 Samples were irradiated 

at 100 cm source-to-surface distance (SSD) using a 10 x 10 cm2 6 MeV electron field at 

1000 monitor units (MU) /min. Dose rate was chosen to minimize experiment time, 

scintillator output is independent of dose rate.108 For reference, the impact of a standard 
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optically-stimulated luminescence dosimeter (OSLD) nanoDOT (Landauer, Glenwood, 

IL) on surface dose was also tested. Percent change in surface dose caused by placement 

of a dosimeter on-top of the IC was calculated.   

The methodology for conducting scintillator imaging-based surface dosimetry 

(including imaging setup specifications, image processing, dose conversion algorithm, 

etc.) has been previously described in detail.8,92,108 In general, a custom fitting algorithm is 

used to fit an ellipse-convolved Gaussian function to each scintillator within specified 

region-of-interest (ROI) per acquisition frame. The term, “light output”, is defined as the 

sum of the maximum amplitudes of the fitted profiles across all frames. To collect light 

output measurements, scintillators were attached to a flat-faced acrylic resin phantom and 

irradiated with a 6 MeV High Dose Total Skin Electron (HDTSe-) beam (888 MU/min). 

To mimic the patient imaging setup, the phantom was positioned using the geometry 

described below. Light output is converted to dose using an externally obtained calibration 

factor which accounts for Cherenkov light production in the disc, different calibration 

factors are necessary for “red” and “blue”-sensitive cameras.92,108  

4.2.3.2     Patient Imaging: Imaging System Modification  

Previous work demonstrated the feasibility of obtaining skin surface dose 

information for patients undergoing Total Skin Electron Therapy (TSET) by imaging light 

output of plastic scintillator targets using a linac-synchronized, time-gated, intensified 

camera system.8,92 In order to improve the sensitivity of this camera system to scintillator 

emission, the intensifier with red-light sensitive photocathode in the standard C-Dose 

camera (DoseOptics LLC, Lebanon NH) was replaced with one more sensitive to blue 

light. Otherwise, the chassis and design of the C-Dose camera was not changed. For 
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spectral sensitivity assessment, a calibrated tunable light source (Dynasil TLS-6, Newton, 

MA) was utilized. Measured spectral sensitivity was re-normalized to quantum efficiency 

units using intensifier calibration records provided by the manufacturer (Photonis 

Technologies, Merignac, France). Comparative scintillator imaging was conducted on a 

patient being treated with TSET for a diagnosis of mycosis fungoides. The patient was 

treated at a 3 m SSD and the camera was located 4 m away directly adjacent to the gantry 

head. Both red- and blue-sensitive camera systems were used to conduct surface dosimetry 

throughout the course of this patient’s treatment following previously described methods. 

In order to facilitate a fair comparison to previous data, scintillators were attached to the 

patient using a cellophane wrapping without addition of a protective coating. TSET 

scintillators were attached to the upper arm, lower arm, chest, mid-section, thigh, shin, and 

foot.92  

4.2.4     Results and Discussion  

4.2.4.1     Dosimeter Redesign  

Thickness and Surface Dose Measurements  

Prior to application of the protective coating, average scintillator thickness 

(including reflective paint) for both control and redesign groups was 1.06 ± 0.03 mm. 

Addition of the protective coating was found to add an additional 0.11 ± 0.02 mm in 

thickness to the dosimeters. Compared to baseline IC surface dose measurements (shown 

as a green dot with corresponding standard deviation, STD, as vertical bar, Figure 18), pre-

modification control and redesign groups both showed an average 4.9 ± 0.1% increase 

(blue and red horizontal dotted line, Figure 17). For reference, a standard OSLD was found 

to increase surface dose by an identical 4.9 ± 0.1% (cyan star, Figure 17). Following 
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application of an adhesive backing, the post-modification redesigned scintillators increased 

the surface dose on average by 5.2 ± 0.1% and 0.3 ± 0.1%, relative to IC baseline and 

OSLD, respectively. Thus, it was concluded that the impact on surface dose following 

addition of a protective coating and adhesive backing is comparable to that of an OSLD.  

 
Figure 17: Impact of scintillator (n = 10) thickness on surface dose. Reading obtained with 
bare IC, no dosimeters placed on-top shown as green dot, vertical green bar represents STD 
in IC measurements. 5% increase in surface dose from this baseline measurement shown 
as horizontal dotted green line. Pre- and post-modification refers to redesign process: 
application of clear coat and adhesive backing. “Redesigned” group of scintillators 
underwent the redesign process, while the “control” group did not. It should be noted that 
the n = 5 “redesigned” scintillators in the pre- and post-modification sections are the same 
dosimeters. Cyan star shows impact of a nanoDot OSLD on surface dose. Horizontal dotted 
lines in each section represent mean of corresponding sample groups. 
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Light Output Testing and Dosimeter Cleaning  

All scintillators were attached to a flat-faced phantom, left panel of Figure 18. 

Control group scintillators were not removed in between steps of the modification and 

cleaning process, however, redesigned dosimeters were removed and reattached in between 

stages. Modified scintillators were measured before and after application of the protective 

coating and cleaning procedures, these dosimeters were attached using an adhesive backing 

during all stages. For the control group, light output was found to change on average < 

0.02% in between imaging sessions.  An average 2.6 ± 0.3% decrease in light output was 

measured following application of the protective clear coat when compared to baseline. A 

< 0.02% decrease in light output for modified scintillators was noted following the cleaning 

procedure, Figure 18. As such, it was determined that light output from redesigned 

scintillators were not affected by cleaning with Sani-Cloth wipes. 

 
Figure 18: Scintillator light output tracked over various stages of the redesigning process. 
Varying shades of red and blue represent individual scintillators. Mean of each sample 
group is represented as a color-coded dotted line. “Coating” and “Cleaning” represent light 
output measurement obtained following application of protective coating and cleaning with 
Sani-Cloth, respectively. Control group was not removed from the flat-faced phantom, this 
group did not undergo coating or cleaning. 
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4.2.4.2     Imaging System Modification  

Improved Sensitivity to Scintillation  

The spectra of light emitted from the scintillator dosimeter ranges from ~ 400 – 515 

nm, where the wavelength of maximal emission was found to be 422 nm.108 A 

photocathode with overlap between maximum quantum detection efficiency and 

scintillator emission wavelength was selected. The quantum efficiency of the sensors was 

measured and is presented in Figure 19 – absolute response and coarse spectral profiles 

were measured by the photocathode manufacturer (Photonis, Merignac, France), while the 

fine relative spectra was measured by our research team. Increasing the sensitivity to 

scintillation emission can potentially allow for the use of smaller and thinner scintillating 

volumes during scintillation dosimetry. This would be especially important during 

treatment scenarios where minimizing field perturbation is more critical, such as when the 

field size is smaller and dose gradient is larger. Cherenkov emission produced during 

treatment is useful for monitoring and verifying radiation field geometry.110 Despite that 

the “blue”-sensitive camera suppresses Cherenkov light detection, one can still visualize 

Cherenkov emission signal by window and leveling in real time using the camera 

acquisition CDose software.   
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Figure 19: Emission spectra of the scintillator dosimeter111 (black solid line, right axis) 
overlaid with quantum detection efficiency spectra of the red- and blue-sensitive 
photocathodes (red and blue dashed lines, data corresponds to left axis). 
 

Patient Imaging 

Scintillator dosimetry was conducted over the course of 6 TSET treatment positions 

(anterior-posterior, posterior-anterior, left and right-anterior-oblique, left and right-

posterior oblique) for both “red” and “blue”-sensitive cameras. Sample images for the 

anterior-posterior position are provided in Figure 20. Previous reports provide details 

regarding the intensity distribution across the scintillators, fitting profiles, and associated 

errors.92,108 Scintillators were attached to 7 dosimetry sites across the body, in 2 cases 

during imaging with the “blue”-sensitive camera, scintillators were removed from the foot 

due to patient compliance issues. Thus, data from dosimetry sites (80 total) were considered 

for analysis. For reference, each scintillator was paired with an OSLD. Comparing dose 

measured by OSLD to scintillator, per dosimetry site, it was found that a linear relationship 
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existed for both “red” and “blue” imaging systems, R2 = 0.96 and 0.95, respectively. These 

data points are plotted for this patient (PT6), as well as others evaluated over the course of 

the last 1.5 years in a human pilot study.92 In total, data for n = 6 patients and 242 dosimetry 

sites are provided in Figure 21. Data showed that irrespective of whether the red- or blue-

sensitive camera was used, accurate surface dosimetry was achieved. The percent 

difference in dose measured by OSLD and scintillator was found to be < 5% and < 3% for 

241/242 and 221/242 sites, see Figure 21.  

 
Figure 20: Sample images of a patient undergoing TSET in the posterior-anterior position. 
A) Color photograph B) Background image C) Cumulative image captured by “red”-
camera D) Cumulative image captured simultaneously during the same imaging session as 
shown in C by “blue”-camera. Intensity values of Cherenkov and scintillation intensity 
maps shown in C and D are identically scaled. The SNR of the lower back scintillator 
(scintillation signal) and 50 x 50-pixel square ROI in the center of back (Cherenkov light) 
increased and decrease by 25× and 7× when comparing C to D, respectively. 
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Figure 21: A) percent difference (± 3% = green and ± 5% = red) between surface dose 
measured by scintillator and OSLD, per dosimetry site. B) Relationship between surface 
dose measured by scintillator versus OSLD. Linear trendline and 95% confidence interval 
are displayed in black and green, respectively. Data points obtained by red- and blue-
sensitive cameras are shown with different shades of red or blue color, respectively. R2 and 
room mean square error (RMSE) for each patient data set are also shown. 
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4.2.5     Conclusion 

Radioluminscence imaging has been developing as a non-contact imaging tool to 

allow for quantitative dosimetry for several years.  Advances in imaging Cherenkov from 

tissue have been important to visualize radiation delivery, but still the emission from tissue 

shows light that is attenuated by the tissue optical properties.  In comparison, imaging 

scintillation provides a direct dose reporter if the optical signal can be detected in a manner 

which is independent of the light interaction with tissue.112 This approach to scintillator-

based surface dosimetry has been shown to allow accurate dose estimation, and the 

modifications introduced here will improve both the detection sensitivity and actual 

dosimeter function as a biomedical tool. The application of a protective coating and 

adhesive backing helps streamline the dosimeter application process, allows for cleaning 

of the dosimeter, and reduces potential damage that is possible from normal everyday use. 

The improved blue sensitive camera used in this scintillation dosimetry system has been 

altered such that relative to the previous version, the SNR of Cherenkov emission detected 

from tissue is suppressed, and the scintillation signal is enhanced, by 25× and 7×, 

respectively. This results because of the red shift of Cherenkov light emitted from tissue, 

due to blood absorption of the blue/green wavelengths. With these improved detection 

specifications, it is possible that the physical dimensions of the scintillator could now be 

reduced, or the camera position could be increased in distance for the same SNR.  These 

changes to increase detection of light output fit the clinical needs of treatments requiring 

minimal field perturbation and minimal workflow interruption. 
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Chapter 5: Workflow for a Novel TSET Surface Dosimeter  

5.1     Background and Goals 

In previous chapters, the development, testing, and clinical deployment of a novel 

remote scintillator-based imaging system is outlined in detail. The scintillator system was 

compared to industry standards such as OSLDs. In this chapter the question of whether 

surface dosimetry-associated workflow is improved by using the scintillator system vs. the 

gold standard (OSLD) is evaluated. Additionally, other key attributes of the scintillator 

dosimetry system are tested and analyzed such as cost of use and need for daily QA 

measurement.  

One of the key advantages of scintillator dosimetry system is that dose information 

for a multitude of detectors can be read out simultaneously. Moreover, their location on the 

body is automatically recorded in the imaging file. This compares favorably to OSLDs, 

where each dosimeter requires individual readout, substantially increasing the amount of 

time it takes to obtain measurement values. 

The experiments in this chapter were conducted using phantoms (for single 

dosimeter measurements) and TSET patients (for real-world dosimeter “group” 

measurements). Each step of the surface dosimetry workflow is timed; quantitative 

measurements of the end-to-end TSET dosimetry workflow for both OSLD and 

scintillators is executed with the goal of determining if the scintillator system can more 

efficiently measure surface dose.  

 

 



82 
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5.2.1     Abstract  

Purpose 

The novel scintillator-based system described in this study is capable of accurately 

and remotely measuring surface dose during Total Skin Electron Therapy (TSET); this 

dosimeter does not require post-exposure processing or annealing and has been shown to 

be re-usable, resistant to radiation damage, have minimal impact on surface dose, and 

reduce chances of operator error compared to existing technologies e.g. optically 

stimulated luminescence detector (OSLD). The purpose of this study was to quantitatively 

analyze the workflow required to measure surface dose using this new scintillator 

dosimeter and compare it to that of standard OSLDs.  

Methods  

Disc-shaped scintillators were attached to a flat-faced phantom and a patient 

undergoing TSET. Light emission from these plastic discs was captured using a time-gated, 

intensified, camera during irradiation and converted to dose using an external calibration 

factor. Time required to complete each step (daily QA, dosimeter preparation, attachment, 

removal, registration, and readout) of the scintillator and OSLD surface dosimetry 

workflows was tracked.   

Results  

In phantoms, scintillators and OSLDs surface doses agreed within 3% for all data 

points. During patient imaging it was found that surface dose measured by OSLD and 

scintillator agreed within 5% and 3% for 35/35 and 32/35 dosimetry sites, respectively. 

The end-to-end time required to measure surface dose during phantom experiments for a 

single dosimeter was 78 and 202 seconds for scintillator and OSL dosimeters, respectively. 
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During patient treatment, surface dose was assessed at 7 different body locations by 

scintillator and OSL dosimeters in 386 and 754 seconds, respectively.  

Conclusion 

Scintillators have been shown to report dose nearly twice as fast as OSLDs with 

substantially less manual work and reduced chances of human error. Scintillator dose 

measurements are automatically saved to an electronic patient file and images contain a 

permanent record of the dose delivered during treatment.  

6.2.1     Introduction 

Currently, surface dosimetry clinical workflow during Total Skin Electron Therapy 

(TSET) presents numerous opportunities for human error. Steps such as manual input of 

dosimeter anatomical location as well as tracking of unique dosimeter identifications 

during transferring and handling can lead to dosimeter mismatch errors.113 When coupled 

with time-intensive tasks such as serial readout, registration, and in some cases annealing, 

this results in a cumbersome process for obtaining surface dose measurements during 

TSET. The time burden of this process can sometimes lead clinical the team to conduct 

fewer surface dose measurements, or even in the extreme, discourage treatment centers 

from adopting TSET – an effective, but lengthy, method for treating cutaneous lymphoma. 

For example, a recent study from a high patient volume center has shown that clinicians 

have reduced the total number of dosimetry sites in order to save time in (thermo-

luminescent detectors) dosimeter preparation and readout.114 We suggest that instead of 

minimizing the number of measured dosimetry sites, one can reduce the amount of time 

required to conduct surface dosimetry measurements via optimization of the workflow.  
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Previous studies have shown that capturing light emission from plastic discs 

attached to the skin surface during radiation therapy is an accurate, non-invasive, remote, 

and efficient method for measuring surface dose.3–7 Images are recorded using a time-gated 

and intensified CMOS camera synchronized to linac pulses. A custom image processing 

algorithm converts pixel intensities to surface dose using a fitting function and external 

calibration factor. Scintillator dosimeters are resistant to radiation damage (tested up to 20 

kGy), have a maximum wavelength of emission at 422, induce a build-up effect 

comparable to Optically Stimulated Luminescence Detectors (OSLD, 4.9%), and, within 

the context of TSET, do not require a correction factor for temperature, dose rate, camera-

dosimeter distance, or camera-dosimeter angle.108   

By virtue of being positioned perpendicular to the patient, the camera offers a 

unique perspective view of the treatment field, allowing for real-time simultaneous 

monitoring of patient positioning with surface dose, and including compliance 

(maintaining the Stanford Technique positions, keeping hands open, etc.) during treatment 

otherwise impossible from standard CCTV viewing angles. Figure 22 shows how the 

camera is positioned with respect to the linac and patient. This scintillator imaging system 

also inherently records the location of each dosimeter during acquisition, so that the 

delivered versus planned treatment dose can be estimated without any ambiguity about the 

anatomical location of dosimeter placement.117,118 In this study, the functional workflow of 

scintillator imaging is quantitatively examined and compared to that of a standard method, 

OSLDs. 
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5.2.2     Methods 

Both the phantom and patient were irradiated with a 6 MeV High Dose Total Skin 

Electron beam using a Varian Trilogy linear accelerator (linac, Varian Medical Systems, 

Palo Alto, CA).  

Camera Setup and Dosimeters 

All imaging was conducted using a time-gated and intensified C-Dose Research 

(DoseOptics LLC, Lebanon, New Hampshire) camera coupled to 50 mm Nikkon 50-mm 

f/2.8 AF lens (Nikon Inc., Tokyo, Japan) lens. Compared to previous work, differentiating 

features of the imaging setup included use of remote trigger unit (eliminating the need for 

the “trigger cable” mentioned in previous publications) and custom wall-mount for the 

camera, see Figure 22.108,119 The camera was mounted facing the TSET treatment stand at 

a height of 1.2 m behind the gantry head; with the gantry positioned at 270o, the camera 

mount was 1.3 m laterally to the right side (measured from the edge of the gantry head). 

The center of the field of view was aimed at a height of 1.3 m from the ground representing 

(approximately) patient mid-line. The design and specifications of the scintillators has been 

previously discussed in detail.8,92,109,115,116 Scintillator discs (15 mm Ø x 1 mm thick) were 

custom machined out of EJ-212 plastic (Eljen Technologies, Sweetwater, TX) and coated 

along the rear face and edge with EJ-510 reflective paint (Eljen Technologies, Sweetwater, 

TX) to minimize the impact of Cherenkov light generated from tissue underneath the discs. 

Given the thickness of the scintillators and considering the energy of the TSET beam (6 

MeV), total light output from the disc provides an effective point of measurement very 

close to the skin surface, similar to OSLDs.120  During imaging, the camera was located 

4.5 m from the patient and phantom; sconce lighting (light intensity remained unchanged 
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compared to standard clinical operations) was used to illuminate the room during treatment 

and imaging. Online image processing steps and the methodology for generating the 

required scintillator calibration factor (TSET-specific) have been previously 

reported.92,108,115 Following image acquisition, a custom MATLAB (Mathworks, Natick, 

MA) algorithm was used to convert pixel intensities to dose using a Precision 5530 laptop 

(Dell Inc., Round Rock, TX) running a i9-8950HK processor (Intel, Santa Clara, CA) with 

32 GB of RAM and a 970 PRO SSD (Samsung, Seoul, South Korea).108  

 
Figure 22: Schematic of the imaging and patient treatment (TSET) setup. Camera-patient 
and linac-patient (SSD) distances are also provided. Doses measured by scintillators at the 
7 measured dosimetry sites are provided for a sample posterior-anterior irradiation (300 
MU for this single Stanford TSET position, image is a cumulative sum of all frames). To 
note, each Stanford TSET position required administration of two separate irradiations, one 
with the gantry at 289.5o and 250.5o; these two angles were optimized to achieve best 
vertical dose uniformity and need to be determined from on-site measurements. For 
illustrative purposes, both fields are shown as a sum with an arrow indicating the trajectory 
of gantry movement. For phantom imaging, the patient treatment stand was removed and 
the phantom was placed on a stand 3 meters (SSD) away from the linac at the center of the 
beam while the gantry was held at 90o.  
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Workflow Assessment  

An Android 9.0 embedded timer (Google LLC, Mountain View, CA) was used for 

making time measurements during workflow assessment. The following steps were timed 

for surface dosimetry-associated workflow: daily QA, dosimeter preparation, dosimeter 

attachment, dosimeter removal, dosimeter registration, and data readout.  

Phantom Imaging 

Directly adjacent pairs of scintillators and OSLDs (nanoDot, Landauer Inc, 

Glenwood, IL) were attached to a flat-faced phantom (n = 4) and irradiated at a 3 m source-

surface-distance (SSD) one at a time. Surface dose measurements obtained by scintillators 

were compared to those of OSLDs.  

Patient Imaging 

All human imaging was completed on an Institutional Review Board (IRB) 

approved protocol; informed patient consent was obtained and all procedures followed this 

protocol. Surface dose at 7 anatomical locations (upper arm, lower arm, chest, midsection, 

mid-thigh, mid-shin, and upper foot) was tracked over 5 treatment days (2 poster-anterior 

and 3 anterior-posterior position) of a patient undergoing TSET. Scintillator discs (with a 

protective coating and rear-sided adhesive patch) were attached at each of these sites and 

an OSLD was placed directly adjacent to each. Previously, a detailed description of surface 

dose measured by scintillator versus OSLD for a number of different anatomical locations 

has been described.92 
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5.2.3     Results & Discussion  

Dosimetry Results  

As reported in previous studies, surface doses measured by scintillator and OSLDs 

were compared for both phantom and patient data sets. 8,92,115,116 In phantoms, scintillators 

and OSLDs surface doses agreed within 3% for all data points. During patient imaging it 

was found that surface dose measured by OSLD and scintillator agreed within 5% and 3% 

for 35/35 and 32/35 dosimetry sites, respectively.  

Table 3: Timed steps of the surface dosimetry workflow, all numbers shown as mean ± 
standard deviation in seconds. Phantom data is reported per dosimeter while patient data is 
for a group of n = 7 dosimeters. 

 
 
Summary Table  
 

Data for phantom studies was collected on a per dosimeter basis and is shown in 

Table 3 as an average of these measurements for each step of the workflow process. Timing 
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individual steps during patient imaging was not possible, and as such, times were measured 

for a group (n = 7) of dosimeters. Thus, patient data in Table 3 is an average of time spent 

using a group of dosimeters throughout the surface dosimetry workflow. Each entry in 

Table 3 also reports the standard deviation associated with each set of average 

measurements.  

Daily QA 

The microSTARii OSLD reader (nanoDot, Landauer Inc, Glenwood, IL) requires 

a standard daily QA procedure which involves reader stability and constancy testing.121 

Overall, it was found that taking 10 readings with no OSLD present followed by scanning 

and reading a constancy OSLD 10 times took, on average, a total of 120 ± 20 seconds. The 

scintillator dosimetry system does not have an explicit daily QA process; however, 

reference discs attached directly to the patient treatment stand inherently provide a 

measurement of camera stability and reproducibility – this information is available in each 

acquired image. Though, if so desired, implementation of a routine QA measurement  

would not be difficult to accomplish – scintillator light output can be tracked a given 

location in the radiation field and compared to readings from a standard dosimetry device 

(OSLD, diode, etc.) over time.  

Dosimeter Preparation, Attachment, and Removal 

Commercially available OSLDs are sold in see-through plastic sachets (containing 

a light-tight plastic holder encapsulating the OSLD active element), furthermore, 

distinguishing one dosimeter from another by eye is difficult (small-sized identifier is 

written along the dosimeter edge).122 Thus, a marker was used to label each dosimeter and 

two pieces of medical tape were applied. Preparation of OSLDs was found to take on 
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average 11 ± 3 seconds per dosimeter, an average time of 83 ± 5 seconds was measured 

during preparation for patient surface dosimetry. Scintillators have a protective coating 

allowing for application of a double-sided adhesive backing directly to their rear face 

without impacting light out; detailed description showing cross section of the scintillator 

have been previously described.115 Scintillators do not need to be marked prior to usage as 

the location of the dosimeter is inherently recorded in each image. Application of the 

adhesive backing took on average 5 ± 2 seconds per disc and an average time of 39 ± 7 

seconds was recorded for patient surface dosimetry preparation.  

Both scintillators and OSLDs were placed on the phantom surface and patient’s 

skin by hand in the desired locations. For scintillators, the adhesive backing was peeled off 

prior to attachment and average time for phantom and skin application was 3 ± 2 and 29 ± 

5 seconds, respectively. Average time for OSLD application was on average 35 ± 4 and 2 

± 1 seconds for patient and phantom testing, respectively. Both dosimeters were removed 

from the phantom and patient surfaces by hand simultaneously resulting in an average 

removal time of 2 ± 1 seconds for individual dosimeters and 11 ± 2 seconds for the sets of 

dosimeters during patient imaging.  

Imaging Workflow 

To acquire images, one simply needs to plug the power supply of the camera into 

the wall, remove the lens cap prior to imaging, enter the desired file name into commercial 

software (DoseOptics, Lebanon, NH), and click start. To note, the camera does not have a 

warm-up period unlike the OSLD reader which requires 1 hour of on-time prior to usage; 

warm-up can be avoided if the OSLD reader is left continuously on.73 Since the camera 

triggers directly off of linac pulses, one can simply leave the camera in “standby” as it will 
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trigger once the radiation beam is activated automatically – triggering and data collection 

are conducted wirelessly. Previously, manual positioning of a tripod was required prior to 

imaging, this aspect of the workflow has been eliminated by use of a wall-mounted camera 

setup.92 

Dosimeter Registration and Readout 

OSLDs must be registered with the microSTARii database prior to readout; this 

creates a unique record of the dosimeter and assigns it a background count value. By 

design, this is done one dosimeter at a time by scanning the barcode on each OSLD using 

a QR reader.83 Average time to register a single OSLD was 17 ± 10 seconds and 125 ± 13 

seconds for a group of 7.  When considering a batch of scintillators, one does not need to 

keep track of individual scintillators as dosimeter-dosimeter variation has been shown to 

be 0.3% ± 0.2% and they have been tested to be unaffected by radiation damage to 15 

kGy.108 Furthermore, when also accounting for camera stability (2% ± 1%), the uncertainty 

budget of TSET scintillator dosimetry system is comparable to that of a clinically 

commissioned nanoDot OSLDs (1.6% – 4.9% depending on calibration conditions and 

operator experience).92,113  The publicly-available algorithm for converting pixel intensities 

to dose was modified slightly – the user no longer needs to manually enter coordinates of 

disc centroid. Once the algorithm is run, a cumulative image of the patient data set is 

generated, and the user simply clicks on the discs in the image they want to include in 

analysis.  

The average time to read out a single scintillator dosimeter during phantom testing 

was on average 68 ± 4 seconds while patient surface dosimetry readout (n = 7 dosimeters) 

took on average 307 ± 9 seconds. For OSLDs, readout (standard 4x readings) for a single 
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dosimeter took 50 ± 13 seconds and 380 ± 25 seconds for patient surface dosimetry 

readings. 

A key advantage to using scintillators is that the time to readout data does not 

linearly scale with the number of dosimeters used. Furthermore, the time burden of 

individually reading out each dosimeter is also minimized – one can simply let the 

algorithm compute surface dose measurements without requiring continual manual input, 

as is the case for OSLDs. The readout time of the OSLDs requires consistent manual input 

(each OSLD must be individually scanned, loaded, readout, and a “note” must be entered) 

and specialized equipment (microSTARii reader). Scintillator images can be analyzed on 

desktop or laptop (as they were in this study), there is also no designated time window for 

processing whereas OSLD have a decay factor after irradiation.123 Use of a faster processor, 

SSD, and additional RAM would speed up the scintillator readout process.  

Reusability of OSLDs is not recommended by the manufacturer. However, in an 

effort to minimize cost and material waste, research groups have created a multistep 

process which involves manipulation of the dosimeter, exposure to a high-intensity light 

source, and tracking of lifetime exposure (maximum exposure of 10 Gy).124–126 Scintillators 

are coated with a protective coating and can be sanitized using standard clinical procedures; 

coupled with their resistance to radiation damage allows for dosimeter reuse. 

Cost Analysis  

The current cost of the CDose Research imaging system and affiliated software is 

$44,800, this figure is comparable to the cost of a microSTARii OSLD reader ($29,000, 

Landauer Inc Glenwood, IL).  The manufacturing cost for each scintillator disc is currently 

$20 – $30 for batches of 10 – 20 dosimeters, respectively. However, if scintillator 
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production was to be scaled, the cost per disc is expected to decrease and be similar to that 

of nanoDot OSLDs (currently priced at approximately $12 per dosimeter). 

5.2.4     Concluding Remarks 

One of the main limitations of the scintillator dosimetry system is that in order to 

measure surface dose at a given anatomical location, the dosimeter must be in the field of 

view of the camera. However, as a potential solution to this problem, a multi-camera 

method that could enable a 360o view of the patient is currently under development. 

Additionally, by incorporating mirrors into this imaging setup, surface dose in locations 

out of the line of sight of the current system could potentially be measured using 

scintillators e.g. areas receiving scatter radiation outside of the primary beam and field of 

view of the camera. The scintillators utilized in this study can be sanitized and reused 

patient-to-patient, however, long term use may lead to lead to wear-and-tear issues such as 

deep scratches and chipping of the protective coating. Nevertheless, the scintillators used 

in this report have been heavily used for phantom and patient imaging and over 8 months 

and no noticeable issues have arisen. Overall, the results of this study show that scintillator 

dosimeters can measure surface dose during TSET nearly twice as fast standard OSLDs 

without sacrificing accuracy. 

 

 

 

 

 

 

 



95 
 

Chapter 6: Scintillator Imaging for Quality Assurance Testing 
 
6.1     Background and Goals 

Similar to linear accelerators, 60Co irradiators must undergo rigorous QA testing to 

ensure that radiotherapy can be administered in a controlled, safe, and accurate manner. 

These irradiators, however, are less complicated in construction than linear accelerators in 

that the beam is generated using a source of radioactive cobalt. Thus, certain parameters, 

such as dose rate and exposure, can be adjusted by modifying location (SSD) or removing 

the source form shielding, respectively. The QA tests for 60Co irradiators follow a similar 

paradigm to linear accelerators, however, the particular irradiator studied in this chapter is 

dedicated for TBI treatment. As such, the gantry only has 1 degree of freedom – movement 

in the vertical direction. The only parameters that the operator can control are: 1) height of 

the gantry 2) length of source exposure 3) insertion of a filter modifying dose rate 4) height 

of the treatment couch. In turn, some of the most important QA tests for this machine are 

centered around measuring homogeneity, symmetry, and dose rate of the beam.  

The procedures for executing most QA tests for the dedicated TBI 60Co irradiator 

involve obtaining numerous point measurements through the field; typically, diodes are 

used for this task. These data points can be used to verify light field correspondence, size 

of the penumbra, and other important metrics needed to deliver whole body treatment. The 

approach suggested in this chapter is based on imaging light output from scintillator rods 

placed along the axis of the couch. Thus, information regarding the various parameters 

mentioned above can be obtained using a single irradiation and saved within the generated 

image file. The goal of the study described in this chapter was to determine if this 

methodology can be used to substitute for the current QA techniques without sacrificing 
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accuracy, and simultaneously improving work efficiency. Photograph of the various 

scintillator materials and form factors considered for 60Co irradiator testing shown in 

Figure 23.  

 
Figure 23: Photograph of various scintillator materials and form factors (from left to right): 
EJ-208 10 mm x 15 mm x 150 mm rod, EJ-212 10 mm x 7 mm x 20 mm (others are 5 mm, 
3 mm, and 2 mm in thickness) chips, EJ-212 1 mm thick x 25 mm diameter disk, custom 
scintillator dots, EJ-200 : 8 x 15 x 1000 rod, and ionization chamber above.   

Given the presence of a strong magnetic field, standard devices used for daily QA 

cannot be utilized. Thus, the scintillator rods used for 60Co irradiator QA were adapted for 

daily QA testing of an MRI-linac. By placing plastic rods in the radiation field of a 

ViewRay MRIdian linac, field size, relative amounts of deposited dose, and tracking of 

MLC positions was executed as per TG-142 daily QA guidelines. A wall-mounted camera 

outside of 5 Gauss line was focused on the rod positioned at isocenter. The scintillating 

rods are resistant to radiation damage and if mounted to a bracket, can be easily and 

efficiently used for conducting QA measurements required for daily QA testing in near real 

time. 
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6.2     Published Work: Quality Assurance and Relative Dosimetry Testing of a 60Co 
Total Body Irradiator Using Optical Imaging  
 
This chapter is largely derived from the published work:  

Tendler, Irwin I., Jeremy Bredfeldt, Rongxiao Zhang, Petr Bruza, Michael Jermyn, Brian 

W. Pogue, and David J. Gladstone. "Quality Assurance and Relative Dosimetry Testing of 

a 60Co Total Body Irradiator Using Optical Imaging." Medical Physics, 46 (8), August 

2019. 

DOI: https://doi.org/10.1002/mp.13637 

This article has the following copyright:  

©2019 American Association of Physicists in Medicine  

Licensed Content Publication: Medical Physics 

Licensed Content Publisher: John Wiley & Sons 

License Number: 746571490127 

I. I. Tendler, J. S. Bredfeldt, and R. Zhang were responsible for all data acquisition, 

analysis, and quantification as well as preparing the manuscript. P. Bruza and M. Jermyn 

were responsible for development of the technology necessary to perform data collection 

and assisted in the manuscript. B. W. Pogue and D. J. Gladstone provided advising, assisted 

in the conception of this study, and participated in editing of the manuscript. I. I. Tendler 

and J. S. Bredfeldt were equal contribution authors.  
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6.2.1   Abstract  

Purpose: The aim of this study was to create an optical imaging-based system for quality 

assurance (QA) testing of a dedicated Co-60 total body irradiation (TBI) machine. Our goal 

is to streamline the QA process by minimizing the amount time necessary for tests such as 

verification of dose rate and field homogeneity 

Methods: Plastic scintillating rods were placed directly on the patient treatment couch of 

a dedicated TBI 60Co irradiator. A tripod-mounted intensified camera was placed directly 

adjacent to the couch. Images were acquired over a 30-s period once the cobalt source was 

fully exposed. Real-time image filtering was used; cumulative images were flatfield 

corrected as well as background and darkfield subtracted. Scintillators were used to 

measure light-radiation field correspondence, dose rate, field homogeneity, and symmetry. 

Dose rate effects were measured by modifying the height of the treatment couch and 

scintillator response was compared to ionization chamber (IC) measurements. Optically 

stimulated luminesce detector (OSLD) used as reference dosimeters during field symmetry 

and homogeneity testing. 

Results: The scintillator-based system accurately reported changes in dose rate. When 

comparing normalized output values for IC vs scintillators over a range of source-to-

surface distances, a linear relationship (R2 = 0.99) was observed. Normalized scintillator 

signal matched OSLD measurements with <1.5% difference during field homogeneity and 

symmetry testing. Beam symmetry across both axes of the field was within 2%. The light 

field was found to correspond to 90 ± 3% of the isodose maximum along the longitudinal 

and latitudinal axis, respectively. Scintillator imaging output results using a single image 
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stack requiring no postexposure processing (needed for OSLD) or repeat manual 

measurements (needed for IC). 

Conclusion: Imaging of scintillation light emission from plastic rods is a viable and 

efficient method for carrying out TBI 60Co irradiator QA. We have shown that this 

technique can accurately measure field homogeneity, symmetry, light-radiation field 

correspondence, and dose rate effects. 

6.2.2     Introduction 

6.2.2.1     60Co Irradiator for Use in Total Body Irradiation (TBI) 

Cobalt-60 (60Co) irradiators are a robust tool for administering total body irradiation 

(TBI) treatment.127 Previous studies have shown that TBI can be effectively administered 

by exposing a patient to a posterior-anterior (PA) and anterior-posterior (AP) field at a 

large SSD.128 In turn, the resultant full-body, homogeneous field, combined with a low 

dose rate can be used to prepare patients for procedures like bone marrow transplant.129–132 

There exist a variety of techniques for patient positioning and beam delivery during 

treatment; use of a GammaBeam 500 (Best Theratronics, Inc. ON, Canada) – a dedicated 

60Co TBI irradiator – allows for the patient to lie supine or prone on a treatment couch 

throughout the duration of treatment. This improves patient comfort during treatment and 

proves to be exceptionally advantageous in treatment settings where patient compliance 

can be more challenging e.g. pediatric cases.  

Ensuring that the radiation field is homogenous is key to maintaining high treatment 

efficacy. Dose at any point in the treatment field should be no more than + 5% or -10% of 

the dose to the midpoint of the body.60 Previous reports, however, show that achieving 

these tolerances can prove challenging. Actual differences in administered dose have been 
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observed to deviate greater than 35% from the prescription.133 As such, field homogeneity 

testing plays an important role in quality assurance testing of 60Co irradiators. Furthermore, 

quantifying field symmetry is another important step in achieving a useful radiation field. 

Given that the radiation output of the 60Co irradiator is constant, effective dose rate to the 

patient is modified by changing the source-to-surface distance (SSD). In turn, dose rate 

generally follows an inverse square relationship with SSD. The effect must be verified, as 

certain treatment scenarios requiring modification in dose rate may arise. Near the floor or 

wall, however, where patients are often positioned during treatment, deviations from 

inverse square law are possible.134 These effects must be measured during commissioning 

for the specific treatment geometry and patient setup.    

An in-depth report outlining procedures and user experience in commissioning (and 

conducting quality assurance, QA, testing) of a GammaBeam 500 60Co irradiator is 

available in the literature. Specifically, results for dose rate, light-radiation field 

correspondence, field homogeneity, and symmetry are reported.135 The measurements 

described in the report (as well as in other publications136,137) were performed using manual 

point-by-point measurements, where an ion chamber is positioned, a measurement is taken, 

and the ion chamber is manually repositioned. These manual processes are prone to human 

error and require significant time to perform and repeat for routine QA. The technique 

described in this study offers the potential to streamline many aspects of both the 

commissioning and QA processes of this 60Co irradiator. Importantly, the novel techniques 

described here may also be applied to commissioning and QA of large radiation fields in 

general. 
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6.2.2.2     Quality Assurance Testing  

Ensuring that the radiation field is homogenous is key to maintaining high treatment 

efficacy. Dose at any point in the treatment field should be no more than + 5% or -10% of 

the dose to the midpoint of the body.60 Previous reports, however, show that achieving 

these tolerances can prove challenging. Actual differences in administered dose have been 

observed to deviate greater than 35% from the prescription.133 As such, field homogeneity 

testing plays an important role in quality assurance testing of 60Co irradiators. Furthermore, 

quantifying field symmetry is another important step in achieving a useful radiation field. 

Given that the radiation output of the 60Co irradiator is constant, effective dose rate to the 

patient is modified by changing the source-to-surface distance (SSD). In turn, dose rate 

generally follows an inverse square relationship with SSD. The effect must be verified, as 

certain treatment scenarios requiring modification in dose rate may arise. Near the floor or 

wall, however, where patients are often positioned during treatment, deviations from 

inverse square law are possible.134 These effects must be measured during commissioning 

for the specific treatment geometry and patient setup.    

An in-depth report outlining procedures and user experience in commissioning (and 

conducting quality assurance, QA, testing) of a GammaBeam 500 60Co irradiator is 

available in the literature. Specifically, results for dose rate, light-radiation field 

correspondence, field homogeneity, and symmetry are reported.135 The measurements 

described in the report (as well as in other publications136,137) were performed using manual 

point-by-point measurements, where an ion chamber is positioned, a measurement is taken, 

and the ion chamber is manually repositioned. These manual processes are prone to human 

error and require significant time to perform and repeat for routine QA. The technique 
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described in this study offers the potential to streamline many aspects of both the 

commissioning and QA processes of this 60Co irradiator. Importantly, the novel techniques 

described here may also be applied to commissioning and QA of large radiation fields in-

general.  

6.2.3     Methods 

Imaging Setup 

An intensified C-Dose camera (DoseOptics, Lebanon, NH) was used for imaging. 

The camera utilized a green-sensitive photocathode to enhance sensitivity to light emission 

from scintillators utilized in this study. 800 x 600 resolution images were collected using 

continuous acquisition mode; the operator manually started acquisition after the 60Co 

source was fully exposed. Imaging was conducted for 30 seconds and 400 frames were 

captured. Acquisition was stopped while the source was still exposed, and the shutter was 

closed thereafter. A CMOS gain of 430 and exposure time of 30 ms were utilized. All 

images were online spatial (5 x 5-pixel window size) and temporal median (5-image 

window size) filtered; background-subtraction, darkfield and flat-field correction were 

completed in post-processing. For dose-rate and field homogeneity testing, an EF 24-mm 

f/1.4L II USM wide-angle (Canon, Tokyo, Japan) and a Rokinon 10-mm f/2.8 ED AS NCS 

CS ultra-wide-angle (Elite Brands Inc., New York, NY) were used, respectively. To note, 

a separate flatfield image was obtained for each lens; the lens attaches to the camera in a 

fixed orientation, thus repeat flatfield images were not taken in between lens changes. An 

overview of the imaging setup is shown in Figure 24A.  
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Figure 24: A) Imaging setup for field homogeneity, light-radiation field correspondence 
and symmetry testing featuring tripod-mounted camera, 60Co irradiator, and scintillator 
dosimeters. B) Sample cumulative image (SSD = 174) from field symmetry and 
homogeneity testing, setup shown in (A), colorbar represents pixel intensities in digital 
counts (arbitrary units). SNR is also provided for this image. Two separate rods (2 x 1m) 
are used in the longitudinal direction, a single rod (1m) is used for the latitudinal axis. 
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Dosimeters  

Scintillators were custom manufactured, composed of EJ-200 plastic and coated 

with reflective EJ-510 paint on all edges except the one facing the camera (Elijen 

Technologies, Sweetwater, TX). Four different sized (height x width x length) scintillators 

were evaluated: 8 x 15 x 1000, 8 x 15 x 100, 8 x 10 x 15, and 10 x 10 x 15 mm. Scintillators 

were placed on the treatment couch and irradiated using a GammaBeam 500 60Co 

irradiator.   

Field Homogeneity, Symmetry and Light field Correspondence  

Scintillators were arranged along the longitudinal and latitudinal axis of the patient 

couch. Figure 24B provides a sample cumulative image obtained during field symmetry 

and homogeneity testing. Cumulative images of scintillator emission were computed, a 

Gaussian filter (radius = 3 pixels) was applied, and line profiles were obtained along each 

axis. Line profiles shown in Figure 26 were generated by taking the mean of a strip (width 

= 5) of pixels along the desired axis. A moving average filter (window = 4) was then applied 

to smooth the data. Distribution of the radiation field measured by scintillators was 

compared to OSLD (nanoDot, Landauer Inc., Glenwood, IL). Results for both scintillators 

and OSLDs were normalized to the maximum value per axis (longitudinal and latitudinal).  

Images of the light field were obtained, by relating pixel values for the lightfield to 

corresponding regions of the radiation beam, light field correspondence measurements 

were computed along both axes of the patient couch. The manufacturer of the 60Co TBI 

irradiator provides two flattening filters (“high” and “low” attenuating capabilities), the 

effects of these filters on beam homogeneity and symmetry were tested using the 

scintillator imaging system. 
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Dose Rate 

The effect of dose rate on scintillator emission was evaluated. Effective dose rate 

was changed by adjusting the height of the treatment couch (SSD range: 170 – 245 cm) 

while the gantry head remained at maximum height. The focus of the lens was adjusted 

such that a sharp image was achieved for each SSD tested. For a given image set of 400 

frames, ± 25 frames (50 frames total) from the median frame were summed together. Pixel 

intensities of an ROI (20 x 20 pixels) in the cumulative image were summed together, 

sample image frame and ROI are shown in Figure 25B. An Exradin A12 ionization 

chamber (Standard Imaging, Middleton, WI) was placed directly adjacent to the scintillator 

for reference measurements. During this proof of concept study, scintillators of varying 

sizes were tested as smaller sized rods are easier to handle and store. 

6.2.4     Results & Discussion 

Optical imaging of scintillator light emission was able to capture the effect of 

change in dose rates on deposited dose. As the SSD was increased from 170 – 245 cm, and 

the 60Co source exposure time was kept constant, IC and scintillators measured change in 

deposited dose following an inverse square law ( 1
SSD2

). Signal-to-noise ratios (SNR) of 65 

– 105 were observed over the range of SSDs tested. Figure 25A shows the relationship 

between normalized IC and scintillator (for all dimensions) measurements versus an 

inverse square law model. An R2 = 0.99 was observed for all the scintillators tested.    
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Figure 25: A) Sum of pixel intensity from ROI in cumulative scintillator image versus 
SSD. Scintillator labels correspond to physical dimensions of width x height x length. Data 
obtained by ionization chamber and inverse-square law model are also presented. Standard 
error is represented by vertical bars. B) Data from panel (A) shown as global percent 
difference from 1

𝑆𝑆𝑆𝑆𝐷𝐷2
 model, ± 2% difference reference lines from model are also provided. 

C) Sample cumulative image (SSD = 220 cm) from dose rate experiment. ROI used for 
data analysis is shown in red for varying scintillator sizes. Colorbar shows pixel intensities 
and SNR for this image is provided. 
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Figure 25B shows global percent difference between 1
SSD2

 model versus normalized  

scintillator and ionization chamber measurements previously shown in Figure 24A. 

Compared to the model, the ionization chamber and the 8 mm x 10 mm x 15 mm rod 

reported values with an average absolute percent difference of 0.3 ± 0.3% and 0.7 ± 0.2%, 

respectively.  

Results showed that the beam was symmetric across both axes within ⩽ 2 ± 0.5%. 

The light field was found to correspond to 90 ± 3% of the isodose maximum along the 

longitudinal and latitudinal axes, shown as vertical yellow lines in Figure 25. Within the 

90% isodose region, the beam was found to be homogeneous within 2.3 ± 0.5%.  

Scintillator imaging showed that within the 90% isodose region, the less (F2) and 

greater attenuating (F1) had an average of 99 ± 1% and of 99 ± 2% of maximum intensity 

along both axes, respectively. When comparing normalized scintillator output versus 

OSLDs for F1 and F2, there existed a < 1.5% difference in all cases, Figure 26. This percent 

difference falls within the accepted error tolerance of OSLD (3 – 5% variation73,93,138). It 

should be noted that in terms of homogeneity, field symmetry, and lightfield 

correspondence testing, scintillator imaging requires acquisition of a single image stack; to 

obtain the same data with an IC, multiple manual measurements are required. SNR of the 

cumulative image used for these experiments was 105. 

Light generated in the plastic rods contains both scintillation and Cherenkov light, 

however, the emission of scintillation greatly (over 100 ×) exceeds that of Cherenkov 

light.80,139  Furthermore, the intensified camera used during this study has maximum 

detection efficiency in the wavelength band of EJ-200 scintillator emission (400 – 500 

nm)140 thereby suppressing and enhancing detection of Cherenkov and scintillation signal,  
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Figure 26: Line profiles of scintillator emission during field homogeneity and symmetry 
testing. Data for longitudinal and latitudinal axis, as well as two different filters (high 
attenuation, F1; low attenuation, F2) are shown. Gap at central axis in left plot is due to use 
of two separate 1m-long rods, see Figure 24. Vertical yellow lines indicate edge of the light 
field. Red dots represent OSLD location and readings. 
 

respectively. Previous studies have demonstrated the feasibility of conducting surface 

dosimetry, treatment QA, and radiation field verification by capturing light emission from 

plastic scintillator targets during linear accelerator (linac)-based radiotherapy.8,92,108 Thus, 

the optical imaging methods described in this study could also be adapted for use in linac 

TBI QA testing. 

6.3     Adaptation of Scintillating Rods for Daily QA Testing of an MRI-Linac 

When considering adapting the scintillators rods for use in the ViewRay MRI-

Linac, the diameter of the bore and couch dimensions needed to be considered. Thus, the 

1 m long EJ-200 rods used for QA testing of the 60Co irradiator were cut in length, to new 

dimensions of 8 x 15 x 500 mm (width x height x length). Scintillators were placed along 

the laser indicators in the “x” direction (latitudinal axis of couch) and then moved to 

isocenter for imaging. Optically opaque BK5 polyurethane-coated nylon fabric (Thorlabs, 

Newton, NJ) was placed underneath the rods to minimize reflection artifacts from the 

couch surface. See Figure 27 for photograph of scintillator setup.  
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In order to capture light emission from the rods, a CDose Research camera 

(DoseOptics LLC, Lebanon, NH) was mounted on the wall, parallel to the couch, at a 

height of 2.2 m, angle of 12o, and a 5 m camera–scintillator distance. This camera system 

is identical to the “modified” (blue-sensitive) camera described in Chapter 4. A Rokinon 

135-mm f/2.0 ED UMC lens (Elite Brands Inc., New York, NY) was coupled to the camera 

to focus on the isocenter plane of the radiation field. Just as described in Chapter 3, an 

optical fiber was run from the camera to the control console outside the treatment bunker 

allowing for remote operator control of the imaging system.  

 

Figure 27: Photograph of the MRIdian linac with scintillating rod laying on the treatment 
couch. x-direction represents the latitudinal axis of the couch, y-direction represents the 
longitudinal axis of the couch (into the bore), and z-direction represents the axis orthogonal 
to the couch.  

A MRIDIAN linac (ViewRay Technologies, Inc., Oakwood Village, Ohio) was 

used for all experiments in this chapter. All irradiations utilized a 6 MV FFF beam with a 
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dose rate of 600 MU per minute. Field sizes were shaped using two sets of parallel 

cascading MLCs.  

6.3.1     Daily QA Tests    

Sensitivity to Changes in MU  

TG-142 states that for machines used to administer IMRT treatment, x-ray output 

constancy must remain within 3% from baseline on a daily basis. Thus, in order to 

determine the lower limit of detectable change in MU, the rod was exposed to 100, 101, 

102, 103, and 105 MU. The change in light output following irradiation for each of these 

exposures was compared to baseline measurements of 100 MU. Figure 28 shows a sample 

cumulative image of 100 MU administered using a 14.94 x 14.94 cm2 field size., By 

increasing exposure by single MU counts, a situation in which administered dose fluctuates 

due to transmission chamber leakage, electrometer circuit failure, beam tuning drift, etc. is 

simulated. 

 

Figure 28: Sample cumulative image of a 14.94 x 14.94 cm2 irradiation (100 MU) of a 
scintillator rod at isocenter.  

Images were darkfield, background, and flatfield corrected in the same way as data 

presented in section 6.2.3. The ROI selected for analysis encompassed the entirety of the 

scintillator rod. Table 4 shows the average pixel counts in the ROI (𝜇𝜇𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐𝑝𝑝 ), standard 

deviation of counts in the ROI (𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐𝑝𝑝 ), and the ratio of average counts compared to 
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baseline (100 MU). For all irradiations, the scintillator was able to accurately report 

changes in MU within 0.5% (n = 6), see Table 4. Potential causes of this error can be 

related, but not limited to: 1) imaging system fluctuation 2) Not fully optimized camera 

settings for pulse synchronization and 3) scratches / damage to scintillating rod 4) 

fluctuation in linac output. For reference, repeat daily measurements completed using an 

IC Profiler-MR (Sun Nuclear Corp., Melbourne, FL) resulted in a standard error of 0.5% 

over 14 days of testing (irradiation at isocenter, 100 MU). Thus, as a proof-of-concept, this 

data showed that the scintillator rods were sensitive enough to changes in MU to be able 

to conduct daily TG-142 dosimetry testing.  

Table 4: Average (and corresponding standard deviation) counts within the ROI of the 
scintillator rod for a range (100 – 105) of MU. Ratio is the proportion between average 
counts of a given irradiation vs. 100 MU.  

 
 

Detecting Changes in Field Size   

Verification of radiation field size as indicated by jaw position or as produced by 

MLC is a monthly test in TG-142. The MRIdian does not have conventional jaws, using 

only MLCs to shape the radiation field; thus, various field sizes were generated using the 
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MLCs; size of the generated radiation field was confirmed using the scintillator rods. For 

fields ranging from 9.96 x 9.96 cm2 – 19.92 x 19.92 cm2, the width of the 50% isodose 

curve was measured using optical imaging techniques (field size on the MRIdian is defined 

at the 50% isodose). The image processing steps described in section 6.2.3 were used for 

filtering, background, flatfield, and darkfield corrections. As in the previous section, an 

ROI encompassing the entire rod was used. A strip of pixels (width = 17) was averaged 

and the FWHM distance was measured for a cumulative image stack. Distance was initially 

reported in the number of pixels, a spatial dimension (cm) conversion factor of 0.75 

mm/pixel was determined by imaging a checkboard.  The distance measured by the 

scintillator rods was compared to that of the known MRI-linac input values. It was found 

that the rods reported accurate field size with ≤ 1.6% error for field sizes ≤ 19.92 x 19.92 

cm2, Table 5.  

Table 5: Size of the FWHM for various field sizes as measured by scintillator rods vs. 
input dimensions (difference shown as a percentage). Data is reported in pixel and real 
(cm) dimensions. Radiation fields were symmetric, length of only one field edge is listed. 
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Sensitivity to Positional Shifts in the Radiation Field  

In order to evaluate the ability of the imaging system to detect changes in the 

position of the beam, a 14.94 x 14.94 cm2 beam was shifted along the x-direction of the 

treatment couch. This was accomplished by moving the MLCs symmetrically 1, 2, and 3 

mm at a time. Following the same image processing steps as described in Chapter 7, a strip 

of pixels (width = 17, length = 500) was averaged and a horizontal line profile was obtained 

along the longitudinal axis of the rod. A reference line was inserted at the FWHM for the 

reference curve (obtained by irradiation directly at isocenter). Intersection of the beam 

profile and the reference line represents the horizontal shift created by movement of the 

MLCs. Figure 29 depicts one side (left-most) of the line and reference profiles – the 

opposite side was measured to be symmetrical and was not included for clarity. It was 

shown that shifts of 1, 2, and 3 mm could be detected by the imaging system, however, the 

degree of accuracy in measuring these shifts varied. Differences in shifts were 

underestimated by 33% and 30% for changes of 1 and 2 mm; a shift in 3 mm was 

overestimated by 4%. Nevertheless, the data shown in this section implies that the imaging 

system is sensitive of shifts in the radiation field up ≥ 1 mm.  
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Figure 29: Line profiles of a 14.94 x 14.94 cm2 field administered at isocenter, and later 
shifted (1, 2, and 3 mm). Horizontal line is a reference line placed at the FWHM of the 
isocentric irradiation. 

An IC Profiler-MR (Sun Nuclear Corp., Melbourne, FL) used to measure the 

position of the center of the beam during daily QA measurements over the course of 2 

weeks measured. Results showed that the (X,Y) position changed on average (0.47 ± 2 

mm, 0.36 ± 0.2). The position of the beam was also tracked using optical imaging of the 

scintillating rods. During n = 6 measurements, it was found that the center of the beam 

varied by 0.57 ± .4 in the x-direction, which is comparable to measurements made using 

the 2D profiler.  
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Imaging MLC Quality Assurance Plan  

Unlike most linear accelerators, the MLCs of a MRIdian require re-initialization / 

re-assertion when moving from one position to another. In addition, the lack of jaws in the 

design of the linac place the entirety of the responsibility of beam shaping on the MLC. 

Thus, although not required by TG-142, verifying the positional accuracy of the MLC 

system on a daily basis can be beneficial in the early detection of MLC errors and 

prevention of associated treatment errors or delays. As such, a treatment plan simulating 

the administration of 7 separate “slit” beams (10 mm width at isocenter) at distances of ± 

130, 100, 50, and 0 mm from isocenter was created, see Figure 30 (left panel). The 

scintillator rod was irradiated using this plan and the resulting cumulative image is shown 

in Figure 30 (right panel). The spatial position of each “slit” was tracked by recording the 

midpoint of the cross-beam profile (calculated using the same methodology described 

earlier in this chapter. Optical measurements were able to confirm positioning of the “slits” 

within 3% compared to the programmed MLC positions. This imaging technique provides 

data on the aspect of the beam directly transecting the scintillator rod. To obtain a full 2D 

profile, the couch position must be shifted such that the entirety of the radiation field can 

be sampled by the scintillator rod.   

     

Figure 30: MLC slit treatment plan (left) and cumulative image collected during 
administration of this plan (right). Distance between each slit, as measured in spatial 
dimensions, within the optical image is shown below the resulting data from this 
experiment. 
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6.4     Concluding Remarks 
 

Optical imaging of scintillator light emission has been shown to be an accurate 

method for measuring dose rate and field homogeneity of a 60Co irradiator. Monitoring 

beam output constancy, cobalt source translation, off-axis ratios and light/radiation field 

alignment are required tests for monthly, annual and in some cases, daily QA – all of which 

can potentially be carried out using the imaging system described in this study. Adoption 

of this system requires simply placing the scintillators on the patient couch, turning off 

room lights, turning on the camera and irradiating the plastic rods. In turn, workflow time 

can be minimized and there exists the possibility for reducing human error by automating 

data processing and analysis. There also exists the possibility of utilizing this system for 

patient imaging by incorporation of a modified version of a previously described equalized 

background subtraction method.8,92,108  

Scintillating rods lend well for use as QA tools of an linac-MRI they can be imaged 

in the presence of a strong magnetic field and lends well. Data has shown that optical 

imaging of light output from these plastic rods can be used to for daily output testing, 

measuring field size and monitoring shifts in position of the radiation field. Since these 

plastic rods are resistant to radiation damage and can be easily mounted to a treatment 

couch bracket; their long-term use for daily QA testing of a ViewRay linac is feasible.   
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Chapter 7: Comparison of Organic Scintillator Phantoms for Imaging-Based 
Quality Assurance  
 
Acknowledgement: Ramish Ashraf and Mahbubur Rahman contributed to data 

collection/analysis and composition/editing of the content described in this chapter. 

Technical data related to imaging of quinine (liquid) scintillators and 2D plastic sheets has 

been described by these researchers.119,141,142 

7.1     Background and Goals  

Organic scintillators have been commonly used as quality assurance (QA) and in 

vivo dosimeters for external beam radiotherapy (EBRT). Usually, a small volume of 

scintillator is attached to a fiber-optic cable that is connected to a photon counting unit 

where light signal is digitized and read out by a computer.6,143  It has been shown that 

capturing scintillation using an external camera is another viable method for conducting 

QA and dosimetry testing. By removing the need for a scintillator-readout device cable, 

one can obtain data remotely without perturbing the radiation field with additional wires 

or cables. A camera intensifier is often necessary for remote measurements since the 

amount of light produced by most scintillators can be low compared to ambient light levels. 

Scintillator signal can be significantly enhanced, however, by time-gating image 

acquisition to linear accelerator pulses.92,144  

Camera-based scintillator imaging systems have utilized form factors such as 

geometric blocks, cylinders, discs, sheets, and liquids.10,11,13,63,115 In this chapter, a solid 

(3D block and thin sheet) and liquid (quinine-doped water) are compared for use as QA 

devices in EBRT. The decision as to which phantom is more appropriate for a given QA 

task is driven by multiple criteria; some examples include, but are not limited to, signal-

noise ratio (SNR) limits, availability of an intensified camera, as well as need to conduct 
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relative or absolute dosimetric measurements. As such, various physical and imaging-

related properties of all three scintillators are evaluated and compared.  

7.3     Materials and Methods  

7.3.1     Scintillator Phantoms 

A side-by-side comparison of all the scintillators evaluated in this study is shown 

in Figure 31. Table 6 provides an overview of the overall scintillator descriptions and 

physical properties. 

 

Figure 31: Side-by-side comparison (photograph) of the solid, sheet, and liquid 
scintillators. Acknowledgement: Entropic Industries LLC for assisting in the creation of 
this figure.  

Liquid Phantom 

An acrylic 30 x 30 x 40 cm tank was filled with distilled water and doped with 1g/L 

quinine sulfate which was pre-dissolved in 0.5N HCl. (99% Quinine hemisulfate 

monohydrate, Sigma Aldrich, St Louis, MO).145 Optically opaque 0.3 cm plastic sheets 

were placed along all edges of the tank, excluding the one facing the camera, to prevent 

reflection artifacts. The quinine solution was prepared the same day directly prior to 
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imaging studies; the tank is kept empty and can be filled once positioned on the table using 

manual pouring or an automated pump.  

Solid Block Phantom 

EJ-208 plastic (Elijen Technologies, Sweetwater, TX) was cast into a solid 30 x 30 

x 30 cm cube. The cube is stored in a wooden crate lined with styrofoam and soft felt liner. 

The crate is placed on a cart with a built-in hydraulic lift – the crate is lifted to the level of 

the couch using a foot-actuated lever and can removed by hand (single person) and placed 

on the couch. Optically opaque BK5 polyurethane-coated nylon fabric (Thorlabs, Newton, 

NJ) was used to cover all sides of the cube other than the one facing the camera.    

Sheet Phantom 

A 28 x 30 x 0.1 cm sheet of EJ-240 plastic scintillator (Elijen Technologies, 

Sweetwater, TX) was placed at the center of an acrylic tank (30.8 x 30.9 x 30.7 cm3). Plastic 

tabs were attached to the top and bottom edges of the tank to guide the scintillator into 

place. Additionally, a 28 x 30 x 0.1 cm carbon fiber sheet was placed behind the scintillator 

to prevent reflection and minimize contribution of Cherenkov signal from water behind the 

sheet. Additionally, all sides of the tank, with the exception of the one facing the camera, 

were covered in T743-2.0 high-performance black masking tape (Thorlabs, Newton, NJ). 

The tank is stored and filled in a manner similar to the liquid phantom described above. 

The carbon fiber and plastic sheets are inserted after the tank is filled; care must be taken 

to prevent the formation of air pockets in the junction between plastic and carbon fiber 

sheets. 
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Table 6: Comparison of block, sheet, and liquid scintillators. Description of the 
scintillators, physical properties, and imaging performance characteristics are provided. * 
data taken from Eljen Technologies.16 

 
 

7.3.2     Imaging Setup 

A Trilogy linear accelerator (linac) (Varian Medical Systems, Palo Alto, CA) was 

used for all experiments. The phantoms were irradiated with a 6 MV, 10 x 10 cm2, at 100 

cm source-surface distance (SSD). Images were obtained using a CDOSE intensified 

CMOS camera coupled to a 50 mm Nikkon 50-mm f/2.8 AF lens (Nikon Inc., Tokyo, 

Japan) was position 2.7 meters from the isocenter on a tripod at a height of 1.35 m.  An iris 
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setting of  f/8 was used for all imaging acquisitions to provide adequate depth of field focus 

and the camera was time-gated to linac pulses wirelessly using a remote trigger unit.119 

Images were online spatial (5 × 5-pixel window size) and temporal median (five‐image 

window size) filtered, image processing steps have been previously described in detail.61 

Flatfield and darkfield corrections were implemented during post-processing. Room light 

were completely turned off during imaging. All acquisition settings remained constant 

during imaging except for the exposure time which was changed from 51,000 to 21,000 µs 

during block imaging in order to prevent saturation. This did not impact data fidelity, it 

simply allows the imaging system to capture more frames minimizing the per frame 

intensity of the image – when viewing the images as cumulative stacks, the data between 

the three scintillators is still comparable.  

7.3.3     Spectral Measurements 

A calibrated PiMax3 (Princeton Instruments, Acton, MA) was attached to a 

SpectraPro 2300i spectrograph (Acton Research Corporation, Princeton Instruments, 

Acton, MA) to obtain scintillator emission spectral profiles. Groups of 100 frames were 

captured utilizing an exposure time of 350 µs with a 100x gain. A 1,300 mm fiber 

containing 19 x 299 μm diameter fibers (CeramOptek, Bonn, Germany) was placed 

approximately 4 cm from the scintillator sheet (fixed in the vertical orientation), solid cube, 

and liquid scintillators. A grating density and blaze of 150 g/mm and 500 nm were used, 

respectively. Background and native signals were collected by recording data with the 

radiation beam turned off and irradiating with no scintillator present, respectively. 

Scintillators were irradiated at isocenter of a 10 x 10 cm2 6 and 10 MV photon beam at 600 

MU/min with an SSD of 100 cm. Spectral measurement methodology and processing is 
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comparable to those previously described.146 Raw data from the spectrometer was 

background subtracted, temporal median filtered, and smoothed using a Savitzy-Golay 

filter (span = 10 and degree = 1) using MATLAB (MathWorks, Natick, MA). 

7.3.4     Quality Assurance Testing & Data Analysis 

Optical images were down sampled to match the treatment planning system (TPS) 

dose grid size (1mm/pixel). The two images were aligned together, and a ROI was chosen 

at 5cm from which the cross-beam profiles (CBPs), for the sheet, and cross beam projection 

images (CBPI), for the block and liquid scintillators, were extracted. Gamma analysis was 

performed on the CBPs and CBPIs with TPS as the reference dataset. 

Cross-Beam Profile and Projection Images 

In order to compare optical data to the Eclipse (Varian Medical Systems, Palo Alto, 

CA) treatment planning system (TPS), computed tomography (CT) scans of each 

scintillator were obtained using a LightSpeed RT 16 Slice Scanner (GE Medical Systems, 

Chicago, IL). Alternatively, this step could have been accomplished by creating phantoms 

of each scintillator in the treatment planning system; however, to maximize accuracy of 

the comparison, actual CT images were used instead. Treatment plans featuring 

administration of 10 x 10 cm2 6 and 10 MV beams to each of the phantoms (using the 

corresponding CT scans) were created and resulting 3D dose distributions were extracted. 

Cross beam projection images were calculated by summing all 2D dose distributions in the 

DICOM dose matrix file. 

Dose Linearity  

Scintillators were exposed to increasing amounts of monitor units (MU) at an SSD 

of 100 cm. 10 x 10 cm2 6 and 10 MV photon beams were used to irradiate the scintillators 
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to 50, 100, 200, 400, and 600 MU. The camera imaged the beam in the same setup used to 

acquire the crossbeam images. An ROI (2.6 x 8.3 cm2) centered at a depth of maximum 

dose was defined for varying phantoms and MU. The mean and standard deviation of pixel 

intensity in the ROI was determined and plotted against MU using MATLAB R2018a 

(Mathworks, Natick, MA), shown in figure 5. The best fit line for each phantom and energy 

was determined (least squares fit) with the y-intercept fixed to 0-pixel count at 0 MU. 

7.4     Results 

Using a single imaging setup (identical camera position), data for 10 x 10 cm2 beam 

was successfully collected for 6 and 10 MV photon beams. Figure 32 shows sample 6 MV 

optical images for the block, sheet, and liquid scintillators; TPS renderings of the 

corresponding dose fluence are shown below. Each TPS image has been planned in each 

different material, these plans were produced using CT scans of the actual phantoms. Note 

that for the block and the liquid, projected dose distribution is shown. Whereas for the 

sheet, central axis dose distribution is shown. SNR/CNR for the block, sheet, and liquid 

scintillators was found to be 604/601, 568/566, and 343/341, respectively. 
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Figure 32: Images showing optical and TPS output for exposure of block, sheet, and liquid 
scintillators to 10 x 10 cm2 6 MV photon beams. Pixel intensities are presented as 
normalized counts. Acknowledgement: Ramish Ashraf for assisting in the creation of this 
figure. 

Figure 33 shows projected CBPs for the block and liquid scintillator at a depth of 5 

cm and central axis CBP for the sheet phantom. Gamma Index analysis (3%/3mm, global 

normalization) scores are also provided.147 The passing rates for the block, sheet and the 

liquid phantom were 71%, 75% and 98%, respectively.   
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Figure 33: Comparison of optical and TPS CBP at depth of 5 cm for block, sheet and liquid 
phantoms. Upper row shows normalized response and lower row presents corresponding 
Gamma score. Acknowledgment: Ramish Ashraf for assisting in the creation of this figure. 
 

Maximum intensity of light emission for block, sheet, and liquid scintillators was 

found to occur at 438, 431, and 448 nm, respectively; Figure 34 shows normalized 

intensity of this signal versus wavelength. Greater than 20% of the light emission was 

found from 411 – 500, 392 – 513, and 416 – 581 nm for solid block, sheet, and liquid 

scintillators. 

All three of the scintillators showed a linear increase in optical signal with 

increasing amounts of MU. Figure 35 shows scintillator response versus increasing 

amounts of exposure; equations of linear trendlines are also shown, all fits had an R2 = 1. 

In terms of signal intensity for 6 MV beams, the pixel counts for the block were on average 

108x and 181x that of the sheet and the liquid scintillators, respectively; while for the 10 

MV beam, pixel counts in the block were on average 105x and 143x higher, respectively. 
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Taking a ratio of the slope of the dose linearity response curve for 10 MV versus 6 MV 

yields, 1.02, 1.04, and 1.29 for the block, sheet, and liquid scintillators.   

 
Figure 34: Spectral emission profiles for block, sheet, and liquid scintillators. Data is 
shown for 6 and 10 MV photon beams. 

 

 

 
Figure 35: Pixel intensities within an ROI, shown as scintillation intensity, versus 
increasing amounts of exposure (MU). Line of best fit is shown for 6 and 10 MV data sets. 
Vertical bars represent standard deviation of counts within the ROI. Additionally, equation 
for line of best fit is show for all data. To note, all fits had an R2 = 1. Acknowledgment: 
Mahbubur Rahman for assisting in the creation of this figure. 
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7.5     Discussion  

All of the scintillators evaluated in this study featured light emission that was 

directly proportional to exposure. Block (2%) and sheet (4%) scintillators, however, had 

an average smaller energy dependence to 6 and 10 MV photon beams compared to the 

liquid scintillator (29%) – similar relationships were previously reported for studies 

utilizing quinine sulfate dihydrate.148 Emission from the block scintillator had high enough 

intensity to be to be imaged with a non-intensified camera – we have visualized the block 

scintillating on non-intensified CCTV cameras mounted in the treatment vault. The SNR 

and CNR values for all the scintillators were high (> 340) – light signal was easily 

distinguishable from background for all imaging data sets. Both the sheet and liquid 

phantoms produce signals that contain contributions of Cherenkov (from the water within 

the tank) and scintillation (from quinine and plastic) signal. Specifically, it has been shown 

that at the concentration of quinine used in this study (1 g/L) and 6 MV irradiation, 52.4 ± 

0.7% of the light is due to scintillation while the rest is comprised of Cherenkov light.148  

Each of the three scintillators possesses unique advantages and drawbacks when 

used for quality assurance testing. The sheet scintillator has the unique ability to produce 

images at a specific depth, compared to the block and liquid phantoms which produce 

projection images. The block phantom does not require filling of a water tank and is, from 

a practical perspective, easier to setup and store. The liquid phantom performed best during 

dosimetry-based testing – it did not have increased signal in low-dose region of CBP, while 

both the block and sheet did. One of the drawbacks of using the liquid phantom is handling 

and phantom setup tend to be quite burdensome. The quinine sulfate solution requires 

preparation and the tank must be thoroughly cleaned after each use; otherwise, deposition 
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and damage to the tank can occur, see Figure 36. However, it should be noted that in terms 

of relative tracking of beam profiles, such as those necessitated by constancy tests in TG-

142, all three of the scintillators can be used.149 

  
Figure 36: Top-down view of two different plastic tanks used for quinine sulfate 
scintillator imaging. Over the course of usage, both tanks developed substantial amounts 
of hard-to-remove residue caused by dried quinine sulfate.  
 

The weights of the three scintillators are comparable (average weight = 29 ± 3 kg), 

this is similar to the commercialized Blue Phantom 2 (IBA Dosimetry, Belgium) or 

DoseView 1D (Standard Imaging, Middleton, WI). Both the block and sheet are chemically 

stable in water, dilute acids, alkalis, lower alcohols, and silicone greases; these scintillators 

are degraded by aromatic and chlorinated solvents, and ketones.150 The plastics used to 

create the block and sheet are similar in composition to those evaluated in previous 

scintillator imaging studies, all of these plastics are specifically engineered to resistance to 

radiation damage. In fact, it has been shown that optical output decrease < 0.1% following 

exposure to 20,000 Gy.108 The election densities (HU values) of the block, sheet, and liquid 

scintillators were found to be -42.5 ± 10, -4.0 ± 15, 4.7 ± 5, respectively. The block and 

sheet scintillators are near water equivalent, material densities are 1.023 g/cm3 for both. 

The rise/decay times for the block and liquid are reported as 1.0/3.3 and 2.1/20.2 ns, 

respectively.  
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Overall, using optical imaging system to capture scintillation for the purposes of 

quality assurance testing in radiation oncology has been thoroughly verified and tested. 

These techniques allow the user to collect data remotely and lend to potential opportunities 

to automate data collection and processing. Furthermore, the use of these systems in an 

MR environment is viable. Considering that scintillator phantoms have no internal metal 

parts, and the camera is able to obtain images remotely at a distance from the magnetic 

field. In fact, the imaging system described in this paper has been tested in the presence of 

MR-linac (strong magnetic field) environments.63 A summary of the findings of this study 

is shown in Table 6.   

7.6     Concluding Remarks 

In this study, the physical properties of three (block, sheet, and liquid) scintillators 

were evaluated for their suitability for use in optical imaging. It was found that all 

scintillators tested are suitable for constancy and relative testing. The main advantages of 

the liquid scintillator lies in its ability to provide dosimetrically accurate measurements, 

the block and sheet scintillators are not useful for quantitative beam dosimetry given the 

presence of differences in the optical and TPS images in the low-dose regions. The block 

scintillator, however, has improved ease of use and does not require a non-intensified 

camera while the sheet scintillator has the capability of sampling the radiation field with 

respect to a position in the z-direction.  
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Chapter 8: Experimentally Observed Cherenkov Light Generation in the Eye 
During Radiation Therapy  
 
8.1     Background and Goals  

In the literature, there exists a substantial amount of work devoted to theorizing and 

describing visual sensations experienced by patients undergoing radiotherapy. These 

phosphenes (light flashes) were first described in early papers detailing the experiences of 

astronauts of the Apollo 11 mission.151 The primary underlying mechanism of this 

phenomenon has long been purported to be Cherenkov light generation in the vitreous 

humor of the eyeball.152 However, evidence or data of these light flashes does not exist 

beyond the narratives of patients / people who have experienced them 1st hand. Others have 

attempted to create models describing the process of interaction between ionizing radiation 

and eye.65 Nevertheless, theories regarding alternative, or competing, phenomenon that 

might be contributing to patient-perceived phosphenes have also been thoroughly reported 

on.153 

The major goal of the work presented in this chapter was to provide first-time 

evidence of light flashes in the eyes of patients undergoing radiotherapy and to characterize 

the source of this light. Various techniques described in previous chapters, such as 

spectroscopic analysis and Cherenkov/scintillation imaging, were used to better understand 

the underlying workings of how light is created and spread throughout the eye during 

irradiation. The overarching goal of capturing this phenomenon in both humans and ex vivo 

animal models was accomplished using the same imaging setup described in Chapters 5 – 

9. 
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Jarvis, B. B. Williams, B. W. Pogue and D. J. Gladstone provided advising, supervised 

human pilot studies, completed patient consent forms, assisted in the conception of this 

study, and participated in editing of the manuscript.  

8.2.1     Abstract  

Purpose: Patients have reported sensations of seeing light flashes during radiation therapy, 

even with their eyes closed. These observations have been attributed to either direct 

excitation of retinal pigments or generation of Cherenkov light inside the eye. Both in vivo 

human and ex vivo animal eye imaging was used to confirm light intensity and spectra to 

determine its origin and overall observability. 

Methods & Materials: A time-gated and intensified camera was used to capture light 

exiting the eye of a patient undergoing stereotactic radiosurgery in real time, thereby 

verifying the detectability of light through the pupil. These data were compared with 

follow-up mechanistic imaging of ex vivo animal eyes with thin radiation beams to 

evaluate emission spectra and signal intensity variation with anatomic depth. Angular 

dependency of light emission from the eye was also measured. 

Results: Patient imaging showed that light generation in the eye during radiation therapy 

can be captured with a signal-to-noise ratio of 68. Irradiation of ex vivo eye samples 

confirmed that the spectrum matched that of Cherenkov emission and that signal intensity 

was largely homogeneous throughout the entire eye, from the cornea to the retina, with a 

slight maximum near 10 mm depth. Observation of the signal external to the eye was 

possible through the pupil from 0° to 90°, with a detected emission near 2500 photons per 

millisecond (during peak emission of the ON cycle of the pulsed delivery), which is over 

2 orders of magnitude higher than the visible detection threshold. 
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Conclusions: By quantifying the spectra and magnitude of the signal, we now have direct 

experimental observations that Cherenkov light is generated in the eye during radiation 

therapy and can contribute to perceived light flashes. Furthermore, this technique can be 

used to further study and measure phosphenes in the radiation therapy clinic.  

IJROBP Summary Statement 

As ionizing radiation passes through the volume of the eye, light is generated within 

the vitreous fluid. We found that the eye acts as an integrating sphere – light created inside 

the eye exits through the lens. Using an intensified and time-gated camera, we captured 

light exiting the eye in real-time during patient and animal sample irradiation. By analyzing 

the spectra of this signal, we experimentally determined that it resembles Cherenkov 

emission. Light signal strength was largely homogeneous throughout the entire eye and the 

amount of light generated in the eye exceeds the visible detection threshold. 

8.2.2     Introduction 

Phosphenes are visual light phenomena experienced when there is no apparent light 

stimulating the eye, and they can be induced by mechanical (direct pressure to the eye), 

electronic (electrode stimulation of the brain) and magnetic (transcranial) stimulation.154–

157 X-rays can also induce phosphenes, which became historically notable when Apollo 

astronauts reported “light flashes” during translunar flight.152 Theoretical modeling and 

testing on human volunteers in the 1970s suggested these light sensations were likely a 

result of direct activation of retinal photoreceptors or visual pathway neurons by ionizing 

radiation.68 Some reports also suggested that radiation-induced free radicals near retinal 

photoreceptors can cause lipid peroxidation and chemiluminescence leading to the creation 

of bioluminescent photons.158 However, an alternative hypothesis that the phosphenes 
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resulted from direct Cherenkov light production in the vitreous humor or retina of the eye 

has also been suggested.151 Detailed reviews of the mechanisms underlying radiotherapy-

induced phosphenes have been reported.153,159,160 Specifically, it has been stated that 

Cherenkov light generation in the eye is the dominant mechanism responsible for perceived 

phosphenes during electron and photon radiotherapy.65,153,161 Despite this diversity of 

possible causes, there has been little direct mechanistic measurement of this phenomenon.  

Cherenkov light is generated when a charged particle travels through a dielectric 

(charged) medium and its phase velocity exceeds that of light – a “photonic boom” of light 

is created. Examples of this phenomenon can be observed when fission products decay in 

water pools of nuclear reactors or when high-energy cosmic rays interact with Earth’s 

atmosphere.162,163 Quantitative models have shown that Cherenkov light can also be 

generated within the human eye when ionizing radiation transects the vitreous humor; the 

retina acts a light sensor, and the brain is able to, in turn, perceive Cherenkov emission 

created inside the eye.65 Astronauts in space, as well as cancer patients undergoing 

radiotherapy, have reported seeing blue flashes of light when encountering high-energy 

radiation.66  

The study completed here provides the first direct evidence that perceived X-ray 

induced phosphenes result, at least in part, from production of Cherenkov light emission. 

Using a time-gated and intensified video camera, we detected Cherenkov light emissions 

coinciding with the delivery of external beam photon therapy through the eye, while the 

patient simultaneously noted seeing visual light phenomena. Furthermore, the magnitude 

and spectral profile of light emission observed from ex vivo animal eyes were measured, 

when the beam was localized to specific anatomical depths. The data and methodology 
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described in this study provide a direct means of exploring the phenomenon of radiation-

induced phosphene production and is especially useful for observing this phenomenon 

within the setting of stereotactic radiosurgery and, more generally, brain radiotherapy.  

8.2.3     Materials & Methods  

A Varian TrueBeam (Varian Medical Systems, Palo Alto, CA) linear accelerator 

was used for irradiation of animal samples and patients. A C-Dose intensified 

complementary metal-oxide semiconductor (CMOS) camera was used (DoseOptics, 

Lebanon, NH) to obtain images of light emission. In order to enhance detection of 

Cherenkov signal while simultaneously suppressing ambient light, image acquisition was 

time-gated to linear accelerator pulses. The camera was triggered wirelessly using a remote 

triggering unit.119 All images were online background subtracted, spatial (5 x 5-pixel 

window size) and temporal median (5-image window size) filtered, as well as darkfield 

and flatfield corrected; all imaging sessions were conducted with room lights turned on. 

Specifications of the image processing workflow and triggering mechanism have been 

previously described.8,81,92,108,115 Image data was transmitted via fiber optic cable from the 

camera to a computer outside of the linear accelerator vault for image processing.108 Output 

of the camera (1600 x 1200 pixel intensity maps, .raw format) was processed for real-time 

display using CDose software (DoseOptics, Lebanon, NH); additionally, MATLAB 

(MathWorks, Natick, MA) was used for image analysis and processing. Animal tissues 

used during ex vivo experiments were procured through a commercial vendor and human 

imaging studies were approved by the Dartmouth-Hitchcock Medical Center Internal 

Review Board – patient informed consent was obtained.  
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Animal Eye Experiments  

Whole porcine eyes were harvested the same day of imaging; samples were kept 

fresh (not frozen) on ice during transport (Sierra Medical Inc., Whittier, CA). Samples were 

surgically cleaned to remove attached fat, connective tissue, and muscle remaining post-

enucleation. Eyes were placed at isocenter of the linear accelerator treatment couch and 

irradiated with the gantry at 180o (top-down direction).  

Light Emission Spectra & Signal Strength  

The eye was positioned on a custom (poly-lactic acid, coated with black matte 

paint), 3D-printed stand (Entropic Industries, Endwell, NY). The sample was irradiated at 

repeated intervals using a 1 mm x 50 mm (width x length) 6-MV planar radiation “sheet”, 

generated using multi-leaf collimators with jaws completely open, from the top-down. 

Initially, the isocenter of this planar radiation field was placed at the center of the eye, and 

then the plane of irradiation was shifted incrementally anteriorly and posteriorly along the 

axis of the porcine eye sample with a step size of 0.3 mm (total of 100 steps resulting in a 

30 mm scan length).  

A PiMax3 (Princeton Instruments, Acton, MA) was coupled to a SpectraPro 2300i 

spectrograph (Acton Research Corporation, Princeton Instruments, Acton, MA) to obtain 

spectral profiles of light emission from eye samples. The spectrometer was calibrated to 

account for intensity and spectral detection sensitivity following previously described 

methods.164 An exposure time of 10 ms was utilized to obtain 20 frames with a gain of 

100x. A 1,300 mm fiber composed of 19 x 299 μm diameter fibers (CeramOptek, Bonn, 

Germany) was placed 10 mm from the front face of the eye. Figure 37A provides an 

illustration of the experimental setup. A grating density and blaze of 150 g/mm and 500 
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nm were used, respectively. Background and native signals were collected by recording 

data with the radiation beam turned off and irradiating only the fiber, respectively. These 

spectra were subtracted from the data and a Savitzky-Golay filter was then employed to  

produce the final data set.  

 
Figure 37: A) Experimental setup for light emission spectra measurement. An enucleated 
pig eye was placed on a custom 3D stand (grey step box) and a sheet of radiation (6 MV 
photons), 1 mm width x 50 mm length (light grey square), was scanned along the length of 
the sample. For spectral analysis, an optical probe was placed directly 10 mm from the 
front face of the eye. For emission imaging, a C-Dose camera was placed on a tripod 1500 
mm away from the front of the eye. Ruler dimensions (cm) are drawn to scale. B) 
Illustration showing the imaging setup inside the linear accelerator treatment vault. The 
patient was secured to the couch using an SRS immobilizing frame. Two cameras were 
mounted on the ceiling along the side (near the foot) of the treatment couch on both the left 
and right side of the patient. 
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An identical radiation technique was used during spectral profile investigations to 

determine magnitude of light emission as a function of depth of irradiation inside the eye. 

The camera was placed 1.5 m away on a wheeled tripod, its height was adjusted so that the 

eye was centered in the field of view. As the eye was irradiated, 1000 image frames were 

captured using 10 frames per second (fps) with a Rokinon 135-mm f/2.0 ED UMC (Elite 

Brands Inc., New York, NY) lens. In the resulting images, a circular 10 mm diameter ROI 

in the area of the lens was selected for analysis, and the mean pixel intensity was computed 

per frame. The resulting curve was smoothed using a moving average filter.  

Angular Dependency  

The angular dependency of Cherenkov emission from the eye was explored. 

Porcine eye samples were placed in the center of a square (50 mm x 50 mm) 6 MV beam 

and irradiated at isocenter. The eye and camera were setup in the same geometry as the 

light emission signal strength experiment described above in 1.1) Light Emission Spectra 

& Signal Strength. The angle between the sample and the camera was changed from 0o – 

90o by shifting the camera incrementally, with images (200 frames at 10 fps per angle) 

captured every 10o. Throughout the experiment, the eye remained stationary and was 

irradiated with 100 MU at each angle. 

Patient Imaging 

A patient undergoing stereotactic radiosurgery for a recurrent meningioma adjacent 

to the orbit underwent imaging during treatment.  Following simulation and treatment 

planning, the patient was positioned on the linear accelerator couch, the head was 

immobilized using a stereotactic surgical head frame (Varian Medical Systems, Palo Alto, 

CA), and the target volume was treated to a total dose of 18.0 Gy utilizing flattening-filter-
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free 10 MV photons delivered with intensity-modulated, image-guided stereotactic 

radiosurgery.165 A pair of ceiling-mounted C-Dose cameras (DoseOptics LLC, Lebanon 

NH) identical to those utilized during animal experiments imaged the patient during actual 

treatment. The cameras were located 2,500 mm from the linear accelerator isocenter, and 

light emission was captured in real-time simultaneously at 14 fps using both cameras 

coupled to a Nikkon 50-mm f/2.8 AF lens (Nikon Inc., Tokyo, Japan). Figure 37B provides 

an illustration of the patient imaging setup. Only Cherenkov intensity maps from the 

camera located on the left side of the patient were used for data analysis, because the gantry 

obstructed the right-sided view of the patient during a large portion of the radiation 

treatment. Immediately following the treatment, the patient was interviewed regarding 

perceptual epiphenomena. Plans for Cherenkov imaging had no impact on the radiation 

treatment planning and, specifically, irradiation of the eye was not the primary objective 

of the treatment – this occurred independently in the course of plan optimization to irradiate 

the targeted tumor and maximally spare neighboring normal tissues. 

8.2.4     Results  

8.2.4.1     Animal Eye Experiments  

Light Emission Spectra & Signal Strength 

Figure 38 (upper panel) shows that strength of emission was 5x greater with 

irradiation of the entire eye compared to treatment with a radiation sheet placed at depth 5 

– 10 mm. Upon normalizing the results from Figure 38A, the spectral profiles become 

clearer. The spectra of light emission from the eye remained mostly unchanged as the sheet 

was scanned across the entire depth of the eye. However, the pattern of Cherenkov 

emission was no longer present upon irradiation, posterior the eye, in the region of the optic 
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nerve. In the range of 550 –700 nm, the spectra resembled that of Cherenkov emission 

previously observed in 1% v/v Intralipid (measured and Monte Carlo simulated), a tissue-

mimicking head phantom, and 1% v/v solution of Intralipid + 1% v/v whole porcine blood, 

Figure 38B.25–27 All spectra presented in Figure 39B were found to be on average 25 ± 20% 

similar – similarity was computed by calculating approximate integral using via the 

trapezoidal method.  

 

 
Figure 38: A) Plots of emission spectra of light exiting porcine eye sample. Full eye 
corresponds to square radiation beam encompassing the entire eye. Depth values represent 
thickness of eye being irradiated; front of eye is equivalent to a depth of 0 mm. Bottom 
row is a normalization of the top row of data. Data is shown as counts and normalized  
counts vs. wavelength, respectively. B) Emission spectra from irradiation of the full eye, 
1% v/v Intralipid (measured and Monte Carlo simulated), a tissue-mimicking head 
phantom, and 1% v/v Intralipid + 1% v/v whole porcine blood are shown.25–27  Spectra 
were normalized to emission at 550 nm and presented in the range of 550 – 700 nm. 
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Considering a 3D coordinate axis where the X-Y plane corresponds to the front 

face of the eye and Z relates to depth into the eye, one can see how light emission varies 

as the radiation sheet is scanned across the X-Y plane along the Z-axis. This video 

(https://www.redjournal.org/cms/attachment/cfea3480-5e33-42f0-8e15-

555b116b0d24/mmc1.mp4) shows light emission from the eye as it is irradiated with 

radiation sheets from various directions and gantry angles. A plot of mean pixel intensity 

within an ROI in the lens versus depth of the radiation sheet scan is shown in Figure 39. 

Maximum signal intensity was detected when the radiation sheet was placed 9.8 – 10.1 mm 

deep into the eye (from the front of the eye). Irradiation outside the eye, from both in front 

of the lens and behind the eye in the region of the optic nerve, yielded a signal strength of 

< 10% of the maximum intensity.  

 
Figure 39: Plot of normalized mean intensity in ROI of the lens vs. depth of the radiation 
sheet scan (depth in z-axis) 

https://www.redjournal.org/cms/attachment/cfea3480-5e33-42f0-8e15-555b116b0d24/mmc1.mp4
https://www.redjournal.org/cms/attachment/cfea3480-5e33-42f0-8e15-555b116b0d24/mmc1.mp4
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Angular Dependency  

As the observation angle of the camera was changed, and the position of the eye 

and incoming square radiation beam were kept constant, it was found that the average pixel 

intensity inside the ROI of the lens decreased by 40%. Maximum signal intensity in the 

ROI decreased by 10% over the range of angles tested. Furthermore, these images show a 

depth-dose effect within the volume of the eye, explaining the distribution of pixel intensity 

seen in Figure 40. Raw pixel intensity values were calibrated to average photon radiance  

(32 counts = 1 photon) using a 635 nm laser source and S120C Standard Photodiode Power 

Sensor (Thorlabs, Newton, NJ) following previously described methodology.109 For the 

ROI utilized in the 0o image within Figure 40, 1.62 x 108 summed counts were detected 

translating to 8.13 x 106 summed counts per frame. At 10 fps, the total number of photons 

leaving the eye was thereby measured to be 8.13 x 103 photons per 0.001 seconds during 

peak emission of the ON cycle of the pulsed delivery.   

 
Figure 40: Angular dependency of Cherenkov light emission from a porcine eye. Number 
in the top-right corner of each panel represents camera-eye angle. 
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8.2.4.2     Patient Imaging 

A visualization of the planned cumulative dose volume (shown in color) was 

overlaid on the CT scans (shown in grayscale) of the patient. A sample slice of this 

rendering (depth of 112.5 mm from the top of the head) is shown in Figure 41D. One can 

clearly see that the beam path directly transects the left eye and vitreous humor.  

 
Figure 41: A – C) Cumulative images of Cherenkov emission obtained over time during 
patient treatment. D) Sample slice (depth = 112.5 mm from top of head) of 3D planned 
cumulative dose volume displayed on CT scan. Dose is shown in color while CT image is 
in grayscale. 
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Immediately post-treatment, the patient was interviewed and reported visual 

sensations similar to those described in the literature.153 She stated that bright blue flashes 

were noticeable in one eye (the left eye, corresponding to the treatment’s lateralization) 

and were persistent regardless of whether her eyelids were opened or closed. The patient 

stated that these flashes, perceived as “blue, streaks, sparks, and pinpoints” were only 

noticeable during certain portions of the treatment.  The time points corresponding to 

moments when the radiation beam transected the eye were isolated from the image stack. 

This video (https://www.redjournal.org/cms/attachment/03745a79-faf7-4840-9786-

4d0020a88f69/mmc2.mp4) shows real-time, cumulative and planned contours from this 

particular range of time points.  Cumulative images obtained for this time segment of the 

treatment are shown in Figure 41A – C. Cherenkov emission from the eye is distinct, the 

signal-to-noise in the region of light emission from the left lens and temple were found to 

be 68 and 55, respectively – mean pixel intensities of the ROIs were compared to standard 

deviation of the background signal.169 Following a calculation method similar to that 

described in “Angular Dependency” section above, it was found that that the sum of 

photons exiting the ROI of the lens was 2.5 x 103 photons per 0.001 seconds during peak 

emission of the ON cycle of the pulsed delivery.  

8.2.5     Discussion 

By utilizing an intensified camera synchronized to pulses of a linear accelerator, 

we have been able to capture light emission from the eyes of a human and porcine animal 

samples. We have measured the emission spectra as a function of depth in the eye – the 

signal is only present when the vitreous fluid is irradiated and resembles that of Cherenkov 

light; the spectrum in Figure 38A matches the known λ-2 dependence for Cherenkov light 

https://www.redjournal.org/cms/attachment/03745a79-faf7-4840-9786-4d0020a88f69/mmc2.mp4
https://www.redjournal.org/cms/attachment/03745a79-faf7-4840-9786-4d0020a88f69/mmc2.mp4
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and is present until the beam is behind the retina. The excessively noisy and unreliable 

signal in the range of 20 - 25 mm of scan depth, corresponding to irradiation outside of the 

volume of the eye, further confirms this observation. Differences in the spectra of light 

exiting the eye, compared to previously published Cherenkov emission from phantoms 

(Figure 38B), can be mostly attributed to variances in tissue optical properties i.e. light 

spectra are highly influenced by tissue-specific properties such as scattering and 

absorbance coefficients.170 We have observed that Cherenkov light is produced nearly 

homogeneously throughout the vitreous humor (Figure 39) and is isotopically emitted from 

the pupil (Figure 40). This data is direct evidence that Cherenkov light emission is at least 

in part a contributing factor in the process of light generation in the eye during radiotherapy. 

However, while theories regarding direct nerve stimulation, scintillation of the lens, and 

ultra-weak bioluminescent photons cannot be ruled out, it seems clear that Cherenkov light 

production throughout the eye is quantifiable and significant.  The alternate phenomenon 

can also contribute to the sensation of seeing light flashes, but are less quantifiable via 

external measurement.153,157,171  

Our ability to capture Cherenkov emission from the eye was enabled by the fact 

that, as light exits the eye, it is focused through the lens, lending itself well to imaging. 

Porcine eye samples were strategically chosen since the composition and mechanical 

properties of porcine vitreous humor resembles that of human eyes.172,173 In turn, data 

relating optical spectra and signal strength are translatable to human eyes. During sheet 

scans, we note that weak light signal was detected from the lens during periods of time 

when the radiation sheet was located outside of the eye. This can potentially be attributed 
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to scattered radiation entering the eye and causing Cherenkov light production in the 

vitreous humor.  

Potential applications of Cherenkov imaging in the radiotherapy clinic have been 

previously described.31,45,99  For example, this type of imaging allows verification of 

radiation field geometry, potential detection of motion-induced errors during treatment, 

and even measurement of surface dose.106,108–110  Since monitoring dose to the eye is 

important  (the threshold for radiation-induced damage – which can be significant e.g. 

cataract formation – is quite low), this technology may potentially be of important clinical 

utility, enabling verification of treatment dose to or around the eye.175 Thus, there exists 

the possibility for monitoring field geometry in real-time and potentially identifying cases 

when direct or excessive scatter radiation strikes the eye.  

Previous review studies have indicated that patient perception of Cherenkov light 

can be enhanced when ambient lighting conditions are dim; furthermore, these visual 

phenomena can be substantially suppressed if the patient is staring directly into a bright 

light.65,176 The patient presented in this study was treated with only sconce lights 

illuminated in the linear accelerator vault. Similar to our patient, other radiotherapy patients 

have often reported that light flashes are blue in color, spark-like in nature, and move across 

their range of vision.160 This again supports the idea that Cherenkov light propagation in 

the wavelength range of blue-green colors is contributing to the visual perception of light 

flashes.153,161 Using a model of light production in the eye during radiotherapy, it has been 

shown that 2.08 x 104 Cherenkov photons are generated in 0.001 seconds during 6MV 

irradiation.65 Differences in experimental results (8.13 x 103 and 2.5 x 103 in 0.001 seconds 

for ex vivo animal and in vivo human data, respectively) versus these model calculations 
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can be attributed to experimental setup-specific characteristics such as the light collection 

efficiency of the imaging system and solid angle diversion of light exiting the eye. 

Nonetheless, both theoretical and measured data show that the threshold for visual 

perception is exceeded by Cherenkov light generation in the eye during radiotherapy – the 

human eye requires 5 – 14 photons exciting the retina in 0.001 seconds in completed dark 

conditions to illicit a visual sensation.177 

Clinically, patient visual prognosis depends on the dose delivered to the key 

anatomic structures responsible for vision.  At a minimum, the presence of phosphene 

perception by the patient, or measured Cherenkov light, may confirm that the ocular 

structures are receiving radiation. However, it is still unknown whether this correlates with, 

or provides any additional information about, visual loss independently from calculated 

dose. Further work to correlate recorded ocular Cherenkov light and delivered dose to long-

term visual outcome may be relevant, as previous studies have shown that lack of 

phosphene perception predicts vision loss after therapeutic irradiation.153 Quantification of 

radiation dose may be a useful application of this technology as well.  Another clinical 

point is that a valid explanation of the phosphene mechanism can be provided to the patient 

which may relieve anxiety during treatment. 

8.2.6     Conclusions 

We have shown that when ionizing radiation is incident upon the eye, the light 

produced appears dominated by Cherenkov emission, as identified by the spectrum, and an 

emission that is readily detectable through the pupil. When a thin beam was used to image 

emission from an ex vivo eyes, the maximum light emission was detected at approximately 

10 mm of depth, but there was similar Cherenkov-like spectrum and intensity observed 
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from the cornea through to the retina. Observed light from the pupil decreases if no vitreous 

fluid is irradiated. Quantitative tracking of irradiation to the eye appears possible from a 

range of angles, using time-synchronized imaging of the emission.  This technique for 

studying and tracking the phenomenon of light generation in the eye works during standard 

stereotactic radiotherapy, in real-time, and without disrupting clinical workflow. 
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Chapter 9: Concluding Remarks  

The use and practical value of scintillation imaging is still being determined as 

research studies emerge. There is a range of technological realizations which are being 

evaluated both as devices and as methods for linac QA, pre-treatment QA and during 

treatment verification.  Many device development studies have been based on different 

camera technologies, how to acquire images, and determination of whether imaging can   

be done in the setting of normal ambient room lighting. The use of time-gated imaging is 

quite specialized, and only a few optical systems allow for this, but it solves the problem 

of being able to image in the presence of ambient room lighting.  The technological systems 

are still evolving and commercial translation at this point is still embryonic, but this should 

be changing in the very near future. 

 Linac or treatment plan QA is the most logical starting point for these technologies, 

and while the range of devices available for this are many, each has its strengths and 

weaknesses. The strengths of scintillation sensing is the real-time nature of the data, and 

when imaging, the value of remote sensing is important. Human measurement for treatment 

verification is now widely used for scintillation fiber dosimeters, but beyond that, most 

efforts are in early stage clinical trials.   

The main limitation to all the optical-based techniques described in this work is that 

the scintillator, or ROI, must be visible to the camera. If the scintillator disc face (TSET 

dosimetry), or rod (TBI & MRI-linac QA), is out of the FOV of the camera, then light 

emission cannot be captured. All of the imaging techniques described in this work require 

that the ROI in FOV in order to successfully record data. 
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The above section references the following work:  

Tendler I.*, Hachadorian R.*, Pogue B. “Chapter 31: Cherenkov and Scintillation 
Imaging Dosimetry”. Radiation Therapy Dosimetry. CRC Press. Book Chapter accepted 
(2019). 

* Authors contributed equally 

9.0     Optical Imaging of Scintillators for Surface Dosimetry  

Summary 

A novel system for measuring surface during TSET has been outlined in this 

document. This system is capable of reporting surface dose with accuracy comparable to 

standard technologies such as OSLDs and TLDs. The scintillator system can provide output 

rapidly, without the need for post-exposure annealing/processing, remotely, and without 

changing room light conditions. Furthermore, scintillators dosimeters can be cleaned and 

re-used; considering that they are also resistant to radiation damage, life-time exposure 

does not need to be tracked.  

Successful human pilot testing has been completed for a total of 8 TSET patients, 

Figure 42 shows a sample photographic image of a scintillators attached to a patient in the 

anterior-posterior position (TSET). By comparison, the imaging system utilizing a “blue” 

sensitive intensifier was able to enhance scintillation and minimize Cherenkov detection 

by 7× and 25×, respectively. The adhesive backing allows for quick, easy, and painless (for 

patient with sensitive skin) application. Overall, cost analysis has shown that the price of 

installing a scintillator dosimetry system is similar to that of a Landauer OSLD reader.  

Limitations & Future Work 

As mentioned above, the greatest shortcoming of this system is that once the 

scintillator is out of the line of sight of the camera, dosimetry can no longer be conducted 
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as light cannot be captured by the camera. One potential strategy for solving this is issue 

in the case of TSET, for example, is development of a system capable of capturing a 360o 

patient FOV. This will enable tracking of the scintillators at nearly any anatomical position 

throughout the course of treatment – incorporation of mirrors into the imaging system could 

further increase the usability of the scintillators. Another potential solution could be 

coupling of a photodiode, or other device capable of converting optical to electronic signal, 

to a wireless transmitter so that a camera would not be required. Within the context of 

TSET, dosimeters attached to the armpit or groin area could record dose data without being 

in the line of sight of a camera. Table 7 compares the currently available wired and wireless 

surface dosimetry technologies – key differences in the form of advantages / disadvantages 

compared to scintillator imaging are described. 

 
Figure 42: Sample photograph of a patient being treated using TSET in the anterior-
posterior position. Scintillators and OSLDs are attached at various anatomical sites to 
provide surface dose measurements. 
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Table 7: Comparison of the key advantages and disadvantages of existing surface 
dosimetry technologies. 

 

Many treatments in radiation oncology require the addition of bolus to the skin, 

however, commercialized bolus products are opaque and hard to see through. Thus, if 

scintillator dosimeters are placed underneath these types of materials, they are not visible 

to the camera. Avenues of imaging scintillators underneath optically clear bolus are being 

explored, however, issues related to light piping and optical scattering of light at the plastic-

bolus interface require more work. Sample images showing preliminary data related to 

imaging plastic scintillators underneath optically translucent bolus have been previously 

published.109 Figure 43 shows an initial attempt at quantifying scintillator light output 

underneath varying amounts of clear bolus. Treatment masks are another commonly used 
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tool in the radiotherapy clinic that make utilizing scintillator for measuring surface dose 

difficult. These masks often have a graded pattern, making imaging of the disc underneath 

nearly impossible. Scintillator light output thus becomes blurred and somewhat obstructed 

by the radiotherapy mask material. Development of a mask that either has cut-outs for 

scintillators to be inserted, or creation of a mask that scintillates in of itself, are both areas 

for future research pursuits. 

   
Figure 43: Left) Initial attempt at quantifying scintillator performance underneath layers 
of optically clear bolus. Parallel plate chamber is placed directly underneath the scintillator 
at depth. Optical and IC measurements were taken as various thicknesses of bolus were 
placed on top. Right) Sample cumulative image of scintillator light emission with 1 cm of 
optically translucent bolus placed on top of the disc.  
 

Previous studies have shown that scintillator dosimeters have the potential for use 

in measuring surface dose during head & neck, as well as whole breast, 

radiotherapy.81,103,105,109 However, there currently exist obstacles that must be overcome 

prior to successful translation into these treatment modalities. For example, considering 

that many head and neck treatments are executed in a VMAT fashion, wherein the beam is 

administered as the gantry swings in an arc around the patient. In turn, the field of view of 

the scintillators can often become obstructed, and the radiation-scintillator incident angle 
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(> 55o) would require use of an angular correction factors – scintillator discs might also 

require physical modification (rounding of edges, application coating to improve isotropic 

emission, etc.) to minimize angular dependence. One solution could be utilization of a 

multi-camera setup, such as the one utilized to capture images of Cherenkov emission from 

the eye in Figure 37. This methodology could potentially allow for capture of light output 

from the dosimeter even when directly line of sight is obstructed. Image acquisition from 

the two cameras must be synchronized, such that overlapping frames, temporally speaking, 

can be accounted for.   

Preliminary human pilot studies have shown that measuring surface dose during 

whole breast radiotherapy is feasible by imaging light output from scintillator discs. Figure 

44 demonstrates sample images showing scintillator dosimeters placed on the left breasts 

of two different patient undergoing treatment with static en-face beams – these scintillators 

were of the generation described in Chapter 3. Some of the difficulties in measuring surface 

dose using this method are related to the anatomical nature of the treatment site. The 

curvature of the breast, coupled with its flexible form, can make attachment of the disc 

somewhat difficult (since the disc is rigid). Use of a smaller diameter dosimeter, after 

undergoing the modification process outlined in Chapter 5, could potentially minimize this 

problem. To note, breast treatments that require dynamic arc movement during therapy will 

present the same issue as VMAT head & neck radiotherapy plans – multiple cameras will 

be required to capture alternate views of the scintillator dosimeters.  
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Figure 44: Sample cumulative images of the left breasts of a patient undergoing WBR. 
Scintillator dosimeters were used to measure surface dose at areas near the nipple on two 
separate treatment days. Acknowledgement: R. Hachadorian & L. Jarvis for consenting, 
conducting imaging, and collecting surface dose measurements using scintillators. 
 
9.1     Optical Imaging of Scintillators for Quality Assurance Testing  

Imaging of scintillator light emission for as a means for conducting quality 

assurance testing of linacs and 60Co irradiators is described in this work. The tested 

scintillators are composed of various organic plastics and are of different form factor, each 

designed and optimized for its intended purpose. It has been shown, for example, that 

imaging light from plastic rods can be used to measure radiation field homogeneity, 

symmetry and dose rate for a dedicated TBI 60Co irradiator, Figure 45 shows a photograph 

of the scintillator rods used for measurement. As with all of the methods outlined in this 

work, one of the key motivators for development is optimizing and improving workflow 

efficiency. In the case of the 60Co irradiator, measurements can be obtained with a single 

irradiation by analyzing the resultant cumulative image – this is much more efficient than 

using a point measurement device and moving the device from one location to another in 

between irradiation.  
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Figure 45: Photograph of the arrangement of scintillator rods for field homogeneity and 
symmetry measurements. OSLDs are placed along the longitudinal and latitudinal axis for 
reference.   
 
Limitations & Future Work 

Solid plastic scintillators exhibit the property referred to as “blurring” in Chapters 

8 and 9 – absorption and re-emission of light in the low dose regions of the beam creates a 

smeared or blurred effect in the image. This artifact makes causes output images to report 

false dose depositions, this is especially noticeable near the field edge. Thus, in order for 

these solid plastic scintillators to be utilized for accurate dosimetry-based QA testing, this 

“blurring” needs to be corrected using external calibration factors and previously described 

“projection” corrections.60 The eventual correction of this blurring artifact could allow for 

measurement of PDDs and CBPs with as high dosimetric accuracy as liquid scintillators, 
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such as the quinine-sulfate based scintillator described in Chapter 9. Solid plastic cube, 

scintillating sheet, and quinine tank scintillator dosimeters are shown side-by-side in Figure 

46. Furthermore, preliminary data has shown that verifying linac output versus gantry is 

feasible for both cardinal angles and 360o irradiation, Figure 47. Once “blurring” artifacts 

are corrected, optical imaging of solid scintillators can then be used as an efficient and 

accurate means to potentially measure dose deposition versus gantry angle – imaging using 

cylindrical-shaped scintillator geometries might also aid in accomplishing this QA task.  

 
Figure 46: Photograph of solid cube, sheet, and quinine scintillator QA dosimeters. Further 
details regarding these scintillators can be found in Chapter 7. 

 
Figure 47: Sample cumulative images from irradiation (6 MV) of a solid (30 x 30 x 30 
cm3) scintillator cube. These proof-of-concept images show that angular stability of a 
TrueBeam linac can be feasible using this technique. (A) irradiation of 100 MU at the 4 
cardinal angles (B) Zoomed in view of an ROI in the cross-section of the beams shown in 
(A). (C) 360o irradiation of the block, 2D distribution of pixel intensity in this image can 
be used to asses any angular-related changes in linac output.  
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A feasible strategy for implementing a correction for “blurring” corrections, is to 

model scintillator-radiation interactions using Monte-Carlo software. For example, Figure 

46 shows a simulation (GAMOS, Geant4 architecture) of 10,000 collimated circular 

(diameter = 1 cm) 6 MeV electrons hitting a thin (2 mm) PVT scintillator disc placed onto 

of a soft tissue phantom. This type of model can be used, for example, to track deposition 

of surface dose following radiation-scintillator interaction. In addition, optical signal 

(Cherenkov and scintillation) can also be modeled using this type of simulation. Thus, one 

can relate light signal to deposited dose, or lack thereof, in the case of “blurring” artifact. 

The result of rigorously modeling scintillator-radiation interactions is that dosimeter 

response can not only be predicted for a variety of radiotherapy treatment scenarios, but 

can potentially be used to address (and correct for) discrepancies in light output-dose 

phenomenon. Additionally, modeling techniques can be used to evaluate the feasibility of 

using wavelength-shifting plastics such as EJ-286 (Eljen Technologies, Sweetwater, TX) 

to minimize “blurring” artifacts.  

 
Figure 48: A) Scintillator disc (yellow) is placed upon a tissue phantom (grey) in GAMOS. 
B) Simulation of an electron beam hitting the phantom + scintillator from (A). Particles are 
green and scintillation photons are red.  

Given that the directionality of light matters when imaging scintillators – one would 

prefer for light to be isotopically emitted – scratches on the surface of the scintillators 
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caused by wear and tear could become problematic for long term use. Creation of custom 

coating, or experimental testing of commercially available products, could potentially 

create a means for preventing this type of damage from occurring. The key point is that 

application of a protective coating should not impact light emission from the scintillator.  

Viewray, the manufacturer of the MRIdian linac, has put together guidelines (based 

on TG-142) for daily, monthly, and yearly QA testing of linear accelerators 

(https://viewray.com/wp-content/uploads/2018/06/L-0086-Operators-Manual.pdf). The 

scintillating rods described in chapters 7 and 8 are capable of being used to complete: 

verification of door interlock, radiation room monitoring, beam ON indicator check, 

emergency stop button, laser / treatment isocenter coincidence, and beam quality check. 

Further development of a rod-treatment couch attachment apparatus, combined with a 

permanent wall-mounted camera, could further enhance ease of use. Live read-out allows 

for rapid completion of the above-mentioned tests at a low cost compared to other devices, 

such as the Daily QA-MR manufactured by Sun Nuclear. 

An alternative method for conducting daily QA tests would be imaging light output 

from thin scintillator sheets (Blue 400, Penn-Jersey X-Ray, Jacksonville, FL). An 10 x 12 

sheet was taped to a 1 cm thick slab of solid water in order to provide for backscatter, see 

Figure 31. Just as with the rod, placement of the sheet was aligned to the latitudinal laser 

line and then moved to isocenter. When placed at isocenter, however, these sheets are not 

visible to the camera since their view is obstructed by the structure of the MRI-Linac. Thus, 

the treatment couch must be lowered 20 cm below isocenter to allow for a more complete 

view of the sheet from the perspective of the camera. Unlike the scintillator rods, these 

sheets have the ability to measure distribution of the radiation field in 2D (along both x and 

https://viewray.com/wp-content/uploads/2018/06/L-0086-Operators-Manual.pdf
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y-axes) – all of the imaging tests described above can be accomplished in 2D without 

shifting the couch. 

 
Figure 49: A photograph of a thin scintillator sheet (white-colored) placed on top of a solid 
water slab (blue-colored) on the treatment couch of the MRIdian. 
 

9.2     Optical Imaging of Light Emission from the Eye During Radiotherapy  

The application of using quantitative imaging techniques to capture light generation 

in the eye during radiotherapy was used to determine that this light resembles Cherenkov 

emission. This helps to potentially answer a long-debated question as to whether patient-

perceived phosphenes are caused by light production in the vitreous fluid or direct 

excitation of retinal nerves by ionizing radiation. First-time proof showing that enough 

light was produced in the eye to illicit visual sensation was captured using the same 

imaging system as featured in the scintillator dosimetry chapters (5 – 9).146  

In terms of future work, relating light emission to absorbed dose in the eye could 

allow for a streamlined method to measure dose at the surface and deep inside the eye. To 

accomplish this, mechanistic imaging of animal models and additional human imaging 
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studies will be required. Since there does not exist a method for measuring dose 

administered to the eye, which is a radiosensitive organ, this method could fill this clinical 

need. Mechanistic studies irradiating an eye (Figure 47 for sample experimental setup) and 

whole animal head would provide information about eye-surrounding tissue contrast, and 

impact of scatter dose on light generation in the eye. This method could even, for example, 

provide measurements of dose imparted by scattered radiation to the volume of the eye.  

 
Figure 50: Experimental set-up for imaging an enucleated eye. As discussed in Chapter 8, 
the eye is placed on a 3D printed custom mount and placed in a radiation field. Scanning 
radiation sheets, SRS plans, and impact of other treatment plans on light emission light 
from the eye can be measured. 
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Appendix 
 

1.      MATLAB Code: Conversion of Scintillator Light Output to Dose 
 

Code is affiliated with the following publication: 

Tendler, Irwin I., Petr Bruza, Mike Jermyn, Xu Cao, Benjamin B. Williams, Lesley A. 
Jarvis, Brian W. Pogue, and David J. Gladstone. "Characterization of a non-contact 
imaging scintillator-based dosimetry system for total skin electron therapy." Physics in 
Medicine & Biology 64, no. 12 (2019): 125025. 

Code is publicly available for download at:  

https://iopscience.iop.org/00319155/64/12/125025/media/PMBab1d8a_ascin_code_publi
sh.m 

% Acknowledgement: P. Bruza – major contribution in generating this methodology and 
writing a substantial portion of this code. M. Diaz – Gaussian Fit code served as 
inspiration. Open source license and function from MathWorks: 
(https://tinyurl.com/y7phn27g) 
 
% Clear Matlab 
clear all 
close all 
clear folders 

% Part 1: Import data 
label = 'XXX' %create label for data in Part 3 
% import data 
% depends on naming convention 
ch_filename = char(strcat(folders(1,:),'XXXX',ch_out_str(1),'.TIFF')); 
ch_info = imfinfo(ch_filename); 
ch_tiff = Tiff(ch_filename,'r'); 
[frames,~] = size(ch_info); 
for n=1:frames 

ch_tiff.setDirectory(n); 
ch(:,:,n) = double(ch_tiff.read()); %ch contains data 

end 
[Height,Width, CH_frames] = size(ch); % obtain size info 

% Part 2: Apply flatfield (FF) correction 
ff_name = 'normal_FF.tif'; % input name of normalized FF 
% import FF file 
ff_tiff = Tiff(ff_name,'r'); 
ff = double(ff_tiff.read()); 
ff = repmat(ff, [1,1,size(ch,3)]); 
ch = ch ./ ff; % apply flatfield 

https://iopscience.iop.org/00319155/64/12/125025/media/PMBab1d8a_ascin_code_publish.m
https://iopscience.iop.org/00319155/64/12/125025/media/PMBab1d8a_ascin_code_publish.m


163 
 

% Part 3: Create data table 
% Assume in this example there are only 2 scintillator locations 
position = {strcat('upper_',label),'Location 1','Location 2';'x-coordinate','',''; 
'y-coordinate','','';'Output','',''}; 
% x-coordinates of scintillator centroids 
position{2,2} = XXX; 
position{2,3} = XXX; 
% y-coordinates of scintillator centroids 
position{3,2} = XXX; 
position{3,3} = XXX; 

% Part 4: Extract ROI and create numerical grid 
cm = 20; % pixel width across 1/2 size of scintillator ROI 
% set full ROI using previously defined centroids 
S = ch(position{2,2}-cm:position{2,2}+cm,position{3,2}-cm:position{3,2}+cm,10); 
% extract ROI 
[n,m] = size(S); 
% Numerical grids 
[x,y]= meshgrid(-cm:cm,-cm:cm); X=zeros(m,n,2); U=zeros(m,n,2); 
k(:,:,1)=x; k(:,:,2)=y; 

% Part 5: Set bounds and fitting parameters 
% Set bounds 
% xc = x-coordinate of centroid 
% yc = y-coordinate of centroid 
% a = width of ellipse 
% b = width of ellipse 
% amplitude = peak of gaussian 
% offset 
% theta = ellipse angle (radians) 
% signma = gaussian blur width 
% A = [xc,yc,a,b,amplitude,offset,thetasigma] 
% [xc,yc,a,b,amplitude,offset,theta,sigma] 
lb = [-10, -10, 2, 2, 1, 0, 0, 1]; % lower bound 
ub = [10, 10, 10, 10, 5000, 2*median(S(:)), pi, 5]; %upper bound 
% Inital parameters 
A0 = [1, 1, 5, 5, 1000, median(S(:)), 1, 1]; 
%preallocation for results 
A_stack = double(zeros(size(A0,2),CH_frames)); 
res_stack = double(zeros(m,n,CH_frames)); 
% Fit parameters 
InterpMethod = 'linear'; % 'nearest','linear','spline','cubic' 
FitOrientation = 'fit'; % 'fit': fit for orientation, 'dont' fit for orientation 
options = optimoptions('lsqcurvefit','FiniteDifferenceStepSize', 0.5,... 
'FiniteDifferenceType','forward','StepTolerance',1e-1,'FunctionTolerance',1e-10); 
options.MaxFunctionEvaluations = 1000; 
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% Part 6: Apply Fit 
for j = 2:XX % XX depends on number of scintillators being analyzed 

% approximate (x,y) coordinates of the scintillator centroid 
coor = [position{2,j} position{3,j}]; 
for z = 1:size(ch,3) % applies fit per frame 
S = ch(coor(2)-cm:coor(2)+cm,coor(1)-cm:coor(1)+cm,z);  
% extract ROI 
%apply fit 

[A,resnorm,res,flag,output] = lsqcurvefit(@ellipseFcn,A0,k,S,lb,ub,options); 
% ellipseFcn is a custom function, ellipse-convolved Gaussian 

% A matrix is described above 
% resnorm = normalized residuales 
% res = residual 
% flag = exitflag (reason solver stopped) 
% output = information about the optimization process 
A_stack(:,z) = A; % save A-matrix per frame 
end 

A_stack_all(:,:,j) = A_stack  % save all A-matrices per scintillator 
End 

% Part 7: Optimize Fit: Second Run-Through 
%take mean values of A-matrices for all frames and scintillators 
theta_ave = mean(A_stack_all,2); 
% initialize fit in the same manner as before 
% change initial guess to mean of A-matrix values generated in Part 6 
for j = 2:XX 

% approximate (x,y) coordinates of the scintillator centroid 
coor = [position{2,j} position{3,j}]; 
% set ROI 

S = ch(position{2,2}-cm:position{2,2}+cm,position{3,2}-cm:position{3,2}+cm,10); 
% lower (lb) and upper (ub) bound guesses 
lb = [-10, -10, theta_ave(3,1,j),theta_ave(4,1,j), 1, 0,... 
theta_ave(7,1,j), theta_ave(8,1,j)]; 

ub = [10, 10, theta_ave(3,1,j),theta_ave(4,1,j), 5000, 2*median(S(:)),... 
theta_ave(7,1,j), theta_ave(8,1,j)]; 
% Inital guess parameters 
A0 = [1, 1, theta_ave(3,1,j),theta_ave(4,1,j), 1000,... 
median(S(:)),theta_ave(7,1,j), theta_ave(8,1,j)]; 
for i = 1:size(ch,3) % applies fit per frame 

S = ch(coor(2)-cm:coor(2)+cm,coor(1)-cm:coor(1)+cm,z);     % extract ROI 
%apply fit 

[A,resnorm,res,flag,output] = lsqcurvefit(@ellipseFcn,A0,k,S,lb,ub,options); 
A_stack(:,z) = A; % save A-matrix per frame 
end 
%sum max amplitude of fit of across frames for each scintillator 
position{4,j} = sum(A_stack(5,:),2); 

end 
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2.      MATLAB Code: Ellipse-Convolved Gaussian Function 
 

Code is affiliated with the following publication: 

Tendler, Irwin I., Petr Bruza, Mike Jermyn, Xu Cao, Benjamin B. Williams, Lesley A. 
Jarvis, Brian W. Pogue, and David J. Gladstone. "Characterization of a non-contact 
imaging scintillator-based dosimetry system for total skin electron therapy." Physics in 
Medicine & Biology 64, no. 12 (2019): 125025. 

Code is publicly available for download at:  

https://iopscience.iop.org/0031-
9155/64/12/125025/media/PMBab1d8a_ellipseFcn_publish.m 

 

% Acknowledgement: P. Bruza & M. Jermyn – major contribution in generating this 
methodology and writing a substantial portion of this code.  
 
%% begin function 
function g = ellipseFcn(A,X) 
 
% Set bounds  
% amplitude = peak of gaussian  
% A = [xc,yc,a,b,amplitude,offset,theta,sigma] 
 
x = X(1,:,1); % x-values of mesh grid 
y = X(:,1,2); % y-values of mesh grid 
xc = A(1); % xc = x-coordinate of centroid 
yc = A(2); % yc = y-coordinate of centroid 
a = A(3); % a = width of ellipse 
b = A(4); % b = width of ellipse 
amplitude = A(5); % amplitude = peak of gaussian  
offset = A(6); 
theta = A(7); % theta = ellipse angle (radians) 
sigma = A(8); % sigma = gaussian blur width 
g = zeros(size(X,2),size(X,1)); 
 
% apply function  
for m = 1:size(g,1) 
    for n = 1:size(g,2) 
        if ( (((x(m)-xc)*cos(theta) + (y(n)-yc)*sin(theta))^2)/a^2 + (((x(m)-xc)*sin(theta) - 
(y(n)-yc)*cos(theta))^2)/b^2 ) <= 1 
            g(n,m) = 1; 
        end 
    end     
end 

https://iopscience.iop.org/0031-9155/64/12/125025/media/PMBab1d8a_ellipseFcn_publish.m
https://iopscience.iop.org/0031-9155/64/12/125025/media/PMBab1d8a_ellipseFcn_publish.m
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g = imgaussfilt(g,sigma,'Padding','replicate','FilterDomain','spatial'); 
% scale output 
g = amplitude .* g + offset; 
 

3.      MATLAB Code: Methodology for Importing Data From Camera  
 

% Acknowledgement: M. Jermyn  
% Copyright DoseOptics LLC 2017 
% 
% Reads DOVI data format into Matlab 
% DOVI header file is associated with output data from CDose Research imaging system 
% @param file_name - File name/location of DOVI file (e.g. 'test.dovi') 
% @param zrange - [Optional] Range of slices to load (e.g. [1 40]) 
% @param data - Output data in Matlab 
 
function data = read_dovi(file_name, zrange) 
  
data = []; 
  
% check inputs 
if (length(file_name) < 5) 
    return; 
end 
if (exist(fullfile(pwd, file_name), 'file')) 
    file_name = fullfile(pwd, file_name); 
end 
  
% load header (dovi) 
fs = fopen(file_name); 
contents = textscan(fs,'%s'); 
fclose(fs); 
x = 800; 
y = 600; 
z = 1; 
compressed = 0; 
cmp_size = 0; 
ucmp_size = 0; 
scalar_bytes = 2; 
block = 0; 
for i=1:length(contents{1}) 
    if (length(contents{1}{i}) > 5) 
        if (contents{1}{i}(1:5) == 'dims0') 
            x = str2num(contents{1}{i}(7:end)); 
        end 
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        if (contents{1}{i}(1:5) == 'dims1') 
            y = str2num(contents{1}{i}(7:end)); 
        end 
        if (contents{1}{i}(1:5) == 'dims2') 
            z = str2num(contents{1}{i}(7:end)); 
        end 
        if (contents{1}{i}(1:5) == 'block') 
            block = str2num(contents{1}{i}(7:end)); 
        end 
        if (length(contents{1}{i}) > 11) 
            if (contents{1}{i}(1:11) == 'compressed=') 
                compressed = str2num(contents{1}{i}(12)); 
            end 
        end 
        if (length(contents{1}{i}) > 15) 
            if (contents{1}{i}(1:15) == 'compressed_size') 
                cmp_size = str2num(contents{1}{i}(17:end)); 
            end 
        end 
        if (length(contents{1}{i}) > 17) 
            if (contents{1}{i}(1:17) == 'uncompressed_size') 
                ucmp_size = str2num(contents{1}{i}(19:end)); 
            end 
        end 
        if (length(contents{1}{i}) > 12) 
            if (contents{1}{i}(1:12) == 'scalar_bytes') 
                scalar_bytes = str2num(contents{1}{i}(14:end)); 
            end 
        end 
    end 
end 
  
fn_new = [file_name(1:end-5) '.raw']; 
if (compressed) 
    fn_new = [file_name(1:end-5) '.rawu']; 
    if (~exist(fn_new, 'file')) 
        % decompress 
        disp('Uncompressing...'); 
        systemcall = ['"' which('uncompress_dovi.exe') '" "' file_name(1:end-5) '" ' ... 
            num2str(block) ' ' num2str(x) ' ' num2str(y) ' ' num2str(z) ' ' ... 
            num2str(scalar_bytes) ' ' num2str(cmp_size)]; 
        system(systemcall); 
    end 
end 
  
if (nargin < 2) 
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    zrange = [1 z]; 
end 
  
% load data 
if (~exist(fn_new, 'file')) 
    return; 
end 
fs = fopen(fn_new); 
for i=1:zrange(1) - 1 
    fread(fs, [x,y], 'uint16'); 
end 
data = fread(fs, [x,y*(zrange(2) - zrange(1) + 1)], 'uint16'); 
fclose(fs); 
data = uint16(reshape(data, x, y, zrange(2) - zrange(1) + 1)); 
data = permute(data, [2 1 3]); 
  
% cleanup 
% if (compressed) 
%     delete(fn_new); 
% end 
  
\ 
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