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Abstract 
Purpose: To develop, evaluate and apply a novel high-resolution 3D remote dosimetry 

protocol  for  validation  of  MRI  guided  radiation  therapy  treatments  (MRIdian®  by 

ViewRay®).  We demonstrate the first application of the protocol (including two small 

but required new correction terms) utilizing radiochromic 3D plastic PRESAGE® with 

optical-CT readout.

Methods: A detailed study of PRESAGE® dosimeters (2kg) was conducted to investigate 

the temporal and spatial  stability of radiation induced optical  density change (∆OD) 

over 8 days. Temporal stability was investigated on 3 dosimeters irradiated with four 

equally-spaced square 6MV fields delivering doses between 10cGy and 300cGy. Doses 

were imaged (read-out) by optical-CT at multiple intervals.   Spatial stability of ∆OD 

response  was  investigated  on  3  other  dosimeters  irradiated  uniformly  with  15MV 

extended-SSD  fields  with  doses  of  15cGy,  30cGy  and  60cGy.  Temporal  and  spatial 

(radial) changes were investigated using CERR and MATLAB’s Curve Fitting Tool-box. 

A protocol was developed to extrapolate measured ∆OD readings at t=48hr (the typical 

shipment time in remote dosimetry) to time t=1hr.

Results:  All dosimeters were observed to gradually darken with time (<5% per day). 

Consistent intra-batch sensitivity (0.0930±0.002 ∆OD/cm/Gy) and linearity (R2=0.9996) 

was observed at t=1hr. A small radial effect (<3%) was observed, attributed to curing 

thermodynamics during manufacture. The refined remote dosimetry protocol (including 

polynomial  correction  terms  for  temporal  and  spatial  effects,  CT  and  CR)  was  then 

applied to independent dosimeters irradiated with MR-IGRT treatments. Excellent line 
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profile agreement and 3D-gamma results for 3%/3mm, 10% threshold were observed, 

with an average passing rate 96.5%± 3.43%.

Conclusion: A novel 3D remote dosimetry protocol is presented capable of validation of 

advanced  radiation  treatments  (including  MR-IGRT).  The  protocol  uses  2kg 

radiochromic plastic dosimeters read-out by optical-CT within a week of treatment. The 

protocol  requires  small  corrections  for  temporal  and  spatially-dependent  behaviors 

observed between irradiation and readout. 
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1. Introduction  
 With over 14 million new cases per year worldwide, cancer is one of the leading 

causes of death. Roughly 60 percent of cancer patients undergo radiotherapy during the 

course of their treatment [1]. Although radiation damages both cancerous and normal 

tissues, the paradigm of radiotherapy is to maximize tumor control (cell killing) while 

sparing the surrounding healthy tissues. Studies have shown that complex techniques 

such as as Intensity modulated Radiotherapy (IMRT) can effectively allow for delivery of 

higher doses a target via fluence modulation and it turn afford increased rates of tumor 

control between 43% and 94% [2]. However, nearly a decade after the introduction of 

IMRT to the clinic, precise dosimetric commissioning of complex radiotherapy treatments 

remains a clinical challenge. A recent study conducted by the Radiological Physic Center 

(RPC), now the Imaging and Radiation Oncology Core (IROC, Houston, TX), presented 

gamma passing rates for 1139 H&N phantom irritations by 763 institutions from 2001 

through 2011. In thermoluminescent dosimeter  (TLD) and film measurements, 19.4% of 

irradiations failed the generous 7%/4mm criteria, a test significantly less stringent than 

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

Group 119 (TG119) dedicated to IMRT benchmark standards [3].  

 With the advent of commercially available magnetic resonance imaging-guided 

radiotherapy (MR-IGRT) systems, physicians will be better equipped to deliver more 

conformal, personalized treatment to cancer patients. However, the permanent magnetic 

field of such systems introduces yet another source of uncertainty in the prediction of 

IMRT dose distributions. With current clinical quality assurance (QA) practices limited to 

1-dimensional (1D), 2-dimensional (2D) and quasi- 3-dimensional (3D) methods of 

dosimetry, the MRIdian® by ViewRay is an example of cutting-edge MR-IGRT 

technology which could benefit from true multi-dimensional dose validation i.e. the 

PRESAGE®/Optical-CT System. 
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1.1 Advent of the First Clinically Translated MR-IGRT System 
 Image guidance in high-precision radiotherapy affords the ability to frequently 

image during a treatment to improve accuracy of the dose delivery (i.e. gating, adaptive 

planning). In conjunction with radiotherapy delivery systems (such as a linear accelerator 

for photons and electrons, or cyclotron for protons), magnetic resonance imaging (MRI), 

computed tomography (CT) and x-ray imaging help visualize anatomical structures prior 

to or during treatment, especially in movement-prone regions (e.g. lungs, liver and 

prostate).  As the complexity of these devices increases so do the clinical needs to 

maintain a high-standard of care. 

1.1.1 The MRIdian® by ViewRay 

  Three MRIdian® systems are in use at the following locations: Washington 

University in St. Louis (WashU) Siteman Cancer Center (St. Louis, MO, USA), the 

University of Wisconsin Carbone Cancer Center (Madison, WI, USA), and the UCLA 

Jonsson Comprehensive Cancer Center (Los Angeles, CA, USA). ViewRay’s innovation 

begins with the fusion of a split coil 0.35T MR scanner and three integrated Co-60 

sources (combined 680cGy/min dose rate at isocenter), each with 270 degrees of 

rotational freedom, and a fully divergent MLC for fluence modulation and geometric 

penumbra reduction (Fig. 1). The system’s real-time imaging capabilities include 4 

frames-per-second (fps) for single 2D plane and 2 fps for three orthogonal 2D planes. 

ViewRay’s integrated treatment planning and delivery system affords on couch auto-

segmentation, optimization, and calculation, enabling on-table real-time treatment plan 

adaption for changes in a patient’s internal anatomy form day to day (e.g. tumor and/or 

OARs), as well as MR-guided gated treatments [28]. 

 Serial #1 (located at WashU) was first commissioned in mid-2013 and began 

treating patients with MR-IGRT in early 2014, making it the first clinically translated MR-

IGRT system in the world [4]. As of yet, Siteman Cancer Center has treated over 26 

different disease sites using the MRIdian® system—breast, lung and gastrointestinal 
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cancers being the most common [29]. MR-IGRT intervention is especially advantageous 

in such cases, which are highly susceptible to voluntary and involuntary patient motion.  

Figure 1: MRIdian® by ViewRay (left) and gantry schematic (right) [1]. 

1.1.2 Clinical Significance and Challenges 

 ViewRay’s MRIdian® system affords real-time MR image guidance during 

treatment, with enhanced soft-tissue contrast over on-board CT at no additional dose of 

radiation to the patient [4, 30]. Figure 2A and 2B display abdominal images taken with 

the MRIdian’s on-board imager and a LINAC on-board CT, respectively. Comparison of 

these images demonstrates that greater visualization of soft-tissues is possible using on-

board MRI. Figure 2C displays signs of radiation induced damage (edema) and tumor 

volume localization in real-time with MR-IGRT.  

 With higher certainty of dose delivery, sufficient tumor control is possible with 

decreased margins i.e. lower dose to surrounding healthy tissues. A study by Krempien 

et al demonstrated that significant reduction of organ volume (e.g. prostate and rectum) 

and clinical target volume (CTV), on the order of 40%, can be achieved using 

intermittent MR-imaging and adaptive planning as opposed to on-board CT [31]. With 

this greater confidence in tumor localization, shorter high-dose courses, for example 

stereotactic body radiotherapy (SBRT) to deliver a single-fraction breast treatment, are 

now made possible using MR-IGRT [32]. 
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Figure 2:  Enhanced soft-tissue contrast is demonstrated in onboard-MRI (A) vs. 
CT (B) in an abdominal case. On-board MRI can also visualize radiation induced 

damage (C) and affords real-time tumor localization (D) [1]. 

 Despite these advantages and achievements, the presence of an MR-field for on-

board imaging in radiotherapy introduces dosimetric hurdles. A few examples include the 

asymmetry of the point spread kernel in homogeneous tissue, leading to reduced build-

up and asymmetric penumbra, and the electron return effect (ERE), which occurs at the 

boundaries between tissue and air [5]. The latter, for example, could result in sizable 

dose distribution distortion in mobile regions of gas during abdominal treatments. The 

choice of implementing a low-MR strength of 0.35T was made in part to minimize these 

magnetic field effects on the delivered dose distribution, i.e. dose inhomogeneities, well 

simulated in a 2008 Monte Carlo study by Raaijmakers et al [29].  However, this decision 

comes at a price—lower Signal-to-Noise ratio (SNR) for image acquisition. 
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 The company recently unveiled its ongoing effort to release a commercially 

available MR LINAC by 2017. ViewRay CEO Chris Ranes touches on the public 

reception of the first MRIdian® model by stating that "the only significant push back that 

the company has seen is that some people just don't like the cobalt radiation source” 

and that replacing the cobalt sources with a LINAC will provide the  “sharpest beams” 

the industry has to offer. Nonetheless, a first model of an MR-IGRT with a low field 

strength and cobalt radiation sources is a step forward in personalized cancer treatment 

[29]. Similarly, a collaboration between the University of Utrecht and Elekta is underway 

to establish a 1.5T MR-IGRT system as commonplace in the clinic [33]. 

 In the realm of dosimetry, clinical limitations during MR-IGRT QA arise due to the 

incompatibility of ferromagnetic materials with an MR-field. Currently, the use of single 

point dosimeters and ionization chamber arrays have been characterized in MR-IGRT 

systems [6]. Recently, MR-compatable cylindrical diode array detectors capable of 

surface dose map acquisition (ArcCHECK QA system) were made available by Sun 

Nuclear®. Previous works have tested the robustness of such 2D QA equipment,, 

concluding a field size dependence and angular dependence on the order of 10% [7]. 

Sun Nuclear’s 3DVH software for the ArcCHECK can be employed to compute an 

estimated patient dose via the planned dose perturbation (PDP) algorithm for a 

treatment delivery involving non-coplanar arcs. Studies suggest that the accuracy of the 

PDP algorithm should be cautiously considered [8].  Nonetheless, the ViewRay’s three 

source configuration prevents the use of such clinically convenient tools since the 

algorithm is reliant on beam position information.  

 A recent study by Zhang et al suggests the feasibility of in-situ 3-dimensional 

(3D) dosimetry with three different gels (BANG, MAGIC and Fricke) on the ViewRay [9]. 

In similar works, Li et al provides a dosimetry program for ViewRay’s patient-specific 

IMRT QA, which include one-dimensional multipoint ionization chamber measurements, 

two-dimensional (2D) radiographic film measurement using a 30×30×20 cm phantom 
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with multiple ionization chambers, quasi-3D diode array (ArcCHECK) measurements 

with a centrally inserted ionization chamber, 2D fluence verification using machine 

delivery log files, and 3D Monte-Carlo Simulation [10]. However, a streamlined protocol 

to obtain true 3D dose measurements for verification has yet to be established. 

Comprehensive verification of dosimetry during commissioning and routine QA 

procedures is vital to ensure the accuracy of treatment delivery with accordance to the 

treatment planning software (TPS). This process is heavily reliant on physics work and is 

often a limiting factors of large scale implementation of complex IMRT systems. [27] 

1.2 3D Dosimetry for MR-IGRT Verification 

1.2.1 Radiochromic Plastics 

 Considering the previously discussed limitations, how can a clinic perform 

comprehensive quality assurance and commissioning of an MR-IGRT system when the 

presence of a magnetic field and source geometry prevent the use of most conventional  

QA tools? Li et al comments on the prospect of performing multi-dimensional validation 

with real 3D water-equivalent dosimeters, such as the radiochromic plastic dosimeter 

PRESAGE® [10]. 3D dosimetry with radiochromic plastics provides a means to 

overcome many dosimetric issues that accompany an MR-IGRT system. In 2006, 

PRESAGE® (Heuris Pharma) was developed and made available for commercial use. 

PRESAGE® formulations mainly consist of polyurethane plastic doped with halogenated 

hydrocarbon free radical initiator and leuco-malachite green (LMG). The oxidation of 

LMG via high-energy photon interaction with the free-radical initiator results in a color 

change [11]. In combination with optical-CT scanning, PRESAGE® affords high-

resolution 3D dosimetry. Recent works demonstrate the reliability of PRESAGE® by 

presenting high 3D gamma passing rates for IMRT and VMAT verification [12, 13, 14 ,

15]. 
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1.2.2 Optical-CT Scanners 

 Duke optical-CT scanner development began in 2004 [13,17]. Since then, 

scanner optimization and performance evaluation has led to various prototypes [18, 26]. 

Currently, two versions exists: the Duke-Large Optical-CT Scanner (DLOS) and the 

Duke-Mid-Sized Optical-CT Scanner (DMOS). 3D dosimetry with such scanners makes 

high-resolution treatment validation possible; however, scanners aren't widely available.  

1.2.3 Remote Dosimetry 

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

a remote site for irradiation, then shipped back for scanning and analysis. This protocol 

ultimately affords a convenient treatment validation service to institutions lacking the 

rare, necessary equipment, resources and manpower [19]. 

 In 2013, Juang et al investigated the feasibility of remote high-resolution 3D 

dosimetry with the PRESAGE®/Optical-CT system. Measured on-site (t=1hr) and remote 

(t=48hr) scans were taken of simple 4-field box deliveries and served as the reference 

distribution for 3D gamma analysis. Both on-site and remote measurements agreed well 

with TPS dose, with passing rates of 97.4%±2.2% and 97.6%±0.6%, respectively, for 

3%/3mm, criteria 10% dose threshold. Despite apparent changes in optical density 

between on-site and remote scanning in both small and large volume, relative temporal 

stability was observed [20]. This work provided the necessary foundation to begin more 

advanced remote dosimetry studies i.e. investigating the accuracy of complex 

radiotherapy treatment deliveries. 

 In other past studies, a volume effect has been noted where sensitivity and 

response over time differs based on the volume of PRESAGE® in the study [16]. 

Jackson et al observed this disparity in sensitivity between small (4ml) and large 

volumes (1kg) of the formulation and batch, as well as a gradual decrease in optical 

density (OD), post irradiation (<4% per day) [21]. In Niebanck’s thesis work on 3D 
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validation of multifocal RapidArc radiosurgery treatments, “dose-dependent temporal 

instability” in OD was also observed in 1kg PRESAGE®, post-irradiation  [22, 23].  

1.4 Aims and Goals of this Work 

 The aims and goals presented of this work are as following:  

(1) Perform a thorough study of the 2kg PRESAGE® dosimeter in remote 

dosimetry use by irradiating simple known-dose treatments in order to 

identify any temporal and spatial effects over time. 

(2) Develop, evaluate and optimize a remote dosimetry protocol to identify 

achievable accuracy of MR-IGRT deliveries. 

(3) Apply the remote dosimetry protocol to successfully validate the 3D 

dosimetric accuracy of a commercially available MR-IGRT system using 3D 

dosimetry. 

High-resolution 3D remote dosimetry with PRESAGE® has, until now, often been 

restricted by the use of small-FOV (10cm) dosimeters (1kg), which cannot accommodate 

TG119 recommended plans. Here, a 2kg, larger FOV (14cm) dosimeter is studied for 

remote dosimetry use and clinically convenient method of off-site 3D dosimetry is 

developed and evaluated. 
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2. 3D Dosimetry Methods and Materials 

2.1 The PRESAGE® Dosimeter 
 PRESAGE® is a radiochromic plastic dosimeter mainly consisting of a 

polyurethane matrix doped with LMG leucodye. Prior to coming in contact with an 

activated free-radical initiator, LMG is a transparent chemical. When exposed to high-

energy photons, LMG becomes oxidized and transitions to a colored (“green”) state. This 

color intensity change can be linearly correlated to a relative or absolute dose 

measurement via scaling or calibration, respectively. This linear relation can be 

presented graphically as a “sensitivity curve,” or dose vs. optical density.  Each batch of 

PRESAGE® is known to have its own sensitivity factor, or optical density change per unit 

of dose. Optical density is defined as the logarithm of the ratio of incident light intensity  

(I0) to transmitted light (IT):    

 During manufacture, the polymer is heated to a liquid and the polymer-leucodye 

mixture is poured into cylindrical molds, of 1kg or 2kg masses (10cm tall and 11cm in 

diameter, 12cm tall and 14cm in diameter, respectively). To ensure consistency 

throughout this work, all dosimeters had the same chemical make-up (Table 1).  

Table 1: Composition of PRESAGE® formulation for remote dosimetry use. 
Percent compositions (% Make-up) are given by weight. 
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(Eq. 1)

Component % Make-up

Polyurethane Resin Smooth-On Crystal Clear® 
206 +initiator additive 91.5%

Solvent 
Ethyl Acetate 5.0%

DMSO 2.0%

Leuco Dye 2-methoxy-DEA LMG 1.5%

Initiator Carbon Tetrabromide 0.5%



2.2 Optical-CT Readout  
 To quantify radiation induced change in optical density (ΔOD), optical-CT scans 

are taken of a PRESAGE® dosimeter, pre- and post-irradiation. As previously stated in 

section 2.1, large volume (1kg) PRESAGE® is known to exhibit a linear relationship to 

absorbed dose within the first six hours post-irradiation [18].  

 In this work, large field-of-view (FOV) PRESAGE® dosimeters, 2kg in size, 14cm 

diameter, 10cm height, are utilized in a remote dosimetry study for the first time. All 

scans were performed using the Duke Large FOV Optical-CT Scanner (DLOS) for 

consistency and convenience. 

2.2.1  DLOS (Duke Large FOV Optical-CT Scanner) 

 The DLOS was designed and constructed in the 3D Dosimetry and Bio-Imaging 

Laboratory at Duke University. Previous works characterized and commissioned the 

system for verification of complex radiation therapy treatments. Thomas et al 

commissioned the system to prepare for clinical use, a first in 3D dosimetry, 

demonstrating isotropic spatial resolution at the submillimeter level (MTF > 0.5 for 1.5 lp/

mm) and a dynamic range of -60 dB. The mean 3D passing NDD (normalized dose 

distribution) rate over benchmark data sets was 97.3% +/- 0.6% for 3%, 3mm, 5% dose 

threshold [13]. For 2mm reconstructions, noise below 2% of maximum dose (4-12 Gy) 

[17].  

 The DLOS imaging system is bi-telecentric, consisting of a matched light source 

and imaging lens, each with a 24cm FOV. Light emitted from the LED source is subject 

to a 632nm/10nm bandwidth filter and 120-grade diffuser, prior to entering the light-

source lens. The wavelength was chosen based on LMG’s maximum absorption 

coefficient [8]. The parallel beam of light rays pass through an oil bath containing the 

dosimeter and are then imaged with a 1040 × 1392 CCD based Basler camera. A 

majority of the scattered light is rejected, prior to entering the imaging lens, due to lens 

telecentricity (0.5° tolerance), demonstrated in Figure 3 [24].  
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Figure 3: Optical-CT scanner schematic [13]. 

 Before pre-scan data acquisition, the refractive index of the fluid bath is matched 

to that of the dosimeter—this minimizes distortion at fluid-dosimeter boundaries. Once 

the dosimeter is fixed to the rotating stage within the tank, 720 projections at 0.5 degree 

increments are acquired with each projection being the result of eight averaged images 

to reduce noise introduced by the detector. A dark and flood image are taken to 

accompany each dataset to correct for CCD imperfections and flood non-uniformities.  

Both the dark and flood images are taken by averaging 200 images. Post-irradiation, the 

dosimeter is post-scanned with the same FOV and acquisition parameters. 

2.2.2  Dose Reconstruction and Analysis 

 All reconstruction were performed using an in-house Matlab-based graphical-

user-interface (GUI) reconstruction program. Pre- and post-scan data were converted to 

optical density using the formula presented in Equation 1.  Filtered back-projection along 

with a Hamming filter algorithm was used to reconstruct the optical density data at 1mm 

resolution. 

 Post-reconstruction analysis was performed in CERR (Computational 

Environment for Radiotherapy Research), a Matlab-based program for 3D radiation 

therapy analysis (developed by Washington University). The treatment plan was 

exported in DICOMRT format from the treatment planning software (TPS) into CERR. 
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Various TPS programs were used throughout this study, including Eclipse, RayStation 

and ViewRay. The PRESAGE® (ΔOD) dataset was then imported into the CERR plan 

and cropped to the first 3-5mm to eliminate edge artifacts. PRESAGE® data was 

modified into a dose measurement using two methods: (1) scaling to the high-dose 

region of the verification plan as a reference or (2) to a reference point where an 

absolute dose measurement was taken with an ion chamber in an channeled 

PRESAGE® phantom. Both techniques were performed in this study. 

 Manual rigid registration was performed using CERR’s “Image Fusion” tool to 

appropriately overlay the predicted dose distribution (TPS dose) and the delivered, 

patient dose (PRESAGE®). Post-registration, gamma analysis were performed. The 

gamma index, combining the percent dose difference (ΔD/ΔDt) and distance-to-

agreement (Δd/Δdt) metics, is displayed below in equation 2: 

 In CERR, the global normalization method, percent of the maximum dose, is 

used to determine dose difference. In all cases, the gamma criteria applied was 3%/

3mm with a 10% dose threshold, recommended by the American Association of 

Physicists in Medicine (AAPM) Task Group 119 (TG119) for IMRT commissioning [25]. 

2.3  Remote Dosimetry 

 Although remote dosimetry has been demonstrated in the prior work, here we are 

characterizing a new formulation in a larger volume (2kg) in preparation for off-site 

deliveries on an MR-IGRT system. Both small volume (4ml cuvette) and large volume 

(1kg & 2kg) studies of PRESAGE® were conducted to investigate temporal and spatial 

behaviors over time.  

 Baseline scans of 5x2kg dosimeters were acquired at Duke, shipped to WashU 

for delivery of recommended TG-119 plans on the ViewRay, and subsequently shipped 

back for post-scan and analysis. Temporal and spatial effects modeled during 
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formulation characterization were modeled in the form of corrections, ultimately to 

establish a refined 3D remote dosimetry protocol. The refined remote dosimetry protocol 

(including polynomial correction terms for temporal and spatial effects, CT and CR) was 

then applied to the independent dosimeters irradiated with MR-IGRT treatments. All 

remote dosimetry data was acquired following a similar protocol discussed in section 

2.2.1 and 2.2.2. Throughout the study, all PRESAGE® dosimeters were maintained at 

room temperature (T=23° C). A detailed, finalized protocol for remote dosimetry is 

presented in Appendix C of this work. 

Figure 4: Remote dosimetry workflow. [35] 

2.3.1  Developing a Remote Dosimetry Protocol 

2.3.1.1  Small Volume Study

 We performed PRESAGE® dose-response sensitivity studies in 4ml cuvettes to 

verify linearity, MR-compatibility and energy-independence in remote dosimetry use. 

Pre-measurements of two sets of six cuvettes were taken at Duke, shipped to WashU for 

irradiation on a LINAC (6 MV) at 600 cGy/min and MRIdian® (Eeff = 1.25MeV) at 
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200cGy/min to known doses (0, 2.5, 5.0, and 10.0 Gy) at 100 cm SSD, 5.5 cm depth in 

solid water, and then subsequently sent back to Duke for post-measurements. 

Absorption readings were taken with a Spectronic Genesys 20 spectrophotometer 

(Thermo Electron Scientific Instruments Corp., Madison, WI) at 633 nm, the peak 

absorption wavelength of LMG.  Change in optical density was calculated by subtracting 

the pre- and post-irradiation absorption values.  

2.3.1.2  Large Volume Study

 Using 1kg PRESAGE®, we delivered an open calibration field (6.5Gy 

prescription) on the MRIdian® to examine the percent depth dose and a symmetrical 3-

field plan (9.0Gy prescription) with three adjacent regions of varying dose to determine 

uniformity within the dosimeter under a magnetic field. In both cases, dosimeters were 

positioned on the table on a support structure without a bolus.  

Figure 5: Sagittal (A), transverse (B) and coronal (C) views of ViewRay’s Monte-
Carlo based TPS for a 3-field (top) and open-field treatment (bottom).  

2.3.1.3  Dosimeter Dose Calculator (v1.0)

 It is vital to calculate the appropriate delivered dose to avoid saturation (over-

darkening) during Optical-CT readout while also maximizing signal-to-noise ratio (SNR). 

In doing so, factors such as path length (dosimeter diameter), dynamic range (pre-scan 
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counts), and batch sensitivity (best estimated by cuvette calibration) must be properly 

considered. Previous dose calculation methods assumed uniformly delivered dose 

distribution, serving as a satisfactory approximation to avoid saturation. Through the 

analysis of the treatment plan in CERR prior to irradiation, the Dosimeter Dose 

Calculator (DDC) affords a better estimation of the appropriate prescription dose, making 

full use of the dynamic range of the 12-bit CCD in the PRESAGE/Optical-CT system. A 

detailed procedure for the DDC can be found in Appendix A. 

2.3.2  Protocol Refinement 

 A detailed study of PRESAGE® dosimeters (2kg) was conducted to investigate 

the temporal and spatial stability of radiation induced optical density change (ΔOD) over 

one week (Fig. 6). Temporal and spatial (radial) changes were investigated using CERR 

and MATLAB’s Curve Fitting Tool-box. A protocol was developed to extrapolate 

measured ΔOD readings at t=48hr (the typical shipment time in remote dosimetry) to 

time t=1hr. 

Figure 6: Workflow of large volume studies for remote dosimetry protocol 
refinement. 
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2.3.2.1  Temporal Changes

 Retention of response linearity was investigated on 3 dosimeters irradiated with 

four equally-spaced square 6MV fields delivering doses between 10cGy and 300cGy 

(Fig. 7). These doses were chosen based on the delivered MR-IGRT plans later in the 

study (section 2.4). Orthogonal views of the three temporal study (TS) dosimeters (TS1, 

TS2, and TS3) are displayed in Figure 7 below. Doses were imaged (read-out) by 

optical-CT at multiple intervals and tracked for several days, post-irradiation, to mimic a 

remote dosimetry study (time points, t=1hr, t=24hrs, t=48hrs, t=72hrs, t=96hrs, and 

t=192hrs). For comparison, small volume temporal stabilities were conducted 

concurrently by irradiating on a 6 MV linac at 600 MU/min at doses of 0, 2.5, 5.0 and 

10Gy, following the irradiation and scanning protocol in section 2.3.1.1. 

Figure 7: TPS dose views for the three dosimeters for the temporal study (TS1, 
TS2 & TS3) delivered during the temporal study. 
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2.3.2.2  Spatial-Uniformity of Response

 Spatial uniformity of ΔOD response was investigated on 3 other dosimeters 

irradiated uniformly with 15MV extended-SSD fields with doses of 15cGy, 30cGy and 

60cGy. The experimental setup is depicted in Figure 8. The dosimeters were gently 

placed in the center of a bath filled with room-temperature water (40x40x40cm). The 

Monitor Units (MU) calculated to reach the desired dose were divided in half to split to 

delivered dose in two equal fractions. Prior to delivery of the second fraction, the 

dosimeter was rotated 180° in the water tank, as depicted in Figure 8. This afforded 

dose uniformity within ~1% between dosimeter periphery and center. Doses were 

imaged (read-out) by optical-CT at multiple intervals: t=1hr, t=24hr, & t=48hr. A fourth 

dosimeter of the same batch was set aside as the control and walked through all aspects 

of this procedure, besides dose delivery, to account for unforeseen procedural 

consequences. 

Figure 8: Above is a depiction of the experimental setup for extended-SSD 
irradiations during investigation of spatial effects for delivering a a range of 

doses: 0cGy, 15cGy, 30cGy, 60cGy. This is a commonly used technique to deliver 
uniform. Dose uniformity was within ~1% between dosimeter center and periphery. 
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2.3.2.3  Corrections for Temporal and Spatial Effects

 After completion of temporal and spatial studies, data were compiled, modeled 

and plotted. The temporal correction for scan-time t=48hrs, CT, was derived from the 

empirical data. The calculation for CT  involved the division of the registered ΔOD cubes 

at t=1hr and t=48hr,  shown in equation 3 below: 

Derivation of the spatial correction for scan-time t=48hrs (CT) involved the subtraction of 

registration ΔOD cubes for time-stamp t=1hr from t=48hrs, as displayed in equation 4 

below: 

The resultant dose cube (ΔODrad) was normalized by the value located at the dosimeters 

center (equation 5): 

Data for temporal and spatial corrections, CT and CR, were imported into MATLAB’s 

curve-fitting for a best-fit model, outputting applicable polynomial functions. 

 Finally, the equation for corrected ΔOD containing both a temporal and spatial 

correction term is displayed below in equation 6: 

Application of equation 6 involves correcting each elements within a scan taken at 

t=48hr back to t=1hr. This method of correcting for temporal and spatial effects assumes 

ΔOD response-linearity at t=1hr and relative inter-batch consistency of these effects. 
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2.4  Application of Protocol to ViewRay TG119 Irradiations 
 After initial formulation characterization and remote dosimetry protocol 

refinement, TG-119 plans were created in the MRIdian®’s TPS and analyzed using the 

DDC to determine an appropriate prescription dose, described in section 2.3.1.3. To 

make full use of the dynamic range while avoiding system saturation during post-

irradiation read-out, a single fraction for each plan, ranging from 1.8 to 2.0 Gy, was 

delivered to its respective 2kg dosimeter. For more information regarding the remote 

dosimetry protocol, consult Appendix C at the end of this document. 

 The purpose of TG119 is to define a standard IMRT commissioning protocol. 

Physicists nationwide use TG119 guidelines to test the accuracy of their IMRT planning 

and delivery systems. Origins of differences between measurement and prediction are 

numerous, e.g. measurement uncertainty, limitations in the accuracy of dose 

calculations, and limitations in the dose delivery mechanisms. The tests in TG119 do not 

distinguish between sources of error, but do provide a means to determine the overall 

accuracy of the IMRT system. For this reason, it is considered good (standard) practice 

to  test with various methods of measurement. Conventionally, measurements are made 

with detectors arrays, film or electronic portal imaging device (EPID) [25]. Wooten et al 

performed comprehensive commissioning following TG119 guidelines in 2014 [34]. In 

this study however, additional irradiations are performed on the PRESAGE® 3D 

radiochromic plastic dosimeter in conjunction with the standard TG119 protocol. 3D 

gamma analysis is performed following TG119’s recommended 3%/3m criteria for 2D 

film. The TG119 recommended plans delivered to 5x2kg PRESAGE® dosimeters were 

as follows: Multi-target, Prostate, H&N, C-Shape, and APPA. In all cases, a consistent 

clinical approach is used with 6MV, 7-9 coplanar equally spaced fields. For further 

information about the delivered plans, consult Table 2 and Figure 9. Table 2. includes 

dosimeter ID, plan type, fraction size, fraction number, prescription dose and number of 

beams in the plan.  
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 Dose readout was performed upon arrival at Duke (t=48hr), post-irradiation, 

using the protocol discussed in section 2.2.1 and 2.2.1. Temperature was tracked using 

Track-it data logger (Monarch Instruments, Amherst, NH) to confirm whether dosimeters 

were successfully maintained at room temperature throughout initial and return 

shipments (demonstration of temperature effects in Appendix A). Absolute dose was 

measured using an IBA CC01 ion chamber in a 2kg PRESAGE phantom with an ion 

chamber channel. Observed temporal and spatial effects modeled in the form of 

correction were applied to the TG119 remote dosimetry data, to correct back to time-

stamp, t=1hr, when dose-response linearity. 

Table 2:  Summary of TG-119 plan deliveries to 2kg PRESAGE in a remote 
dosimetry study, detailing plan-type, fraction (fx), fraction size, and prescription. 
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ID plan type fx size (Gy/fx) fx prescription (Gy) # beams
WU-A Multi-Target 2.0 25 50.0 7
WU-B C-Shape 2.0 25 50.0 7
WU-C Prostate 1.8 42 75.6 9
WU-D H&N 1.9 25 46.5 9
WU-F APPA 2.0 25 50.0 2
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Figure 9:  Sagittal (left) transverse (center) and coronal (right) cross-sections of 
TPS dose views of delivered TG-119 plans. 

3. Results and Discussion 

3.1 A PRESAGE Formulation for Remote Dosimetry 

3.1.1 Small Volume Study 

 PRESAGE® responds linearly (R2=0.9996) to Co-60 irradiation, in the presence 

of a 0.35T magnetic field, with a sensitivity of 0.0305(±0.003)cm-1Gy-1. ViewRay 

irradiations were within 1% of a 6MV non-MR linac irradiation (R2=0.9991) with a 

sensitivity of 0.0302(±0.003)cm-1Gy-1. 

   

Figure 11: Sensitivity plot of cuvette data for ViewRay and Linac irradiations, 
demonstrating dose-response linearity, MR-compatibility and energy-

independence of PRESAGE. 

 Preliminary measurements were taken 48hrs post-irradiation and are displayed in 

Figure 11, plotting ΔOD vs. Dose (Gy) for the MR-IGRT and LINAC irradiation. This 

preliminary formulation characterization demonstrates that PRESAGE® exhibits dose-

response linearity in remote dosimetry use (at t=48hrs), energy-independence and is 

MR-compatible, in small volumes (4ml cuvettes). The next phase of the study involved 

delivering simple treatments on the MRIdian® to 1kg PRESAGE®—a model well 

characterized in the literature for immediate and remote use. 
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3.1.2 Large Volume Study 

 After 1mm PRESAGE® reconstruction at t=48hrs post-irradiation, 3D gamma 

comparisons for the 3-field and open-field irradiations were performed and are displayed 

in Figures 12  and 13, respectively. Passing rates of 99.67% and 99.32% for 3-field and 

open-field irradiations, respectively, suggested promising results; however, further 

examination of lines profiles reveals signs of temporal instability in large volumes. Poor 

line profile agreement is presented in Figure 14 below. 

Figure 12: Sagittal (left) transverse (center) and coronal (right) cross-sections of 
TPS dose (top), PRESAGE® and 3D gamma maps for the 3-field treatment. 

Passing rate for 3%/3mm, 10% low dose threshold was 99.67%. 
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Figure 13: Sagittal (left) transverse (center) and coronal (right) cross-sections of 
TPS dose (top), PRESAGE® and 3D gamma maps for the single-open Co-60 

source delivery. Passing rate for 3%/3mm, 10% low dose threshold was 99.32%. 

Figure 14: Representative lines profiles for the 3-field treatment (A,B) and single 
open-field delivery (C), through the data shown in Figure 12 and 13, displaying 

TPS dose and PRESAGE read-out. 
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3.2 Remote Dosimetry Protocol Refinement 
 All dosimeters in the temporal and spatial studies were observed to gradually 

darken with time (<5% per day). Consistent intra-batch sensitivity (0.0930±0.002 ΔOD/

cm/Gy) and linearity (R2=0.9996) was observed at t=1hr. In the temporal study, average 

3D gamma passing rates for all three scans taken at t=1hr were 99.1%±0.3%. A small 

radial effect (<3%) was observed, attributed to curing thermodynamics during 

manufacture. 

Figure 15: Sagittal (left) transverse (center) and coronal (right) cross-sections of 
TPS dose (top), PRESAGE® (TS3) and 3D gamma maps for the 4-field top-down 
irradiations. Average passing rate for 3%/3mm, 10% threshold was 99.1%±0.3%. 
These results are good representation of other two dosimeters in the temporal 

study (TS1 and TS2). 
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Figure 16: Representative lines profiles for transverse (A) and coronal views (B) 
from Figure 15, displaying TPS dose and t=1hr PRESAGE® read-out 

reconstruction for the 4-field top-down irradiations. Excellent line profile 
agreement, in combination with high gamma passing rates displayed in Figure 15, 

demonstrate the rationale for correcting delayed scanning back to time-stamp, 
t=1hr. 

3.2.1 Temporal Studies 

 Post-reconstruction (at 1mm) of all scans and registration in CERR, 1cm2 regions 

of interest (ROI) at the center of each of the field was sampled at the linear portion of the 

PDD curve, well modeled by the treatment planning software (Fig. 17).  The average 

ΔOD value of each region, per slice at t=48hr was calculated and correlated to its ΔOD 

value on t=1hr. Data for all three dosimeters (TS1, TS2 and TS3) were merged and 

plotted for t=1hr and t=48hrs (Fig. 18). 
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Figure 17: Depiction of sampling method (A, B) and raw PDD (ΔOD) curves (right). 

 

Figure 18: Sensitivity plots demonstrating introduction of nonlinearity in delayed 
scanning (t=48hrs). Data was merged TS1, TS2 and TS3 data for t=1hr and t=48hr 

(left) and normalized to the maximum (right), simulating the maximum dose 
scaling implemented during the relative dosimetry method in this study. Artificial 

boosting of the low-dose regions is shown. 
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 Application of equation 18 lead to derivation of correction, as discussed in 

2.3.2.3. Temporal correction (CT) vs. ΔODt=48hr is displayed in Figure 19 below. 

Figure 19: Temporal correction (CT) vs. ΔODt=48hr. 

3.2.2 Spatial Studies 

  
 Cylindrical and spherical coordinate analysis of spatial study results on the three 

uniformly irradiated dosimeters are shown in Figures 20 and 21, respectively. The control 

(unirradiated) dosimeter exhibited no measurable change in optical density from the time 

of baseline scan (t=0hr) to post-scan (t=48hrs). Post-application of equation 4, analysis 

in cylindrical coordinate of radially averaged change in ΔOD for 15cGy, 30cGy & 60cGy 

was performed and displayed in Figure 20. 
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Figure 20: Images of radially averaged change in ΔOD between t=1hr and t=48hrs 
of uniformly irradiated dosimeters (15cGy, 30cGy & 60cGy), demonstrating the 

radial dependence of the spatial variation, maximized at the center. 

Application of equation 5 led to analysis in spherical coordinates and averaging of the 

three resultant curves (Fig. 21, left). The averaged dataset was imported into MATLAB’s 

curve-fitting for a best-fit model for the radial correction, CR (Fig. 21, right). Further 

information about correction development can be found in Appendix C of this document. 

Figure 21 : Normalized radial ΔOD change (right) and radial correction CR (right). 

3.2.3 Interpretation of Corrections 

 The significance of this work begins with the first time identification, quantification 

and modeling of temporal and spatial effects observed in PRESAGE® over time. As 

previously stated, all dosimeters were observed to gradually darken post-irradiation, less 

than 5% per day, with a small radial dependence of less than 3%. These physical 
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changes can be attributed to curing thermodynamics during manufacture (exothermic 

setting of dosimeters). 

 The corrections, termed CT and CR, were derived from experimental data from  

different batches with varying sensitivity. Equation 6 in section 2.3.2.3 assumes the 

observed temporal and spatial changes are two distinct effects, and therefore, the terms 

are applied separately. Further characterization of these phenomena are truly separable. 

 When considering the introduction of a universal and robust correction method 

for remote dosimetry use, consistency between batches is an important factor. However, 

behavior of different batches of the same formulation has been found to differ in 

sensitivity, temporal instability and signal retention (some batches darken, others clear) 

[17]. Therefore, further investigation of the robustness and universality of the remote 

dosimetry correction protocol is necessary for future applications. One may expect to 

find, for example, that the magnitude of temporal effects is batch dependent. 

 A more thorough remote dosimetry protocol would involve base institute 

performing the following irradiations for each batch used in a remote dosimetry study: (1) 

cuvette irradiations for sensitivity estimation, (2) 2kg irradiation of four equally-spaced 

square 6MV fields (Figure 7), with a maximum dose value equal to that of the treatment 

plan of interest for modeling of temporal effects, and (3) 2kg uniform irradiation using an 

extended-SSD setup (Fig. 8) of a mid-dose value estimated from by the DDC for testing 

spatial uniformity of response. These irradiations should be performed at the base on the 

same day as off-site treatment delivery. Changes in sensitivity have been observed 

within the same batch on different days [18]. Ongoing work involves repeating TG119 

irradiations on the ViewRay with the presented protocol, as well as the temporal and 

spatial correction measurements. 
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3.3 ViewRay Irradiations: TG119 recommended IMRT Plans 
 The refined remote dosimetry protocol (including polynomial correction terms for 

temporal and spatial effects, CT and CR) was applied to an independent batch of 

dosimeters, irradiated with MR-IGRT treatments. A summary of 3D-gamma results for 

5%/2mm and 3%/3mm, 10% threshold are displayed in Table 3 below. In all cases, 

passing rates were increased via the introduction of the remote dosimetry corrections. 

Views of TPS dose, PRESAGE® reconstruction (1mm resolution), corresponding 3D 

gammas and line profiles are displayed in the following subsections.  

Table 3 : Summary of raw and corrected (temporal and spatial) 3D gamma passing 
rates for TG119 recommend plans delivered on the MRIdian®. 

WU-ID Plan Type
Raw Reconstruction Corrected Reconstruction

5%/2mm 3%/3mm 5%/2mm 3%/3mm

A Multi-target 98.5% 91.6% 99.7% 98.5%

B C-Shape 91.5% 88.4% 94.5% 90.7%

C Prostate 98.3% 94.1% 98.0% 98.0%

F H&N 99.0% 91.2% 99.9% 99.2%

H APPA 88.4% 83.7% 97.2% 96.3%
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3.3.1 Multi-Target 

 The 7-field multi-target IMRT plan, 1mm PRESAGE® reconstruction and 3D 

gamma map are displayed in Figure 22, with accompanying line profiles in Figure 23. 

The primary target (250cGy dose) is located at the to of the dosimeter in coronal and 

sagittal views,. The secondary target (90cGy dose) is displayed in the transverse views 

(bottom of sagittal and coronal views) in Figure 22.  

Figure 22 : Sagittal (left) transverse (center) and coronal (right) cross-sections of 
TPS dose (top), PRESAGE® and 3D gamma maps for Multi-target. Passing rate for 

3%/3mm, 10% low dose threshold was 98.5%. 

Figure 23 : Representative line profiles from the Multi-target plan in Figure 22, 
demonstrating improved agreement with applied corrections. 
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3.3.2 C-Shape 

 The 7-field C-Shape IMRT plan, 1mm PRESAGE® reconstruction and 3D 

gamma map are displayed in Figure 24, with accompanying line profiles in Figure 25.  

The C-Shaped target (~250cGy) The critical structure region (~100cGy), located at the 

dosimeter center, best visualized in the transverse view in Figure 22. 

Figure 24 : Sagittal (left) transverse (center) and coronal (right) cross-sections of 
TPS dose (top), PRESAGE® and 3D gamma maps for the C-Shape. Passing rate 

for 3%/3mm, 10% low dose threshold was 90.7%. 

Figure 25 : Representative line profiles from the C-Shape plan in Figure 24, 
demonstrating improved agreement with applied corrections. 
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3.3.3 Prostate 

 The 9-field C-Shape IMRT plan, 1mm PRESAGE® reconstruction and 3D 

gamma map are displayed in Figure 26, with accompanying line profiles in Figure 27. 

The prostate target is located at high-dose regions (~250cGy) of all views, while rectal 

sparing is apparent in low-dose regions at the bottom of the transverse view and and far 

right of the sagittal view. 

Figure 26 : Sagittal (left) transverse (center) and coronal (right) cross-sections of 
TPS dose (top), PRESAGE® and 3D gamma maps for Prostate. Passing rate for 

3%/3mm, 10% low dose threshold was 98.0%. 

Figure 27 : Representative line profiles from the Prostate plan in Figure 26, 
demonstrating improved agreement with applied corrections. 
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3.3.4 H&N 

 The 9-field H&N IMRT plan, 1mm PRESAGE® reconstruction and 3D gamma 

map are displayed in Figure 28, with accompanying line profiles in Figure 29. One 

should note the distinct regions, i.e. PTV (~250cGy), Cord (Transverse, bottom), and 

parotid gland avoidance (Coronal, upper corners). 

Figure 28: Sagittal (left) transverse (center) and coronal (right) cross-sections of 
TPS dose (top), PRESAGE® and 3D gamma maps for H&N. Passing rate for 3%/

3mm, 10% low dose threshold was 99.1%. 

Figure 29: Representative line profiles from the H&N plan in Figure 28, 
demonstrating improved agreement with applied corrections. 
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3.3.5 APPA 

 The APPA plan, 1mm PRESAGE® reconstruction and 3D gamma map are 

displayed in Figure 28, with accompanying line profiles in Figure 29. Isocenter dose of 

200cGy was  phantom midline, as stipulated in the TG119 report.  

Figure 30 : Sagittal (left) transverse (center) and coronal (right) cross-sections of 
TPS dose (top), PRESAGE® and 3D gamma maps for APPA. Passing rate for 3%/

3mm, 10% low dose threshold was 96.5%. 

Figure 31: Representative line profiles from the APPA plan in Figure 30, 
demonstrating improved agreement with applied corrections. 
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3.3.6 Evaluation of MR-IGRT with the PRESAGE/Optical-CT System 

  Here, the groundwork was established for third-party validation of a 

commercially available MR-IGRT system via high-resolution 3D remote dosimetry.  For 

the first time, we demonstrate that 3D remote dosimetry is a feasible approach to 

commissioning an MR-IMRT system. This method of high-resolution 3D remote 

dosimetry is particularly useful for clinics lacking the necessary tools to perform higher-

dimensional dosimetric analysis during commissioning of these novel MRI-guided 

treatment modalities. 

 The remote dosimetry protocol (including temporal and spatial corrections) 

described in section 2.3.2.3 was applied to dosimeters irradiated with MR-IMRT 

treatments. On the whole, excellent line profile agreement and 3D-gamma results for 

3%/3mm, 10% threshold were observed, with an average passing rate 96.5%± 3.43%. 

The importance of the corrections and its effect on the gamma index is demonstrated in 

Figure 32. High failure is observed in the secondary target region (third column) for 3D 

gamma maps where the raw, uncorrected PRESAGE® reconstruction was used as the 

reference. Introducing the remote dosimetry corrections yields a significant increase in 

agreement between the PRESAGE® reconstruction TPS dose, which was also verified 

via ion chamber, film and Monte Carlo. 

 The corrections were most effective in the Multi-target, H&N, and Prostate cases, 

with resultant passing rates 98% and above, while the C-Shape case (90.7% passing 

rate) requires further study. C-Shape will be repeated in an upcoming study along with 

the TG119 recommended “bands” plan, which was left out of this initial study. Despite 

the success in improving agreement between the TPS and dosimeter reconstruction, 

notable disagreements exist between TPS and measured MRIdian data. Small, spotted 

regions of failure exist in many of the post-correction cases—the majority occurring 

around the dosimeter edge, for example in the sagittal view of the corrected 3D gamma 

of in Figure 32. 
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Fig. 32: Coronal, transverse and sagittal views of MR-IGRT TPS, PRESAGE 
reconstruction, and 3D gamma results (pre and post-correction) for a multi-target 

plan, demonstrating the necessity of correction (right-most column). 

 As discussed in section 3.2.3, one possible source of error could be the 

corrections themselves. As an exercise, coefficients with 95% confidence bounds (±σ) 

were calculated for both the temporal and spatial corrections. Altered corrections were 

applied to determine the relative error in the applied corrections for the multi-target case, 

shown in Figure 34. Applied corrections within one standard deviation exhibit 

submillimeter separation for 90% and 70% isodose lines, both located in the primary 

target. On the other, the 35% isodose line, encompassing the secondary target, shows 

error of approximately 2mm.  These results demonstrate that accuracy of the empirically 

derived temporal and spatial corrections. A more comprehensive remote dosimetry 

approach involves performing a large volume study with dosimeters of the same batch 

as the dosimeters irritated with TG119 plans off-site. 
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Fig. 33: 90%, 70% and 35% isodose lines for a mid-phantom coronal cross-section 
(left) for correction coefficients with 95% confidence bounds (±σ), and a magnified 

view of secondary target (right). 

 Another possible source of error could be fluctuating temperatures in the 

ViewRay dosimeters during shipment (Summer 2015). The temperature tracking data is 

displayed in Figure 33 below, and reveals a temperature elevation in the forward and 

return, of approximately 12°F and 5°F, respectively. Over time, variation in temperature 

within a dosimeter could cause spatially-variant changes in OD. The large volume study 

dosimeters, on the other hand, were consistently maintained at room temperature within 

the lab, pre- and post-irradiation. 

 With a sample size of one (single batch) for both temporal and spatial 

corrections, dosimeter effects cannot be ruled out as sources of error and for this 

reason, a multi-batch investigation is a necessary next step in remote dosimetry protocol 

optimization. Such effects that could potentially cause post-correction errors include 

intra-batch inconsistency of spatial or temporal effects, and schlerring bands in the 

polyurethane matrix. Schlerring bands are physical structures formed during the 

dosimeter curing process and have been dubbed as major contributor of noise in the 

PRESAGE® data in previous works [34].  Quality control such as proper scanner 

protocol and maintenance is arduous and another error-prone component of the 

experimental process. Introduction of particulates in the RI fluid could cause flood non-

uniformities, and in turn generate ring artifacts in PRESAGE® reconstruction. 
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Fig. 34: Temperature tracking data of the pre-irradiation (left) and post-irradiation 
(right) shipments, a possible source of error during correction application. A stark 
elevation in temperature, approximately 13 degrees Fahrenheit was observed in 

the forward shipment. The return shipment temperature remained relatively close 
to room temperature with a 5 degree temperature increase.  

 During ViewRay irradiations, we followed the commissioning protocol 

recommended by AAPM’s TG119. The recommendation for gamma comparison criteria 

of 3%/3mm, 10% dose threshold are specifically for 2D detector array and film analysis

—our dosimetry method, on the other hand, makes high-resolution 3D dosimetric data 

acquisition and analysis feasible. But should 3D dosimetry follow the same guidelines 

and passing rate criteria as 2D? Should a 90% passing rate, as the AAPM recommends, 

be considered clinically acceptable in 3D dosimetry? These are questions worth 

investigating further. For this purpose, evaluation of the 3D dosimetry data for the 

ViewRay TG119 irradiations is ongoing. By comparing particular slices of interest in the 

TG119 data, we hope to gain insight into how high-resolution 3D dosimetry impacts each 

cases individually and what trends are observed. Below in Figure 34 is the result of 2D 

gamma comparisons between select slices performed on orthogonal slices for the multi-

target delivery, for (3%/3mm, 10% threshold criteria), with an average passing rate of 

98.3%±0.15%. TG119 reports 2D gamma passing rates for the multi-target as 99.1%

±0.9%. In this case example, we simulated the 2D recommended film tests in TG119 by 
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extracting the specified planes (mid-phantom) from the multi-target PRESAGE® 

reconstruction dataset to perform 2D gamma analysis. In comparison with the results 

from TG119 report, results look promising, with 99.1%±0.9% and 98.3%±0.15% for the 

TG119 film and PRESAGE® reconstruction results, respectively, for 3%/3mm, 10% 

threshold criteria [25]. Although we consider the results of this case promising, similar 

steps will be taken in analyzing the other TG119 cases in the future.  

Fig. 35: Three 2D gamma maps performed on orthogonal slices for the multi-target 
delivery, for 3%/3mm, 10% threshold criteria for comparison with TG119 

composite film results averaged over the participating institutions. Average 
passing rate were  98.3%±0.15% and 99.1%±0.9% for PRESAGE and film, 

respectively. 

 Future Duke-WashU collaborative investigations include the characterization of 

four-dimensional (4D) dose distributions associated with ViewRay’s MRI-guided IMRT 

delivery with dynamic gating. Other studies of interest include evaluation of the 

ViewRay’s magnetic field corrections available in the TPS. These corrections are 

currently not used in WashU’s clinic, but quantifying the ERE with PRESAGE® 

phantoms that contain small air cavities may provide insight into the clinical value of the 

magnetic field corrections. 
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4. Conclusion 
 Here, we present first results from a novel remote 3D dosimetry protocol capable 

of validation of advanced radiation treatments, including MR-IGRT (MRIdian® by 

ViewRay). The study involved the shipment of these dosimeters to a field institution 

(WashU) with dose readout by optical-CT at the base (Duke).  The time delays between 

treatment and readout necessitated a careful study of the temporal changes in the 

dosimeters, which we present for the first time here. Temporal changes were observed, 

which were consistent between dosimeters, enabling the development of two new 

correction terms for remote dosimetry applications.  We present first evidence of small 

radial sensitivity dependence which is consistent with expected exothermic curing effects 

on the polyurethane matrix.  The finalized protocol was applied to field dosimeters, and 

excellent agreement is observed between measurements and Monte Carlo calculation.  

The significance of this work, is we demonstrate the feasibility of precision 1mm isotropic 

3D dosimetry remote dosimetry protocol, all while presenting the first study on 3D 

TG-119 remote dosimetry for an MR-IGRT system (ViewRay’s MRIdian®).  As previously 

stated, temporal and spatial studies were performed on dosimeters of different batches 

than that of the TG119 irradiations. The derived temporal and spatial corrections worked 

considerably well in this study; however, further work is necessary to gauge robustness 

of these corrections. 
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Appendix A: 

Figure A: A detailed procedure for using the Dosimeter Dose Calculator (DDC) to 
determine an appropriate prescription dose, accounting for TPS dose, batch 

sensitivity, path length, pre-scan counts and desired post-scan counts. 
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Appendix B: 

Figure B: temperature dependence of sensitivity is demonstrated in the figure 
above. Lines profiles (far right) for a 3-field treatment (top row) and single open-

field delivery (bottom row), are distinct from the results displayed in section 3.1.2. 
In this study, the dosimeters were cooled during shipment and storage (pre- and 
post-irradiation). Unless dosimeter temperature is allowed to equilibrate prior to 

treatment deliveries, sensitivity gradients in the dosimeter are observed, 
demonstrated in poor agreement between the TPS dose and PRESAGE 

reconstruction at 1mm. 

!44



References 
1. World Health Organization, February 2016. [Online] Available:                                  

http://www.who.int/mediacentre/factsheets/fs297/en/

2. M. Zelefsky et al. Clinical experience with intensity modulated radiation therapy 
(IMRT) in prostate cancer. Journal of Radiotherapy & Oncology, 55(3) (2000) pp. 
241-249.

3. Molineu, A., Hernandez, N., Nguyen, T., Ibbott, G., & Followill, D. (2013). 
Credentialing results from IMRT irradiations of an anthropomorphic head and neck 
phantom. Medical Physics, 40(2), 022101.

4. S. Mutic , J. Dempsey. The ViewRay system: Magnetic resonance–guided and 
controlled radiotherapy. Seminars in Radiation Oncology. 2014;24:196–199.

5. Meijsing I, Raaymakers BW, Raaijmakers AJ, et al. Dosimetry for the MRI 
accelerator: the impact of a magnetic field on the response of a Farmer NE2571 
ionization chamber. Phys Med Biol. 54: 2993–3002. (2009)

6. M. Gargett, B Oborn, P Metcalfe, A Rosenfeld. Monte Carlo simulation of the dose 
response of a novel 2D silicon diode array for use in hybrid MRI–LINAC systems. 
Medical Physics. 42, 856-865 (2015).

7. Kozelka J, Robinson J, Nelms B, et al. Optimizing the accuracy of a helical diode 
array dosimeter: a comprehensive calibration methodology coupled with a novel 
virtual inclinometer. Med Phys. 38, 5021–5032. 2011

8. Y. Watanabe and Y. Nakaguchi, “3D evaluation of 3DVH program using BANG3 
polymer gel dosimeter.,” Med. Phys. 40(8), 082101 (2013). 

9. Zhang, L and Du, D and Green, O and Rodriguez, V and Wooten, H and Xiao, Z and 
Yang, D and Hu, Y and Li, H. 3D Gel Dosimetry Using ViewRay On-Board MR 
Scanner: A Feasibility Study. Medical Physics, 41, 455-455 (2014).

10. H. Li,  V. L. Rodriguez, O. L. Green,  Y. Hu, R. Kashani, H.O. Wooten, S. Mutic.  
Patient-specific quality assurance for the delivery of 60Co intensity modulated 
radiation therapy subject to a 0.35 T lateral magnetic field. International Journal of 
Radiation Oncology, Biology, Physics, 91(1), 65–72 (2015).

11. J. Adamovics and M.J. Maryanski, “Characterisation of PRESAGE: A new 3-D 
radiochromic  solid  polymer  dosemeter  for  ionising  radiation.,”  Radiat.  Prot. 
Dosimetry 120(1-4), 107–12 (2006). 

12. P.Y. Guo, J.A. Adamovics, and M. Oldham, “Characterization of a new radiochromic 
three-dimensional dosimeter,” Med. Phys. 33(5), 1338–1345 (2006). 

!45



13. M. Oldham, “3D dosimetry by optical-CT scanning,” J. Phys. Conf. Ser. 56, 58–71 
(2007).

14. M. Oldham, H. Sakhalkar, P. Guo, and J. Adamovics, “An investigation of the 
accuracy of an IMRT dose distribution using two- and three-dimensional dosimetry 
techniques,” Med. Phys. 35(5), 2072–2079 (2008).

15. A. Thomas, M. Niebanck, T. Juang, Z. Wang, and M. Oldham, “A comprehensive 
investigation of the accuracy and reproducibility of a multitarget single isocenter 
VMAT radiosurgery technique.,” Med. Phys. 40(12), 121725 (2013).

16. A. Thomas, J. Newton, J. Adamovics, and M. Oldham, “Commissioning and 
benchmarking a 3D dosimetry system for clinical use,” Med. Phys. 38(8), 4846–
4857 (2011). 

17. M. Oldham, “Optical-CT scanning of polymer gels.,” J. Phys. 3, 122–135 (2004).

18. J. Malcolm, S. Mein, A McNiven, D. Letourneau, M. Oldham. Design, Evaluation 
and First Applications of a Off-Site State-Of-The-Art 3D Dosimetry System. AAPM 
(2015).

19. S. Mein, T. Juang, J. Malcolm, J. Adamovics, M. Oldham. Remote Dosimetry with a 
Novel PRESAGE Formulation. (2015)

20. T. Juang, R. Grant, J. Adamovics, G. Ibbott, and M. Oldham, “On the feasibility of 
comprehensive high-resolution 3D remote dosimetry,” Med. Phys. 41(7), 071706 
(2014). 

21. J. Jackson, T. Juang, J. Adamovics, and M. Oldham, “An investigation of PRESAGE 
® 3D dosimetry for IMRT and VMAT radiation therapy treatment verification,” 
Phys. Med. Biol. 60(6), 2217–2230 (2015). 

22. M.H. Niebanck, A Novel Comprehensive Verification Method for Multifocal 
RapidArc Radiosurgery (2012). 

23. M. Niebanck, T. Juang, J. Newton, J. Adamovics, Z. Wang, and M. Oldham, 
“Investigating the reproducibility of a complex multifocal radiosurgery treatment,” J. 
Phys. Conf. Ser. 444, 012072 (2013).

24. Telecentric lenses tutorial, http://www.opto-engineering.com/resources/telecentric-
lenses-tutorial accessed May 11, 2015 (2015). 

25. G.A. Ezzell et al., “IMRT commissioning: Multiple institution planning and 
dosimetry comparisons, a report from AAPM Task Group 119,” Med. Phys. 36(11), 
5359–5373 (2009). 

!46



26. S. Bache, J. Malcolm, J. Adamovics, M. Oldham. Investigation of a low-cost optical-
CT system with minimal refractive index-matching fluid. Journal of Physics 
Conference Series. 573(1):012052. (2015).

27. K. Cheung. Intensity modulated radiotherapy: advantages, limitations and future 
developments. Boomed Imaging Interv J. 2(1):e19. (2006).

28. Mutic, Sasa. In-room MR Guidance: The ViewRay System. AAPM Conference. 
Washington, DC. (2016).

29. A. Raaijmakers, B. Raaymakers, J. Lagendijk. Magnetic-field-induced dose effects 
in MR-guided radiotherapy systems: dependence on the magnetic field strength. 
Phys Med Biol. 2008 Feb 21;53(4):909-23

30. T. Freeman. ViewRay unveils plans for MRIdian Linac. medicalphysicsweb. March 
16, 2016). http://medicalphysicsweb.org/cws/article/research/64322

31. R. Krempien, K. Schubert, D. Zierhut, M. Steckner, M. Treiber, W. Harms, U. 
Mende, D. Latz, M. Wannenmacher, F. Wenz, Open low-field magnetic resonance 
imaging in radiation therapy treatment planning, International Journal of Radiation 
Oncology, Biology & Physics, Volume 53, Issue 5, 1 August 2002, Pages 1350-1360, 
ISSN 0360-3016.

32. T. Freeman. MRI-guided radiotherapy: two years on. medicalphysicsweb. Feb 16, 
2016. http://medicalphysicsweb.org/cws/article/opinion/64039

33. T. Freeman. Where next for MRI-guided radiotherapy. medicalphysicsweb.  Sep 28, 
2015. http://medicalphysicsweb.org/cws/article/opinion/62704

34. Wooten, H. Omar et al. Benchmark IMRT evaluation of a Co-60 MRI-guided 
radiation therapy system. Radiotherapy and Oncology , Volume 114 , Issue 3 , 402 - 
405 (2014).

35. T. Juang. Clinical and Research Applications of 3D Dosimetry. Ph. D. dissertation, 
Medical Physics Graduate Program, Duke University, Durham, NC 2015. 

!47

http://medicalphysicsweb.org/cws/article/research/64322
http://medicalphysicsweb.org/cws/article/opinion/64039
http://medicalphysicsweb.org/cws/article/opinion/62704

