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Abstract 
As complex radiotherapy techniques become more readily-practiced, 

comprehensive 3D dosimetry is a growing necessity for advanced quality assurance.  

However, clinical implementation has been impeded by a wide variety of factors, 

including the expense of dedicated optical dosimeter readout tools, high operational 

costs, and the overall difficulty of use.  To address these issues, a novel dry-tank optical 

CT scanner was designed for PRESAGE 3D dosimeter readout, relying on 3D printed 

components and omitting costly parts from preceding optical scanners.  This work 

details the design, prototyping, and basic commissioning of the Duke Integrated-lens 

Optical Scanner (DIOS). 

The convex scanning geometry was designed in ScanSim, an in-house Monte 

Carlo optical ray-tracing simulation.  ScanSim parameters were used to build a 3D 

rendering of a convex ‘solid tank’ for optical-CT, which is capable of collimating a point 

light source into telecentric geometry without significant quantities of refractive-index 

matched fluid.  The model was 3D printed, processed, and converted into a negative 

mold via rubber casting to produce a transparent polyurethane scanning tank.  The 

DIOS was assembled with the solid tank, a 3W red LED light source, a computer-

controlled rotation stage, and a 12-bit CCD camera.  Initial optical phantom studies 

show negligible spatial inaccuracies in 2D projection images and 3D tomographic 

reconstructions.  A PRESAGE 3D dose measurement for a 4-field box treatment plan 
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from Eclipse shows 95% of voxels passing gamma analysis at 3%/3mm criteria.  Gamma 

analysis between tomographic images of the same dosimeter in the DIOS and DLOS 

systems show 93.1% agreement at 5%/1mm criteria.  From this initial study, the DIOS 

has demonstrated promise as an economically-viable optical-CT scanner.  However, 

further improvements will be necessary to fully develop this system into an accurate 

and reliable tool for advanced QA.   

Pre-clinical animal studies are used as a conventional means of translational 

research, as a midpoint between in-vitro cell studies and clinical implementation.  

However, modern small animal radiotherapy platforms are primitive in comparison 

with conventional linear accelerators.  This work also investigates a series of 3D printed 

tools to expand the treatment capabilities of the X-RAD 225Cx orthovoltage irradiator, 

and applies them to a feasibility study of hippocampal avoidance in rodent whole-brain 

radiotherapy.   

As an alternative material to lead, a novel 3D-printable tungsten-composite ABS 

plastic, GMASS, was tested to create precisely-shaped blocks.  Film studies show 

virtually all primary radiation at 225 kVp can be attenuated by GMASS blocks of 0.5cm 

thickness.  A state-of-the-art software, BlockGen, was used to create custom 

hippocampus-shaped blocks from medical image data, for any possible axial treatment 

field arrangement.  A custom 3D printed bite block was developed to immobilize and 

position a supine rat for optimal hippocampal conformity.  An immobilized rat CT with 
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digitally-inserted blocks was imported into the SmART-Plan Monte-Carlo simulation 

software to determine the optimal beam arrangement.  Protocols with 4 and 7 equally-

spaced fields were considered as viable treatment options, featuring improved 

hippocampal conformity and whole-brain coverage when compared to prior lateral-

opposed protocols.  Custom rodent-morphic PRESAGE dosimeters were developed to 

accurately reflect these treatment scenarios, and a 3D dosimetry study was performed to 

confirm the SmART-Plan simulations.  Measured doses indicate significant hippocampal 

sparing and moderate whole-brain coverage.    
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Ch. 1: Introduction  

1.1 On the need for clinically-accessible 3D dosimetry 
techniques 

In 2016, an estimated 1.6 million new patients will be diagnosed with cancer, and 

over 800,000 of them will receive some form radiotherapy treatment [1]. Modern 

developments in linear accelerator hardware and treatment planning algorithms have 

enabled increasingly precise radiotherapies to become common practice in the average 

radiation oncology clinic [2].  Common treatment modalities such as Intensity-

Modulated Radiation Therapy (IMRT), Volumetric Modulated Arc Therapy (VMAT), 

and Stereotactic Radiosurgery (SRS) rely on high-precision multi-leaf collimator (MLC) 

motion to modulate the fluence and shape of each treatment field and deliver radiation 

dose to a complex three-dimensional volume.    

While treatment planning algorithms are able to simulate volumetric radiation 

doses, current quality assurance (QA) techniques rely on 1D (TLD, OSL, ion chamber) 

and 2D (radiochromic film, EPID) dose measurement tools [3].  These methods are well-

tested, well-characterized, and well-understood, but they are unable to fully measure a 

three-dimensional dose distribution in its entirety.  Using a combination of TLD and film 

dosimetry, an IROC credentialing study from 2001 to 2011 shows over 18% of 

institutions failing to deliver head-and-neck IMRT plans within accuracies of 7% dose 

difference and 4mm distance-to-agreement [4].   Large discrepancies in delivery and low 

pass-rates are apparent from 1D and 2D measurement, implying that more delivery 
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errors may be undetected due to sparse dosimetric sampling.  Recently, pseudo-3D 

dosimetry tools have become commercially available (e.g. Delta4 diode array, 

ArcCheck), but they still rely on scant sampling and interpolation to recreate an 

approximation of the delivered dose [5]. 

True 3D dosimetry techniques have been in-development for decades, with 

notable examples being PRESAGE® (Heuris, Inc., Skillman, NJ), Fricke gels, and BANG 

gels (MGS Research, Inc., Madison, CT) [3].  However, their implementation in the clinic 

has been heavily slowed by many factors – expense, volatility, the need for extensive 

training and expertise, and inflexible phantom geometries.  PRESAGE dosimeters, in 

particular, are able to address most of these issues, but at the cost of expensive optical 

scanning tools for dose readout.  To improve accessibility of comprehensive 3D 

dosimetry techniques, there is a dire need for a low-cost, reliable, and easy-to-use 3D 

dosimetry system.  

1.2 Benefits and limitations to pre-clinical small animal 
radiotherapy studies 

Conventionally, small-animal radiotherapy studies have been used as a means of 

translational research, to bridge the gap between in-vitro cell experiments and clinical 

implementation [6].  To accurately simulate human treatment scenarios, a wide variety 

of disease-specific rodent models have been developed.  Immunodeficient, syngeneic, 

and orthotopic rodent models are capable of human tumor xenograft, or transplantation, 

and have historically been used to study tumor growth rates, metastatic potential, 
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treatment response, and efficacy of radiosensitizing and radioprotectant drugs [7].  

Various normal tissue models are also available to assess both early and late tissue 

response, as well as radiation toxicity. 

Rodent radiotherapy studies at Duke are performed on a dedicated X-RAD 

225Cx micro-irradiator (Precision X-Ray, N. Banfield, CT), which features a high-

resolution CBCT unit, photon treatment energies up to 225 kVp, and the SmART-Plan 

Monte Carlo treatment planning software (Fig. 1).  This unit is entirely self-shielded, and 

able to image and deliver 1mm treatment fields with sub-millimeter accuracy.  

Orthovoltage treatment energies and self-shielding allow the X-RAD to be conveniently 

housed in a clean room adjacent to animal housing.  The close proximity allows animal 

studies to be performed easily and efficiently, while minimizing animal stress from 

otherwise traveling to clinical imaging and radiotherapy devices.    
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Figure 1: The X-RAD 225Cx small animal irradiator.  The cabinet features a 
gantry-mounted x-ray tube capable of producing x-rays up to 225 kVp at 13 mA.  
Figure courtesy of medicalphysicsweb.org. 

Although convenient, the X-RAD comes with a set of limitations atypical of 

clinical linear accelerators.  Field sizes are controlled by static, physical collimators, 

which restricts target conformality to an array of pre-set shapes.  The treatment couch is 

only able to translate linearly, which confines beam delivery onto a single rotation axis.  

Anesthesia is accessible from the treatment couch, but no immobilization tools are 

available for repeatable animal placement.  Other dedicated small-animal treatment 

machines, such as the SAARP and SAIGRT units, suffer from similar limitations [6].  As 

a result, delivery and dosimetry techniques for many pre-clinical studies have not 

advanced to match standards in human radiation oncology.  These deficiencies must be 

overcome to advance pre-clinical studies to accurately reflect modern radiotherapy 

techniques.    
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1.3 Specific Aims and Goals  

The broad purpose of this thesis is to leverage the capability of new  3D 

dosimetry and 3D printing techniques to address two specific aims: 

1. To design, construct, optimize, and benchmark a novel solid-tank, high-

resolution 3D dosimetry system, which can dramatically increase ease-of-

use and reduce costs in comparison with current systems. 

2. To expand the capabilities of the X-RAD 225Cx orthovoltage irradiator, 

using customized 3D printed micro-blocks and immobilization tools to 

develop and validate (with 3D dosimetry) a rodent treatment protocol for 

conformal hippocampal sparing in whole-brain radiotherapy.   

Further details on these aims will be explored in Chapters 3 and 4, respectively. 
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Ch. 2: Background 

2.1 PRESAGE® 3D Dosimeters 

PRESAGE is a radiochromic plastic dosimeter, composed of a clear polyurethane 

matrix doped with a small percentage of photo-radical initiator and leuco-dye [8].  Upon 

irradiation, the initiator releases free radicals into the polyurethane matrix, which are 

able to oxidize the leuco-dyes and cause a color change (Fig. 2) [9].  This color change is 

the result of a phenomenon called ‘bond conjugation,’ where the number of repeating 

single/double carbon bonds in the dye dictate the wavelengths of light that will be 

absorbed and reflected [10].  In this process, leuco-malachite green (LMG) changes into 

malachite green, from visibly clear to visibly green.   Analogous to radiochromic film, 

the color change is localized to the exposed volume of the dosimeter.  
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Figure 2: A proposed mechanism of free radical-induced LMG oxidation.  X-
ray photons cause the radical initiator CBr4 to release free radicals, which are able to 
oxidize the LMG and cause a color change [9]. 

PRESAGE exhibits many advantages over other available 3D dosimeters.  Prior 

studies have demonstrated dose response linearity well above 10 Gy, dose rate 

independence, and energy independence, where other dosimeters suffer [3].  PRESAGE 

can be readily adapted to a wide array of special applications, where varying the 
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chemical composition can allow higher sensitivity, higher stability, re-usability, and 

deformability [11, 12, 13, 14].  Unlike BANG and Fricke polymer gel dosimeters, 

PRESAGE is insensitive to oxygen exposure, negating the need for an external container.  

2.2 Current Optical-CT Techniques and Methods 

PRESAGE’s mechanism of dose response is the oxidation of a leuco-dye – a 

simple chemical reaction that does not alter the x-ray attenuation properties or 

gyromagnetic ratio of the material, preventing dose readout via CT or MRI techniques.  

Therefore, information can only be extracted optically.  Conventionally, this 

measurement is quantified in terms of optical density (OD), which describes the 

attenuation and scatter of incident visible light through a medium (Eq. 1) [2].  

𝑂𝐷 = 	 𝑙𝑜𝑔()
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦123
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦45627

																		(𝐸𝑞. 1) 

 

Figure 3: An example of optical density calibration data. The slope of a linear 
fit through these data points corresponds to the dosimeter sensitivity, in OD/(Gy*cm). 
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Like film, optical density can be converted into delivered dose using calibration 

data from small dosimeter cuvette samples (Fig. 3).   By standard practice, cuvette 

samples are irradiated to known doses, and 1D post-irradiation optical density 

measurement can be plotted against the delivered dose [11].  The slope of a linear fit to 

this data gives the dosimeter’s sensitivity in OD/*(Gy*cm).   

To measure optical density in 3D using PRESAGE, a dosimeter must be imaged 

using optical computed tomography (optical-CT) [15].  At Duke, the current gold 

standard mechanism of optical-CT is the Duke Large Field-of-View Optical Scanner 

(DLOS, Fig 4).  The DLOS functions as follows:  A filtered 3W red LED light source is 

magnified and collimated using a large telecentric lens, which only allows transmission 

of light within 0.1 degrees of perpendicular incidence.  The collimated light field passes 

through a dosimeter sample, which is immersed in a bath of refractive-index (RI) 

matched fluid to minimize light scatter and refraction at the interfaces.  All transmitted 

light passes through a second telecentric lens to reject any scatter, and reconverges onto 

a charged-coupled device (CCD) camera for measurement.  The dosimeter is attached to 

a rotation stage to allow optical projections at varying angles.  Tomographic 3D 

reconstruction of the measured optical densities can be performed using a simple 

filtered-backprojection algorithm. 
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Figure 4: A schematic of the Duke Large Field-of-View Optical Scanner 
(DLOS) [15]. 

OD measurement is inherently susceptible to variation in dosimeter background 

OD, light field inhomogeneity, and camera noise.  To address these three points, the 

dosimeter is scanned before and after irradiation, and each projection is normalized 

using flood (open light field) and dark (closed light field) projections (Eq. 2).   The 

corrected reading is the change in optical density, derived below (Eq. 3,4) [11]. 

 

𝐼45627
𝐼123 7362

= 	
𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑜𝑛 − 𝑑𝑎𝑟𝑘
𝑓𝑙𝑜𝑜𝑑 − 𝑑𝑎𝑟𝑘 									(𝐸𝑞. 2) 
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ln

𝐼45627
𝐼123 J5K
𝐼45627
𝐼123 JL74

= ln
𝐼45627
𝐼123 J5K

− ln
𝐼45627
𝐼123 JL74

= 	−∆ ln
𝐼45627
𝐼123

																											(𝐸𝑞. 3)	 

 

∆𝑂𝐷 = 	−
∆ln 𝐼45627

𝐼123
ln 10 = 	−∆𝑙𝑜𝑔()

𝐼45627
𝐼123

														(𝐸𝑞. 4) 

 

2.3 Rapid Prototyping Techniques 

In recent years, the development of 3D printing (AKA rapid prototyping, 

additive manufacturing) has enabled fast and simple fabrication of customized parts.  By 

definition, additive manufacturing is the process of building a three-dimensional 

product by depositing individual, successive layers of material [16].  Although the 

general principle of additive manufacturing is simple, this process can be performed by 

a wide variety of physical mechanisms to prototype in an ever-growing number of 

materials.  The two most commonly-used 3D printing modalities are stereolithography 

and fused-deposition modeling, which function through vastly different techniques: 

 



 

12 

2.3.1 Photopolymerization 

In the 1981, Hideo Kodama first published his automated method of producing 

three-dimensional plastic models [17].  By this technique 300-400nm ultraviolet light is 

exposed onto a liquid photo-hardening polymer resin, which cures and solidifies.  The 

shape and thickness of the hardened polymer can be tuned by controlling the duration, 

area, and intensity of the UV exposure.  A single solid lamina, or layer, can be 

submerged into a bath of the same liquid polymer, and secondary laminae can be 

successively added.  

The modernization of this technique is referred to as stereolithography (SLA) 

[18].  Typical SLA printers function by moving a printing platform at varying depth in a 

photo-resin bath, and the UV exposure is delivered by a high-precision scanning laser 

(Fig. 5).  For each lamina, the UV laser ‘draws’ the desired shape in the photo-resin, 

where the motion is controlled via machine commands from a computer-aided design 

(CAD) file.    After fabrication, excess resin can be washed away using an ethanol bath, 

and a post-print exposure to UV light will further solidify the part and finish the curing 

process.   
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Figure 5: Basic schematic of stereolithography 3D printing.  A photo-hardening 
resin is exposed to a moving UV laser to build an object, layer-by-layer, in a photo-
resin bath [16]. 

Photopolymerization printing is highly-acclaimed to have some of the highest 

object resolutions available, with 25 micron layers easily achievable.  Some 

commercially-available machines are quoted to have layer resolutions of less than 1 

micron.  However, this high resolution comes with high machine and material costs, as 

well as relatively long print times.     

2.3.2 Extrusion Deposition 

Shortly following the introduction of SLA, faster and cheaper 3D printing 

modalities began to emerge.  The most successful, and commonly-available, is fused-

deposition modeling (FDM) [16, 19].  FDM printing functions by extruding a 
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thermoplastic filament at a controlled rate through a small heated nozzle and onto print 

surface (Fig. 6).  Similar to the motion of the UV laser and platform in SLA, the nozzle 

and/or print surface move via CAD control to ‘draw’ successive layers of melted 

material at varying height.  Extruded material solidifies as it cools below its transition 

temperature, usually within seconds of leaving the nozzle.  The material extrusion is 

controlled by driving filament through a stepper motor assembly, where extrusion rate 

and layer thickness can be adjusted by varying the stepper motor, nozzle, and platform 

speed.  

Unlike SLA, where usable materials are limited to photo-resins, a wide variety of 

materials may be used in FDM.  The most readily-available are poly-lactic acid (PLA) 

and acrylonitrile-butadiene styrene (ABS), although any material that can melt and be 

pushed through an extrusion nozzle can theoretically used.  Notable examples of 

alternate materials are nylon, flexible thermoplastics, and metal or wood composite 

plastics.  
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Figure 6: Basic schematic of FDM 3D printing.  Raw material is extruded from 
a heated nozzle (1), and a product is ‘drawn’ layer-by-layer (2) onto a moving print 
surface (3) [16]. 

Modern FDM extrusion mechanisms are incapable of building objects with 

micron-thick layer resolution, although sub-millimeter layers (≥0.1 mm) are standard. 

Because layer resolutions are lower, lower-specification printers are viable for most 

applications, and print speeds can be dramatically reduced, and no post-processing is 

inherently necessary to complete printing.  Likewise, the simplicity of the raw materials 

keeps product costs low.  All 3D printed objects presented in this thesis were created 

using FDM technology.  
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Ch. 3: Development of an economical, solid-tank optical-
CT system 

3.1 Feasibility of dry-tank optical CT 

The DLOS is the current gold standard for optical-CT readout at Duke, and many 

studies have demonstrated its utility as a high-end, versatile, research-grade machine for 

3D dosimeter readout [11, 20].  However, many of its components are large and 

extremely expensive, in particular the telecentric lenses and fluid tank, making it an 

impractical option for general clinical use. As a result, bi-telecentric optical scanners can 

only be found in a handful of major research institutions, such as Princess Margaret 

Hospital in Toronto, or IROC in Houston [21]. 

To reduce material costs and improve accessibility, the Duke Fresnel Optical 

Scanner (DFOS) was developed as an economical alternative [22]. The core design and 

functionality is equivalent to the DLOS, with two key changes:   

1. The DLOS fluid bath was replaced with a solid tank of RI-matched 

polyurethane. 

2. The convex telecentric lenses were replaced with telecentric Fresnel 

lenses.   

The solid tank, or ‘dry’ tank, eliminated the need for multiple liters of RI fluid for 

high-quality light transmission, only requiring a few milliliters of fluid to fill an air gap 

around a dosimeter.  Any minor flaws in the dry-tank (dust, bubbles, etc.) are present in 

pre and post-irradiation optical scans, and can be removed in the optical density 
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corrections described in Eq. 5.  Theoretically, this reduces image noise from artifacts of 

fluid tank scanning.  The Fresnel lenses function as telecentric collimators, yet can be 

manufactured to be lighter, more compact, and significantly cheaper (Fig. 7).   

 

Figure 7: Telecentric Fresnel and convex lens comparison.  The Fresnel lens is 
composed of a piecewise series of concentric rings, where convex lenses are one 
single, continuous piece [22]. 

Although promising, the DFOS proved to be ineffective as a quantitative 

measurement tool.  The Fresnel lenses introduced unpredictable light behavior and 

significant ring artifacts into the images, resulting in imperfect scans that fell short of the 

high quality expected from the DLOS.   

3.2 Integrated-lens Dry-tank Optical Scanner 

To overcome the limitations of the telecentric Fresnel lenses, a new design was 

proposed.  By curving the faces of an RI-matched solid tank, the tank effectively 

becomes a large convex lens.  At precise lens curvature and focal distances, it becomes 

possible to create a telecentrically collimated light field within the ‘lens’ from a 
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diverging point light source.  Un-scattered light that passes through the lens is able to 

re-converge onto a CCD camera.  This is the basis of the Integrated-lens Dry-tank 

Optical Scanner (DIOS, Fig. 8).   

 

Figure 8: A schematic of the Integrated-lens Dry-tank Optical Scanner.  Convex 
lenses are directly built into a solid tank, creating a telecentrically-collimated light 
field from a point light source at the focal point.   

Reminiscent of a simple pinhole camera, the ideal DIOS system uses a single LED 

point light source, an RI-matched polyurethane tank with an open cavity to fit a 1kg 

cylindrical dosimeter, and a simple CCD camera for measurement.  Like the DFOS, a 

minimal amount of RI-matched fluid is necessary to prevent heavy light refraction at the 

interfaces.  To eliminate scatter, an aperture can be placed at the exit focal point – this 

would allow measurement of a filtered, inverted image beyond the focal point.   

3.3 ScanSim Optical-CT Simulation and 3D Modeling 

To determine the approximate radius of curvature and focal distances necessary 

for the DIOS tank, a simulation study was performed in ScanSim, an in-house Monte 
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Carlo optical-CT simulation software [23].  ScanSim models a light source as a series of 

individual light rays, and can calculate the path and angle of refraction for every light 

ray as it transmits through different media in a single axial plane of an optical-CT 

system. The most recent published version of ScanSim was upgraded to include 

perpendicular light incidence and a fluid gap surrounding a dosimeter, necessary to 

simulate dry-tank optical-CT [24]. 

To properly simulate the DIOS geometry, the dry-tank scenario in ScanSim was 

adapted to include a diverging point light source.  The fluid gap was expanded to 

simulate a large RI-matched spherical tank, neglecting the presence of an actual fluid 

gap.  For a 1kg cylindrical dosimeter (10cm diameter), it was determined that an 

approximate radius of curvature of 25 cm and focal distances of approximately 50 cm, 

created suitably telecentric light transmission (Fig. 9). 
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Figure 9: ScanSim simulation of spherical-tank optical-CT geometry.  

Because light rays travel parallel through the simulated tank, excess material 

may be cropped away to shorten ray paths and reduce the overall size of the scanner.  

ScanSim parameters were used to construct a 3D model of the solid tank in AliasDesign 

(Autodesk, Inc., San Rafael, CA), seen in Figure 10. 
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Figure 10: 3D model of the convex solid tank in AliasDesign.  The dimensions 
are roughly 20 cm (L) by 15 cm (W) by 12 cm (H).       

3.4 Solid-tank Prototyping 

The model from AliasDesign was exported as a 3-dimensional triangular surface 

mesh.  The mesh was converted into a series of machine commands for a 3D printer 

using Cura, an open-source 3D model-to-toolpath software.   A full-scale model was 3D 

printed in PLA on a Printrbot Metal Plus at 10% infill to conserve material and decrease 

the production time.  However, 3D printing by nature leaves well-defined layer artifacts 

on an object.  Although some groups have developed means of directly printing near-

perfect lenses, it is impossible to create a model without these artifacts at standard FDM 

resolutions [25].  To correct this on the positive mold, the curved surfaces were capped 

with a thin layer of metal.  These caps were cut from a ready-made, 50cm diameter 
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stainless steel globe, and attached to the printed mold using epoxy.  The result is a 

positive mold for a convex scanner with pristine light-incident surfaces (Fig. 11). 

 

Figure 11: Finished 3D printed positive mold, featuring steel caps on the 
curved surfaces.  The blue material is 3D printed PLA, and the white is an epoxy 
resin.  Metalwork was done Christian Hansen of Liberty Arts, Durham, NC.    

To create a fillable negative mold, the positive mold was placed in a large 

container and surrounded with a rubber molding solution.  After the rubber solidified, 

the positive was removed to leave a recess, the negative mold.  The resulting negative 

was filled with liquid polyurethane and cured, producing a usable solid scanning tank 

(Fig. 12). 
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Figure 12: Clear polyurethane casting of the ‘dry-tank,’ with a cylindrical insert 
of the same material.   

3.5 Initial Assembly and Characterization 

The DIOS was assembled using a 3W red LED light source, a computer-

controlled rotation stage, and a high-resolution monochromatic CCD camera, analogous 

to its predecessors.  Due to imperfections in the curvature of positive mold, the solid 

tank has two focal points on the camera-side, resulting in severe image distortion past 

the first focal point.  To overcome this flaw, a focusing lens with a built-in aperture was 

added onto the CCD and positioned in front of the first focal point.  This effectively 

eliminates any light detection from the secondary focal point, but introduces a notable 

vignette in the flood field.  Vignetting was reduced by adding a light-diffusing film onto 
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the LED-side of the scanner.  The final design of the DIOS prototype can be seen in 

figure 13.   

 

 

Figure 13: The adjusted DIOS design, to compensate for imperfect lens 
curvature.  The focusing lens is able to filter out scattered light from the secondary 
focal point.  To diminish the vignette effect, a diffusing film was included in the light 
path to increase light-field uniformity.  

3.5.1 Assessing 2D Geometric Distortion and Lens Magnification 

To assess any geometric distortion in the imaging system, a 2-dimensional grid 

phantom was designed and 3D printed.  This grid features 1mm wide bars, spaced 5mm 

apart.  In a single projection image, the grid appears clearly-resolved and uniformly-

spaced across the entire field of view.  Minimal distortion can be seen in the raw 

projection image, with any defects confined to the distal edges of the image (Fig. 14).  

Horizontal and vertical line profiles across every opening show a high degree of 

uniformity across the phantom (Fig 15), where every feature is consistent across the 

entire field of view.   
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Figure 14: Counts image of the 2D grid phantom in the DIOS.  Each pixel 
corresponds to the number of photons detected for a single exposure acquisition. 
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Figure 15: Optical density line profiles across all horizontal and vertical 
openings of the 2D grid phantom.  Noise at the edge of the vertical line profile is due 
to the fluid/air interface at the top of the scanning tank.   

In prior optical scanners, the measured pixel size is well-defined by 

manufacturer specifications of camera pixel size and telecentric lens magnification.  

Because the solid tank has been custom-fabricated, the lens magnification must be 

experimentally determined using a phantom with known features.  By measuring the 

average spacing between ‘bars’ in the grid phantom line profiles of Figure 16, the 

magnification factor can be derived.  The average feature separation is 45.3 pixels, with a 
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standard deviation of 1.5 pixels.  The true distance between features on the grid is 5mm.  

By dividing the true separation with the measured separation, we arrive at the measured 

isotropic pixel size: 0.1104 mm.  Given the camera pixel size of 0.00645 millimeters per 

pixel, the lens magnification is the ratio of these sizes: 0.0584.   

 

Figure 16: Average of all horizontal (top) and vertical (bottom) line profiles in 
the 2D grid phantom image.    
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3.5.2 Assessing Telecentricity 

A deeper parallel-hole grid phantom was designed and 3D printed to 

qualitatively assess light telecentricity through the solid tank.  This collimator is 1cm 

thick, and features 1mm wide bars spaced in 5mm intervals.  Like the previous 

phantom, all of the bars and openings are cleanly-resolved, but the openings appear to 

shorten with increasing lateral distance from the center of the image (Fig. 17).  This 

alludes to a small degree of light convergence inside of the solid tank.  However, 

because this convergent behavior is not radially-symmetric, it is expected to be an 

artifact of the imperfect lens curvature.  

 

Figure 17: A corrected OD image of the telecentricity phantom – a 3cm-thick 
version of the 2D phantom from Section 3.5.1.  Note the thickening bars and 
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shortening openings as the lateral distance from the center increases.  Major 
imperfections in the grid are from flaws during fabrication.   

3.5.3 Scattered Light Contamination 

The DIOS no longer features a mechanism of rejecting scattered light due to the 

imperfect lens curvature and the resultant design alterations.  One method to quantify the 

extent of scatter at measurement, and resultant blurring, is by sampling the edge response of 

the system [26].  To measure the response, half of the field of view was covered by a piece of 

light-blocking material, creating a well defined ‘edge’ in the image.  Scatter and blurring can 

be assessed by analyzing the light penumbra across the edge.   

 

Figure 18: Edge response comparison between DLOS and DIOS scanners.  The 
lack of scatter rejection results in more prominent edge blurring in the DIOS images.  
The DIOS edge response was sampled with the diffusing film at varying positions in 
the system – near the light source, near the scanning tank, and at the midpoint 
between the two.  
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The penumbra width, from 80% to 20% of the maximum OD is 1.7 mm and 0.3 

mm, for the DIOS, with diffuser at the tank surface, and DLOS respectively (Fig. 18).  

The DIOS is comparatively more susceptible to scattered light at detection, resulting in a 

shallow OD falloff.  In dose measurement, this will manifest as a blurring of the 

distribution.  Notably, the penumbra width decreases with increasing distance between 

the scanning tank and the diffusing film.  Measured penumbra widths of 1.2 and 1.4 mm 

resulted from moving the diffuser closer to the light source, and at the midpoint 

between the scanning tank and light, respectively.  However, this sharpness comes at the 

cost of reducing flood field uniformity and limiting the overall dynamic range of the 

system.  

3.5.4 Assessing Spatial Accuracy of 3D Reconstruction 

A new optical phantom was designed to directly evaluate the DIOS’s ability to 

accurately image and tomographically reconstruct a 3D volume.  This phantom was 

fabricated from a transparent 1kg polyurethane cylinder (10.5cm diameter, 10cm height), 

drilled with a series of 4mm diameter holes at varying radial distances in a spiral pattern 

(Fig. 19).  The spiral phantom was imaged using optical CT in the DIOS and by x-ray CT 

on a nominal CT scanner, and reconstructed at 1mm isotropic voxel resolution.  CT sets 

were overlaid in 3D Slicer for absolute comparison [27]. 
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Figure 19: X-ray and optical CT images of a spiral phantom to characterize 
three-dimensional distortions in DIOS tomographic imaging.  Channels are 5 mm 
diameter, and the dosimeter has a diameter of 10.5 cm. 

Across all planes, the channels in both image sets align remarkably well.  The 

largest feature displacement can be seen in the most radially-distant channel, at the most 

inferior axial slice.  This channel is shifted radially-inward by 0.8 mm (Fig. 20). 

 



 

32 

 

Figure 20: 3D overlay of x-ray and optical CT phantom volumes (left), and axial 
slice overlay illustrating worst feature agreement (right).  In the 3D overlay, the white 
volume is the x-ray CT, and the blue volumes are from the optical-CT.   

3.5 Cross-Scanner Dose Measurement Comparison 

While spatial accuracy has been confirmed with an array of phantoms, a dose 

measurement is necessary to fully commission the DIOS.   To assess the DIOS system’s 

efficacy against the gold standard DLOS, a dosimeter can be irradiated with a simple 

treatment plan and read out in both systems for a cross-scanner comparison.  The dose 

calculation from the treatment plan can itself serve as a second gold standard, for further 

testing.  A 1kg cylindrical PRESAGE dosimeter (10cm diameter, 12cm height) was used 

to this end.  An x-ray planning CT of the dosimeter was acquired and imported into 

Eclipse (Varian, Inc., Palo Alto, CA) for treatment simulation.  A basic four-field box 

plan was developed, with two differently-weighted pairs of lateral-opposed fields to 
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create well-defined regions of three distinct doses (Fig. 21).  This plan was designed to 

deliver a cumulative dose of 1Gy to the dosimeter isocenter on a Varian Clinac at 6X.   

 

Figure 21: The Eclipse 4-field treatment plan.  This plan delivers a total of 1Gy 
to isocenter via two pairs of lateral-opposed fields. 

Following irradiation, the dosimeter was tomographically imaged in the DIOS 

and DLOS optical CT scanners, and reconstructed at 1mm isotropic voxel resolution.  

Median filters were applied to both image sets to reduce the presence of noise, while 

preserving dose penumbra information.  A 5-pixel filter was applied to the DLOS image, 

but the DIOS image required a 10-pixel filter to adequately reduce image noise.   Across 

the two scanners, corrected OD measurements were similar, with 0.013 OD measured at 

the high-dose region both the DIOS and DLOS (Fig. 22).  OD measurement was linearly 
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scaled to match the maximum dose in the Eclipse plan.  The DIOS and DLOS doses 

match the Eclipse treatment plan well, with the exception of notable schlieren bands in 

the DLOS image, which are due to RI variations inside of the dosimeter from the 

manufacturing process (Fig. 23).  This feature is absent in the DIOS images due to the 

more highly-diffused light source, which does not suffer from heavy refraction at slight 

RI interfaces.  3D gamma analysis between the DIOS dosimeter and treatment plan 

shows 95% of voxels passing at 3%/3mm criteria (Fig. 24).  Cross-scanner 3D gamma 

analysis shows 88.1% of voxels passing at 5%/1mm, where most regions of failure are 

localized to the dosimeter edges (Fig. 25).   

 

Figure 22: Measured optical density profile comparison across a representative 
axial slice.  DIOS and DLOS readout show high intra-scanner agreement, with nearly 
identical line profiles across the high-dose region. 
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Figure 23: Side-by-side comparison of DIOS and DLOS dosimeter 
measurement with the Eclipse treatment planning simulation.  All doses visibly agree 
well, with the exception of notable schlieren bands in the DLOS image (blue arrows). 
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Figure 24: 3%/3mm gamma comparison between Eclipse dose calculation and 
DIOS dose measurement for a 4-field box irradiation.  All red pixels fail to meet 
gamma criteria.    Most near-failure is confined to the penumbra regions, which agrees 
with the edge response measurement from Section 3.5.3.  
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Figure 25: 5%/1mm gamma comparison between DLOS dose measurement and 
DIOS dose measurement for a 4-field box irradiation.  All red pixels fail to meet 
gamma criteria.  

3.6 Discussion and Future Work 

Initial testing of the DIOS optical-CT scanner prototype has shown remarkably 

promising results in 2D and 3D phantom images, as well as 3D dose measurement 

comparable to the gold-standard DLOS system for a simple distribution.  Still, numerous 

additional modifications to the DIOS system can potentially improve image quality and 

resultant dose measurement:   

1. Higher quality curved surfaces will likely eliminate the secondary focal 

point described in Section 3.5.   This will likely negate the need for the 



 

38 

focusing lens, and the design can revert to the original schematic in 

Figure 8.   

2. The inclusion of scatter rejection will likely reduce penumbra blurring 

and sharpen feature resolution. This can be accomplished by a number of 

techniques, such as the addition of light-polarizing filters, or the inclusion 

of a telecentric lens on the camera.   

3. Due to the close proximity of the diffuser to the light-side lens of the dry-

tank, a high degree of light is unpredictably scattered at incidence.  It may 

be feasible to remove the light-side lens entirely, to be replaced by a 

diffuser and parallel-hole collimator. 

Design modifications will be explored in an attempt to make the DIOS a reliable 

and commercially-viable alternative to conventional optical-CT systems.  Future work 

will aim to evaluate DIOS performance for a wider variety of complex dose distributions 

and applications, including small-field SRS/SBRT, IMRT, VMAT, and electron 

dosimetry.   

 



 

39 

Ch. 4: Hippocampal Sparing in Rodent Whole-Brain 
Radiotherapy 

4.1 Clinical Trial RTOG 0933 

In the event of metastatic brain disease, whole-brain radiotherapy is a widely-

used modality for palliative treatment [28].  Within 5 months following treatment, 

patients commonly experience some decline of neurocognitive function, manifesting as 

long-term memory loss or potentially more severe cognitive deterioration.  Current 

clinical data suggests that radiation-induced damage to the hippocampus may result in 

cognitive decay, but the presence of the brain metastases themselves introduces a further 

confounding factor.  The RTOG 0933 trial is an attempt to determine the root cause of 

this neurocognitive decline, investigating hippocampal avoidance in whole-brain 

radiotherapy (HA-WBRT).   

To assess potential risks to HA-WBRT, numerous MRI studies of human patients 

with brain metastases were performed, noting the proximity of individual metastases to 

the hippocampus.  A 2007 study imaged 100 patients, noting only 3.3% of the 272 total 

metastases occurring within 5mm of the hippocampus, with no metastatic disease 

located within the hippocampus itself [29].  Follow-up studies in 2010, imaging 271 new 

patients and over 1100 metastases, found 8.6% of patients developing disease within 

5mm of the hippocampus [30].  These studies confirm that brain metastases are unlikely 

to form in or near the hippocampus, and hippocampal avoidance in WBRT is unlikely to 
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diminish treatment efficacy.  It was determined that roughly 91% of all WBRT patients 

are safely eligible for HA-WBRT. 

Fluence modulation in IMRT has enabled HA-WBRT in human patients, where 

hippocampus doses can feasibly be limited to less than 1/3 of the prescription dose 

delivered to 50% of the spared volume.  However, the limitations of small animal 

radiotherapy devices described in Section 1.2, namely the lack of multi-leaf collimators, 

have hindered the development of a pre-clinical rodent model equivalent.   

4.2 Prior Work 

To demonstrate the feasibility of a pre-clinical equivalent to RTOG 0933, C. 

Cramer et. al developed a simple technique for HA-WBRT in 8-week Wistar rats using 

lateral-opposed treatment fields [31].  A labeled MRI rat brain atlas from Duke’s Center 

for In-Vivo Microscopy was registered to a rat planning CT, and block shapes were 

generated from a 2D Radon transform of a segmented hippocampus MRI atlas.  The 

resulting projections (2D images of the hippocampus given a certain gantry angle) were 

used as a template, and blocks were hand-cut from a 5mm lead sheet.  The lead cutouts 

were taped onto a 40x40mm2 collimator in the X-RAD 225cX unit.  Isocenter was 

manually placed using image-guidance on a rat sedated with 3% isoflurane gas.  Lateral-

opposed treatment fields were delivered from a SmART-Plan treatment protocol, 

treating the whole brain to 4 Gy (Fig. 26).  
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Figure 26: Treatment simulation of lateral-opposed hippocampal avoidance 
irradiation. Roughly 15% of the whole brain (without hippocampus) is also spared 
[31]. 

In this study, three rats were treated with HA-WBRT, with three positive 

controls receiving WBRT without sparing, and two untreated normal controls (NC).  

Following irradiation, immunofluorescence imaging was used as a means of biologically 

verifying delivered dose (Fig. 27).  One hour after irradiation, rats were sacrificed and 

sections of their hippocampi and cerebral cortexes were imaged for the presence of 

phosphorylation of Hoechst 33342 and Histone H2A.X.  Detection of Hoeschst 33342 

denotes the presence of DNA, and H2A.X is a known marker of double-strand DNA 

breaks (DSB), which would result from ionizing radiation.  In HA-WBRT rats, lower 
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quantities of H2A.X were detected in hippocampus sections, with comparable intensities 

in spared cerebral cortex sections – implying successful hippocampal sparing.    

 

Figure 27: H2A.X immunofluorescence imaging of sectioned rat hippocampi 
and cerebral cortexes following irradiation, with Hoechst 33342 in blue, H2A.X in 
green. Normal control (NC) rats did not receive treatment, and show no DSB’s.  
Positive control (PC) rats received WBRT, and see DSB in both hippocampus and 
cerebral cortex.  Hippocampal sparing (HS) rats see DSB in the cortex, but highly 
diminished DSB in the hippocampus [31]. 
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While initial results have shown promise, this lateral-opposed treatment plan is 

unable to reach approximately 20% of the whole brain with hippocampal sparing.  This 

is, in part, due to the complex anatomy of the hippocampal arch, where two fields alone 

are unable to fully conform a dose distribution to the structure.  To improve this 

protocol, it is necessary to both increase the number of treatment fields and improve the 

fabrication process of the blocks.   

4.3 High-Z Metal 3D Printing Materials 

To improve conformality and remove human error from block fabrication, a 

novel metal-composite 3D printing material was explored as a viable alternative to lead.  

This material, GMASS (Turner MedTech, Inc., Orem, UT), is a high-density tungsten-

composite ABS FDM filament, intended for x-ray shielding uses.  However, 

manufacturer specifications for GMASS quote a single, non-energy specific lead-

equivalent thickness, and the exact tungsten composition is proprietary [32].  To 

characterize this material and verify its attenuation properties, a GAFCHROMIC film 

study was performed using a blocked treatment field on the X-RAD 225cX at 225 kVp 

(Fig. 28).  A 1.4cm-thick block was printed to match the lead-equivalent thickness of the 

0.5cm blocks used in Cramer et al, and used to irradiate a section of film to 6 Gy.  

Calibrated dose measurement shows 3% of the prescribed dose delivered under the 

block, which is likely from scatter alone.   



 

44 

 

Figure 28: 3D printed heart-shaped block and film study.  Upper left: digital 
rendering of a 1.4cm thick ‘heart’ block.  Upper right: 3D printed GMASS block.  
Lower left: Calibrated GAFCHROMIC film dose measurement, 40x40mm field 
irradiated to 6Gy at 225kVp.  Lower right: horizontal line profile through the spared 
region.   

To further characterize GMASS, a simulation was performed using the NIST 

XCOM database (Fig.29).   XCOM is able to calculate the interaction cross sections and 

mass-attenuation coefficients of a compound given its composition by weight [33].  For 

this simulation, GMASS was assumed to consist solely of tungsten and ABS plastic, and 

composition percentages by weight were derived using the known density of GMASS 

(4.0 g/cc) and ABS plastic (1.0 g/cc) (Eq. 5).  Mass attenuation coefficients can be 
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converted into linear attenuation coefficients my multiplication with the material 

density. 

 

𝜌 =
1

%𝑤𝑒𝑖𝑔ℎ𝑡U
𝜌U

+%𝑤𝑒𝑖𝑔ℎ𝑡WXY𝜌WXY

											(𝐸𝑞.		5) 

 

 

Figure 29: Expected linear attenuation spectrum of GMASS ABS plastic.  At an 
effective photon energy of 80 keV, the linear attenuation coefficient is 25.837 (1/cm). 

Assuming narrow-beam geometry and an effective photon energy of 80 keV at 

225kVp [34], an exponential attenuation calculation shows less than  1% of primary 
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photon transmission through a 5mm-thick GMASS block (Eq. 6).  To verify this 

calculation, a 20x20 mm2 micro-wedge compensator was 3D printed to assess x-ray 

attenuation at varying block thickness (Fig. 30).   A wedged 40x40mm2 treatment field 

was used to deliver 1 Gy to a GAFCHROMIC film section with 1cm of buildup, with an 

open-field 40x40mm2 film irradiation as a reference.  The relative optical-densities show 

significant photon attenuation at 3mm block thickness, with relatively all primary 

radiation attenuated at larger thicknesses.  

 

𝜙
𝜙L

= exp −25.837
1
𝑐𝑚 ∗ 0.5	𝑐𝑚 = 2.5 ∗ 10cd										(𝐸𝑞.		6) 

 

 

Figure 30: 3D printed micro-wedge compensator to measure x-ray attenuation 
at 225 kVp, with SD card for visual size comparison.   
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Figure 31: Wedged treatment field – relative optical density to open field, and 
line profiles.   

4.4 Custom Block Generation 

To improve fabrication workflow, a software was developed in MATLAB 

(Mathworks, Inc., Natick, MA) to generate 3D block models for virtually any structure at 

any axial beam arrangement.  BlockGen, created by Suk Whan ‘Paul’ Yoon, takes in a 

registered CT image and a segmented structure, and creates two-dimensional block 

shapes by performing a 2D radon transform on the blocked structure at desired beam 

angles given a treatment isocenter (Fig. 32).  These 2D shapes are magnified to account 

for beam divergence, and converted into a three-dimensional block using the 

‘stlwrite.m’ function (S. Holcomb, Mathworks, Inc., 2011). The resulting models can be 

exported into a 3D model processing software (e.g. Cura), and directly printed.  



 

48 

 

Figure 32: The BlockGen GUI, created by Suk Whan Yoon.  Registered CT 
images and hippocampus structures can be seen on the left, with 2D block shapes in 
the center, and a 3D rendering of the block with alignment crosshairs on the right. 

Within the context of HA-WBRT, this begins by using 3DSlicer to register the 

labeled MRI rat brain atlas from Cramer et. al with a planning CT from the X-RAD unit.  

The registered hippocampus can be isolated from the complete atlas via threshold image 

segmentation in the open-source ITK-Snap software (itksnap.org), resulting in a 3D 

volume of the structure to be blocked.  The CT and registered hippocampus can be input 

into BlockGen to output blocks.  Along with 3D block models, BlockGen outputs an 

individual .tif image for each block, with a set of crosshairs that can be aligned to the 

center of a treatment field.  To consistently place and change blocks on an X-RAD 

collimator during a treatment protocol, a customized tray mounting system was 
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developed (Fig 33, 34).  The BlockGen images can be printed and glued onto custom 3D 

printed micro-trays that feature matching crosshairs aligned to the treatment center.  A 

separate 3D printed mounting tool rigidly holds a single tray centered over the 

treatment field.  Blocks can be glued onto individual trays, and can be readily switched 

between fields.  

 

Figure 33: The top row from left to right shows a printed .tif block image, 
applying adhesive, and placement of a block onto BlockGen crosshairs.  The bottom 
row shows a finished array of mounted blocks for a 4-field avoidance treatment.   
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Figure 34: A block, fully mounted onto the X-RAD gantry.  The green 
mounting tool holds a tray fully centered in the treatment field.    

 BlockGen also features a tool to digitally insert blocks into a planning CT, 

enabling blocked treatment simulation in SmART-Plan.  However, the blocks can only 

be inserted into the original CT field of view – causing blocks to be closer to the 

treatment surface than in practice.  Simulation with these data sets are therefore an 

approximation, as penumbra and scatter will be incorrectly modeled.   

4.5 Proof of Concept: Prone 8-Field Avoidance Irradiation 

To experimentally verify the effectiveness of the multi-beam blocked approach, 

an 8-field avoidance treatment was delivered onto a 2.5cm diameter cylindrical 

PRESAGE dosimeter.  The dosimeter was irradiated to 30 Gy at isocenter with 8 evenly-
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spaced, evenly-weighted fields at 225 kVp, where each field holds a customized printed 

block, shaped to a simulated hippocampus structure in the dosimeter.   

 

Figure 35: 3D dosimetry analysis of an 8-field prone HA-WBRT treatment.  The 
top row depicts orthogonal sagittal and coronal slices of the measured dose 
distribution, showing a large spared volume.  The bottom row is a 3D rendering of 
the 30% isodose line in the dosimeter (blue), overlaid with the hippocampus structure 
from an MR atlas (red).   

 The 8 blocks are successfully able to shield the simulated hippocampus, resulting 

in a mean of 18% prescription dose (4.9 Gy) measured in the spared volume (Fig. 35).  

Because the blocks are able to shield virtually all primary radiation, all dose delivered to 

the spared volume is a result of scatter.   Yet, despite the improved conformality, the 

dose distribution is still unable to fully conform to the inner-arch of the hippocampus.  
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4.6 Immobilization 

Although beam delivery is restricted onto a single axis, hippocampal 

conformality can be further increased by altering the position of the rat on the treatment 

bed.  From CT and MR atlas data, a supine rat angled upward at 15 degrees can expose 

more of the hippocampal arch to axial treatment fields.  A custom bite-block was 

designed and 3D printed for this purpose.  The original model was created by John 

Nouls at Duke’s Center for In-Vivo Microscopy, and edited to best suit our setup (Fig. 

36, 37).  The tool consists of 4 pieces: 

i. A bite-bar locks the rat’s teeth into place and ports isoflurane directly into the 

rat’s nose, to ensure continuous anesthesia delivery during treatment. 

ii. The bite-bar fits into a nose cone, which rigidly locks the rat’s head into position.  

Varying sizes of nose cones were designed to suit a variety of rat sizes. 

iii. The nose cone fits into the bite-block itself, which holds the cone at ~15 degrees.  

This bite-block is easily customizable to allow positioning at varying angles. 

iv. Lastly, the bite-block fits onto a baseplate, which is able to lock onto the 

treatment bed for repeatable positioning. 
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Figure 36: A 3D rendering of the supine angled bite-block.  

 

 

Figure 37: Side-by-side comparison of sagittal immobilized rat CT images in 
the custom bite-block.  Positioning is consistent between scans of separate rats.   
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4.7 Treatment Planning and Optimization 

To determine the optimal beam arrangement for uniform whole-brain dose, and 

most conformal hippocampal sparing, a simulation study was performed using 

BlockGen and the SmART-Plan Monte Carlo treatment planning software.  Using an 

immobilized rat CT from the X-RAD 225Cx (shown in Fig. 37), blocked planning CT sets 

were created in BlockGen for evenly-spaced 2, 4, and 7 field beam arrangements, and 

imported into SmART-Plan for simulation.  Single-mm margins were included on the 

simulated blocks to account for any variation in animal movement and setup error.  All 

treatment plans were normalized to deliver a mean dose of 1Gy to the whole brain 

outside of the spared volume.  Characteristic axial and coronal slices of the dose 

calculation are shown in Figure 38.   Cumulative dose-volume histograms are shown in 

Figure 39 for the spared volume and whole brain without the spared volume.   
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Figure 38: SmART-Plan simulation of multi-field HA-WBRT plans. The 
hippocampus with 1mm margins is contoured in green. 

 

 

Figure 39: Cumulative dose-volume histograms of the simulated HA-WBRT 
treatments.  The 4 and 7-field treatments are able to improve coverage to the whole 
brain, at the cost of reduced dose uniformity.  Hippocampal doses are virtually 
identical. 
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The 2-field plan shows agreement with the simulation from Cramer et al, with 

low hippocampus doses and a significant portion of the whole brain being spared.  The 

4 and 7 field plans are able to improve coverage to the whole brain by sacrificing dose 

uniformity, although it is unclear whether this will have a significant biological effect.  

The plans predict virtually identical delivered doses to the hippocampus.   

4.8 3D Dosimetry Validation of Multi-Field Treatment 

A set of custom ‘rodent-morphic’ PRESAGE dosimeters were created to validate 

the 4 and 7 field SmART-Plan simulations (Fig. 40).  Using the image segmentation tool 

in ITK-Snap, immobilized rat CT data was converted into a tessellated surface model, 

which was further edited and smoothed to remove fine details in an open-source 3D 

mesh editing software (Meshlab, sourceforge.meshlab.net).  This model was converted 

into toolpath commands in Cura, and 3D printed on an Ultimaker 2 FDM printer at 

0.125mm resolution.  The rat model was used as a positive mold for casting PRESAGE, 

by the same methods used to create the dry-tank in Section 3.4. 
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Figure 40: Workflow to create rodent-morphic dosimeters from CT data.  A 
conventional x-ray CT can be converted into a tessellated surface rendering in ITK-
Snap.  Smoothing and editing in Meshlab processes the surface rendering into a 
printable model.  The 3D printed model can be molded and cast in PRESAGE, by 
methods described in Section 3.4. 

 GMASS blocks were modeled for 4 and 7-field HA-WBRT treatments using 

BlockGen, and printed at 0.5 cm thickness on a Wanhao Duplicator i3 printer.  Blocks 

were printed at 5mm thickness to eliminate primary radiation, with 1mm margins on 

the hippocampus to compensate for positioning or movement errors.  The angled supine 

rat dosimeters were placed in the bite-block in the X-RAD cabinet, to faithfully replicate 

the treatment scenario.  A low-resolution CBCT of each dosimeter was acquired and 
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used to align the dosimeter with the planning CT.   The treatment protocols were created 

in SmART-Plan for each field set, to deliver 3 Gy to the dosimeter from equally-spaced, 

equally-weighted fields.  Following irradiation, dosimeters were imaged on the DLOS 

and reconstructed at 1mm isotropic voxel resolution.  Measured doses were overlaid 

with the planning CT, aligned to the spared volume, and rescaled to a mean dose of 1Gy 

to the whole brain for direct comparison with the simulation (Fig. 41, 42). 

 

Figure 41: Rodent-morphic PRESAGE dose measurement of 4-field HA-WBRT 
treatment.  Beam penumbra are sharper in the simulation due to the blocks being 
closer to the rat surface than during real irradiation.  The green structure is the whole 
brain without the spared volume, and the purple structure is the hippocampus 
without margins.   
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Figure 42: Rodent-morphic PRESAGE dose measurement of 7-field HA-WBRT 
treatment.  Beam penumbra are sharper in the simulation due to the blocks being 
closer to the rat surface during the real irradiation.  The green structure is the whole 
brain without the spared volume, and the purple structure is the hippocampus 
without margins.   
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Figure 43: Cumulative dose-volume histogram comparison of simulated and 
measured HA-WBRT plans.  The incorrect modeling of scatter in SmART-Plan yields 
overall higher dose to both the whole brain and spared volume.   
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Although visually similar, discrepancies exist between the simulated and 

measured doses.  Measured distributions appear magnified and blurred relative to the 

simulations, suggesting a scaling error in BlockGen.  In the 4-field dose-volume 

histogram comparison (Fig. 43), the hippocampus doses agree remarkably well, 

although the measured whole-brain doses are slightly lower than expected.  However, 

large disagreement is seen in the 7-field comparison data.  This difference is likely the 

result of a delivery error, where the blocks may not have been fully inserted into the 

mounting tool.  Overall, this validation shows that the simulation underestimates 

hippocampus doses, and overestimates whole brain.    

4.9 Discussion and Future Work 

Here, we have created a wide array of tools to expand the features of the X-RAD 

225Cx micro-irradiator, and applied them to study the feasibility of multi-field whole-

brain radiotherapy with hippocampal sparing in rats.  3D printed tungsten blocks can be 

directly formed to a segmented hippocampus, and are able to attenuate virtually all 

primary radiation at 225 kVp.  The angled bite-block offers rigid, repeatable 

immobilization in a desirable position to conform to a rodent hippocampus.  Rodent-

morphic PRESAGE dosimeters are able to accurately reflect the HA-WBRT treatment 

setup, and 3D measured doses demonstrate significant hippocampal sparing.   

Further advances to these tools will be explored to expand the X-RAD treatment 

capabilities and refine the HA-WBRT protocol.  Blocks can potentially be placed closer to 
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the treatment surface, resulting in sharper dose penumbra that are more comparable to 

the SmART-Plan simulation.  BlockGen will soon be expanded to create customized 

collimators, enabling shielding of the eyes and salivary glands during treatment (in 

addition to hippocampal sparing).  The bite-block baseplate will be modified to allow 

‘couch-kicks’ for more versatile non-coplanar beam delivery.  Following the wedge film 

irradiation in Section 4.3, it may even be feasible to 3D print customized compensators, 

enabling orthovoltage IMRT.   

 In the near future, the methods of C. Cramer will be repeated on 8-week Wistar 

rats using the 4-field HA-WBRT treatment protocol developed here.  Following 

irradiation, immunofluorescence imaging will be used to biologically validate the degree 

of hippocampal sparing, via Hoechst 33342 and H2A.X stains of cerebral cortex and 

hippocampus sections.  Subsequent studies will explore electrophysiology and rat 

behavior to assess long-term cognitive function retention post-HA-WBRT.    
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Ch. 5: Conclusions 
The DIOS optical-CT scanner has shown a high degree of promise to become an 

economically-feasible 3D dosimetry system for clinical use.  The initial prototype 

presented here can be improved upon substantially by producing higher-quality 

surfaces on the solid tank and incorporating a mechanism of stray light rejection.  

Despite the limitations of this first prototype, high geometrical accuracy was observed, 

and initial dose measurements show agreement with both the Eclipse treatment 

planning software and the gold-standard DLOS system.  For a simple 4-field box 

treatment plan, 3D gamma analysis showed 96% of pixels passing at 3%/3mm criteria 

between the DIOS and Eclipse, and 93% of pixels passing at 5%/1mm between the DIOS 

and DLOS.   Material costs to produce an DIOS system are roughly 10 times less than the 

DLOS system.  However, extensive refinements and testing will be necessary to make 

this system more reliable and commercially viable. 

Exploration of 3D printed tungsten blocks in HA-WBRT yielded excellent results, 

with substantial hippocampal sparing and moderate whole-brain coverage.  However, 

the benefit of 3D printed tools is their ability to be customized for any given situation.  

BlockGen can feasibly used to create blocks or collimators with margins for any 

contoured structure in any CT set.  The bite-block can be customized to hold a supine or 

prone rat of any age at any possible angle, only limited by the gantry clearance in the X-

RAD cabinet.  This technology will soon be applied to a wide variety of small animal 
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applications, from normal tissue studies of prostate damage to radioprotectant drug 

studies in the brainstem.   

Overall, these studies have demonstrated the versatility of 3D printing and 3D 

dosimetry in research applications of radiation therapy.  This technology will continue 

to advance, and will likely become a cornerstone for many research topics to come.  
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