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Abstract

Purpose: Preclinical radiation replicating clinical intensity modulated radiation therapy (IMRT) 

techniques can provide data translatable to clinical practice. For this work, treatment plans were 

created for oxygen-guided dose-painting in small animals using inverse-planned IMRT. Spatially 

varying beam intensities were achieved using 3-dimensional (3D)-printed compensators.

Methods and Materials: Optimized beam fluence from arbitrary gantry angles was determined 

using a verified model of the XRAD225Cx treatment beam. Compensators were 3D-printed with 

varied thickness to provide desired attenuation using copper/polylactic-acid. Spatial resolution 

capabilities were investigated using printed test-patterns. Following American Association of 

Physicists in Medicine TG119, a 5-beam IMRT plan was created for a miniaturized (~1/8th scale) 

C-shape target. Electron paramagnetic resonance imaging of murine tumor oxygenation guided 

simultaneous integrated boost (SIB) plans conformally treating tumor to a base dose (Rx1) with 

boost (Rx2) based on tumor oxygenation. The 3D-printed compensator intensity modulation 

accuracy and precision was evaluated by individually delivering each field to a phantom 

containing radiochromic film and subsequent per-field gamma analysis. The methodology was 

validated end-to-end with composite delivery (incorporating 3D-printed tungsten/polylactic-acid 

beam trimmers to reduce out-of-field leakage) of the oxygen-guided SIB plan to a phantom 

containing film and subsequent gamma analysis.
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Results: Resolution test-patterns demonstrate practical printer resolution of ~0.7 mm, 

corresponding to 1.0 mm bixels at the isocenter. The miniaturized C-shape plan provides planning 

target volume coverage (V95% = 95%) with organ sparing (organs at risk Dmax < 50%). The SIB 

plan to hypoxic tumor demonstrates the utility of this approach (hypoxic tumor V95%,Rx2 = 91.6%, 

normoxic tumor V95%,Rx1 = 95.7%, normal tissue V100%,Rx1 = 7.1%). The more challenging SIB 

plan to boost the normoxic tumor rim achieved normoxic tumor V95%,Rx2 = 90.9%, hypoxic tumor 

V95%,Rx1 = 62.7%, and normal tissue V100%,Rx2 = 5.3%. Average per-field gamma passing rates 

using 3%/1.0 mm, 3%/0.7 mm, and 3%/0.5 mm criteria were 98.8% ± 2.8%, 96.6% ± 4.1%, and 

90.6% ± 5.9%, respectively. Composite delivery of the hypoxia boost plan and gamma analysis 

(3%/1 mm) gave passing results of 95.3% and 98.1% for the 2 measured orthogonal dose planes.

Conclusions: This simple and cost-effective approach using 3D-printed compensators for small-

animal IMRT provides a methodology enabling preclinical studies that can be readily translated 

into the clinic. The presented oxygen-guided dose-painting demonstrates that this methodology 

will facilitate studies driving much needed biologic personalization of radiation therapy for 

improvements in patient outcomes.

Introduction

Radiation therapy (RT) is an essential component to successful cancer treatment and 

management, along with surgery and chemotherapy. There have been steady gains in 5-year 

survival rates for patients with cancer, attributed in part to technological advancements 

allowing better targeting of radiation to diseased tissue.1 In recent decades, RT technology 

has developed dramatically, with intensity modulated RT (IMRT) representing one of the 

most significant developments. Rather than conforming uniform intensity beams to 3-

dimensional (3D) objects, varying beam intensity across each conformal aperture provides 

additional degrees of freedom. Patient-specific beam compensators with spatially varying 

thicknesses tailor beam intensity and thus dose distribution to patient anatomy. Eventually, 

multileaf collimators (MLCs) provided flexibility to shape and modulate radiation fields and 

replaced compensators. IMRT facilitated more effective treatment methodologies, including 

simultaneous integrated boosts (SIBs) to higher-risk and/or radioresistant tumor regions or 

even image guided dose painting based on biologic and physiological characteristics.2,3

Although crucial to the success of modern RT, these developments have been technology 

driven. Further advances will come from using these technological advances to pursue 

biology- driven developments. Before clinical implementation, preclinical techniques 

analogous to modern clinical techniques are needed to investigate various approaches. 

Cancer biology research guiding clinical treatment often requires preliminary studies on the 

cellular or small animal scale.4–6 However, the fundamental difference between technologies 

and methodologies in these preliminary studies versus in the clinic hinders translation. 

Specifically, preclinical studies often use bulk irradiation delivering a single dose to an entire 

cell culture or animal tumor/body section. Irradiator calibration, dose calculation, and 

radiation delivery approaches are often imprecise or irreproducible.7 Even meticulous 

preclinical studies struggle to translate to the clinic due to fundamental differences in 

methodologies.8 Differences include relative biological effectiveness between megavoltage 

clinical beams and kilovoltage (kV) preclinical beams,9 biologically effective dose due to 
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varied fractionation,10 nonconformal and inhomogeneous doses prescribed to a single point 

and/or irradiation often with a single field in preclinical studies versus highly conformal 

homogeneous treatments prescribed using 3D isodose distributions and irradiation with 

multiple beam angles in clinical studies,11,12 and a general lack of precision preclinically 

that is provided via image guidance, immobilization, and motion management in the clinical 

setting.7

The importance of standardizing preclinical radiation studies using clinically analogous 

methodologies has recently come to the forefront with the development of image guided, 

precision small animal irradiators. This is evidenced by the recent report commissioned by 

the European Society for Radiotherapy and Oncology Advisory Committee in Radiation 

Oncology Practice, which reviewed the state of technology and issued recommendations for 

“this new field of research.”7 Preclinical irradiator technologies have been reviewed in the 

literature.7,9

Beam collimation for these irradiators is generally accomplished using interchangeable 

fixed-aperture inserts (or in some cases motorized adjustable apertures).13–17 These improve 

conformality versus large-field bulk-irradiators, but they only shape the beam (usually in 

simple geometric shapes) and do not modulate intensity. Adapting clinical MLC systems to 

the preclinical scale has been virtually impossible with current technology.18 Alternatives to 

miniaturized MLCs are under development and include rastered pencil beams,19 carbon 

nanotube field emission cathodes,20–22 and sparse orthogonal collimators.23,24 A 

comprehensive summary of various approaches to scaling MLCs and other collimators to the 

preclinical scale can be found in the publication by Woods et al.24 Each solution has its own 

particular pros and cons, but in general, the approach presented in this work seeks to address 

or avoid issues such as complex, costly engineering or equipment, prohibitively long 

treatments, moving parts and electronics requiring quality control, and limited spatial 

resolution. Furthermore, there are currently no widely available treatment planning systems 

for IMRT with these preclinical irradiators, which require optimization-based inverse 

planning to determine optimal fluences from multiple beam angles producing the desired 3D 

dose distribution.

This work presents a preclinical IMRT methodology modeled after clinical IMRT, which 

relies on an inverse planning dose calculation engine to determine optimal bixel (discretized 

subsections of beam aperture) intensities. These are converted into copper-doped polylactic 

acid (CuPLA) plastic thicknesses producing appropriate beam attenuation, which are 3D 

printed and mounted in front of the open beam. Recently, there has been growing interest in 

the concept of using modern 3D printing technology for such applications. The method 

presented herein uses high-Z printing material to directly print positive blocks. Alternative 

approaches have been presented that print negative block molds that can then be filled with 

high-Z material.25 These differing approaches have different drawbacks and benefits, but in 

general they represent a growing novel means of implementing clinically analogous IMRT 

on the preclinical scale.

The capability of the presented approach was demonstrated on a miniaturized C-shape target 

and cylindrical organ-at-risk (OAR) core from the test suite of mock clinical cases for IMRT 
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planning provided by American Association of Physicists in Medicine.26 The utility was 

then demonstrated via 2 SIB IMRT plans treating a murine tumor while selectively 

increasing radiation dose to the hypoxic or (representing a control) the normoxic sub-volume 

of a murine tumor, as delineated by oxygen imaging with electron paramagnetic resonance 

imaging (EPRI).27–30 This example was chosen because the role of hypoxia in cancer 

illustrates why translatable preclinical radiation methodologies are needed. For over a 

century,31 studies have shown the importance of hypoxia in radiation response,32–35 but 

tumor oxygenation status has mostly failed to translate clinically. Oxygen imaging could be 

incorporated into treatment planning, but preclinical tools to study how to accomplish this 

are still needed.27 Low levels of tumor oxygenation (hypoxia) is an example for potential 

local regions of increased tumor resistance. This issue applies to a myriad of functional 

imaging modalities and parameters affecting treatment efficacy that have yet to translate 

from preclinical studies to clinical improvements. This work addresses the challenge of 

adapting technologies from clinical treatments down to preclinical scale to aid in these 

efforts.

Methods and Materials

Treatment planning

To enable IMRT planning, a model of the treatment beam was generated; specifically, 

photon fluence for the XRAD225Cx (Precision X-Ray, North Branford, CT) used in this 

work.13 This allows propagation of this beam through arbitrary irradiated objects, which is 

necessary for calculation of delivered dose distributions. This work used the open-source 

matRad software as the dose calculation engine.36 The matRad pencil beam dose algorithm 

was commissioned following the method of Bortfield et al,37 focusing on accuracy in the 

kilovoltage energy range. Monte Carlo (BEAMnrc/EGSnrc, specifically DOS-XYZnrc38) 

simulation-generated primary/scatter doses in water were used for circular beams of various 

diameters. Curve fitting was performed in Matlab (Mathworks, Natick, MA) to generate 

matRad beam model parameters. Validation included a comparison of calculated and 

measured (solid water phantom, EBT3 gafchromic film) lateral and depth dose profiles. 

Details on beam commissioning for similar applications are available elsewhere.7,39

In this work, 5 equally spaced coplanar gantry angles were used. The discretized bixel 

intensities from each angle were the variables optimized during IMRT planning, which were 

converted to compensator thicknesses. The optimizer cost function is a piecewise quadratic, 

incorporating over- and underdose and uniformity penalties. The assigned weight to over- 

and underdose penalty provides flexibility to balance dosimetric goals (eg, to simultaneously 

pursue target coverage and limit hotspots or to simultaneously increase dose to target and 

decrease dose to abutting OAR). The upper and lower bounds of bixel intensity were defined 

based on the limitations of minimum and maximum compensator thicknesses (see the next 

section). Following clinical IMRT paradigms, desired dose distributions are based on dose-

volume histograms (DVHs) and specified dose-volume criteria (eg, coverage of target by 

certain doses and limits on nearby normal tissue volume receiving certain doses). 

Specifically, tumor goals were D95% ≥100%, V110% ≤10%; the oxygen-guided boost region 

goal was D95% ≥158%; and the OAR/normal tissue goal was V50% ≤5%.
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Compensator generation

We used 3D-printed compensators to modulate the uniform-intensity XRAD225Cx beam to 

produce optimized bixel intensities. The compensator material was MetalFil (Formfutura 

BV, Nijmegen, Netherlands) metal-doped plastic filament consisting of 80% copper, 20% 

PLA (CuPLA). Compensators were printed with a MakerGear M3-ID fused deposition 

model 3D printer (MakerGear, LLC, Beachwood, OH). The linear attenuation coefficient (μ) 

of CuPLA was measured for our 225 kVp treatment beam to be 0.19 mm−1. Compensator 

thickness, t, for given bixel intensity, Ib, was calculated from the Beer-Lambert law, Ib = 

I0e(−μt), where Io is unmodulated intensity.

Compensators were modeled as stepped cylindrical plugs with a positive orientation feature 

designed to fit into a custom (3D-printed) collimator mount in the XRAD225Cx system (see 

Fig. 4d,e later in the text, for examples of the described shape). A compensator thickness 

map was generated as a group of rectangular prisms with in-plane location and dimensions 

corresponding to bixel location and dimensions (back projected from isocenter; 307 mm 

from source) to the compensator location (200 mm from source) and height corresponding to 

optimized thickness. This was inverted and removed from the 20-mm thick cylindrical plug 

for the customized beam compensator 3D model. Slicer software (Simplify3D, Cincinnati, 

OH) generated the 3D printer gcode. Print settings included extrusion multiplier 1.0, 

extrusion width 0.25 mm (smaller than 0.35 mm physical nozzle to retain fine features after 

slicing), layer thickness 0.2 mm, infill 100% with 10° rotation for each subsequent layer. 

Although the dosimetric effect was suspected to be minimal, the 10° layer rotation was used 

instead of the default crisscross approach provided by a 90° rotation to avoid internal gaps 

and patterned print heterogeneity consistent in the plane perpendicular to the beam axis that 

could sum together throughout the compensator.

Minimum and maximum compensator thicknesses were constrained (0.4 and 20.0 mm, 

respectively) to provide structural support at the compensator base and avoid impractical 

thicknesses (to both reduce required printing material and minimize the influence of beam 

divergence, which is not modelled in this current iteration and increases with compensator 

thickness), respectively. Bixel size was limited by fused deposition model printing 

mechanics. The finite deposited layer thickness (0.2 mm) governs the discretization of 

compensator thickness and bixel intensity. In-plane bixel size is governed by 3D printer in-

plane resolution. Radiographs of CuPLA printed structures with 0.5-, 0.7-, and 1.0-mm grid 

spacings tested resolution limitations (Fig. 1).

To reduce unwanted out-of-field dose leakage in fully blocked portions of the beam, a more 

highly attenuating tungsten-doped PLA (WPLA), consisting of 92% to 95% metal, was used 

to produce field trimmers (Rapid 3DShield Tungsten Filament; The Virtual Foundry, 

Stoughton, WI). The addition of a 5-mm thick WPLA layer for the blocked portion of the 

field outside of the region with intensity modulated by the CuPLA compensator was found 

to reduce out-of-field transmission to ~3% (comparable to clinical MLC transmission). 

These trimmers are only used for composite delivery from all 5 planned fields (not 

individual field delivery and analysis) where the low-dose leakage from each field 

compounds to create larger discrepancies.
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Dose measurement and analysis

The ability to deliver highly modulated dose distributions was tested using analogs to 

clinical, patient-specific quality assurance (QA) methods. Each beam from the IMRT plans 

was individually cast onto a QA phantom and the dose distribution was recalculated. 

Planned dose planes (central plane of the phantom perpendicular to the axis of the treatment 

beam) were extracted and compared with measurements. The QA phantom was a split 20 × 

20 × 20 mm3 acrylic cube that held a laser-cut 20 × 20 mm2 piece of EBT3 gafchromic film 

in the central plane (Fig. 2). The phantom was aligned with the computed tomography (CT) 

system of the XRAD225Cx and indexed to the support platform for repeat positioning. A 

film sensitometric curve was generated by delivering known doses to film, thereby 

correlating optical density to dose.40

In addition to per-field measurements, composite dose from complete end-to-end delivery of 

all 5 IMRT fields for the hypoxia boost (SIB) plan was analyzed. These fields were all cast 

onto the acrylic cube QA phantom, and recalculated dose was extracted for the central axial 

(plane of gantry rotation) and coronal (plane perpendicular to beam axis with gantry at 0°) 

planes. This planned dose was measured twice with film oriented in the corresponding 

planes of the QA phantom.

Fidelity of delivered to planned dose was assessed using per-field and composite dose 2-

dimensional (2D) planar gamma analysis.41 Common clinical parameters were adjusted for 

preclinical scale: 3%/1.0 mm, 3%/0.7 mm, 3%/0.5 mm for per-field analysis and 3%/1.0 mm 

for composite dose analysis (15% low dose threshold). Film calibration and gamma analysis 

were done with RIT software (Radiologic Imaging Technology, Inc, Colorado Springs, CO).

Planning cases

American Association of Physicists in Medicine TG119 provides a suite of planning cases 

for testing clinical IMRT systems.26 The C-shape target (planning target volume) with 

central avoidance structure (OAR) was scaled down to ~1/8th size to represent preclinical 

scale (Fig. 3a). Note that a young adult female C3H mouse has a mass of ~20 g and a 

Sprague-Dawley female rat is ~300 g. Our scaling, therefore, approximates the root-mean-

square linear scale reduction from the classic 70 kg human to preclinical subjects, which is 

~1/9th. Dimensions were avoidance core radius r=1.2 mm; avoidance core length l=13.2 

mm; target inner r=2.0 mm; outer radius r=4.8 mm; and 0.8 mm separation between 

avoidance and target (compared with clinical dimensions of 10.0, 100.0, 15.0, 37.0, and 5.0 

mm, respectively). A fixed-field 5-beam IMRT plan was created with the goal of uniformly 

covering the target with prescription dose (100%) while limiting OAR maximum dose to 

<50%.

Retrospective mouse data were used to plan murine tumor (FSa fibrosarcoma xenograft 

subcutaneously implanted on hind limb) treatments with EPRI-identified hypoxic region 

SIB. This consisted of a CT (XRAD225Cx on-board imager, Fig. 3d), T2-weighted 

magnetic resonance imaging (MRI) (9.4T preclinical system, not shown), and EPRI oxygen 

image (Fig. 3g). These images were registered.42 MRI delineated tumor from normal tissue. 

CT segmented the remaining anatomy and provided density for dose calculation. EPRI 
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provided the location of hypoxia (pO2 ≤10 torr). Figure 3d shows these regions delineated 

on the CT. Previously determined 15% and 95% tumor control doses (TCD15%/TCD95%) of 

22.5 Gy and 35.5 Gy27 were the basis for SIB prescriptions of Rx1 = TCD15% = 22.5 Gy to 

the normoxic tumor, while boosting hypoxic tumor to Rx2 = TCD95% = 1.58 ∙ Rx1 = 35.5 

Gy. Additionally, dose to normal tissue was minimized. To illustrate flexibility, an inverted-

boost plan was generated to instead deliver Rx1 to hypoxic tumor and Rx2 to normoxic 

tumor, while minimizing dose to normal tissue (ie, representing a control plan in a 

randomized co-clinical trial).

Results

3D-printed compensator resolution

Figure 1d–f shows images of 3D-printed resolution test patterns with edges separated by 0.5, 

0.7, and 1.0 mm. Figure 1g shows intensity profiles across images of these test patterns 

(arbitrarily offset in vertical axis for visualization of features). Practical bixel size was 

determined to be ~0.7 mm, based on ability to resolve discrete regions in the 0.7 mm but not 

0.5 mm resolution patterns. This limitation is for physical print size, which, when projected 

to isocenter, corresponds to the bixel size of 1.0 mm used.

3D-printed compensator IMRT plans

Figure 3 shows planning capabilities of the 3D-printed compensator IMRT methodology. 

Figure 3a–c shows a central slice of the CT (in gantry-rotation plane) for the miniaturized C-

shape target, planned dose distribution (in gantry-rotation plane) for the optimized 5-field 

IMRT plan, and corresponding DVH, respectively. The utility of IMRT is apparent in the 

dose distribution conformality/concavity and steep dose gradients between target and OAR. 

This is further illustrated in the DVH showing impressive planning target volume coverage 

(V95% = 95% ∙ Rx) with simultaneous normal tissue sparing (OAR Dmax < 50% ∙ Rx). Using 

DVH parameters during planning is analogous to clinical treatment planning and provides 

robust evaluation of preclinical IMRT plans.

Figure 3d shows a central slice (in gantry-rotation plane) of the mouse fibrosarcoma-bearing 

hind leg CT with superimposed tumor contour, defined from the T2 MRI (not shown) and 

the hypoxic tumor subvolume, defined from the EPR pO2 image (Fig. 3g). Resulting 

contours of the different regions (hypoxic tumor, normoxic tumor, normal tissue) are in 

Figure 3d. Associated dose distribution in the same plane of the hypoxic boost 5-field IMRT 

and DVH for this plan are in Figure 3e and 3f, respectively. IMRT is necessary to produce 

multiple conformal dose levels in different tumor subregions, enabling SIB treatment. This is 

emphasized in the DVH, which shows coverage of hypoxic tumor by the high-dose 

prescription (V95 % , Rx2 = 91.6 %), coverage of normoxic tumor by the low-dose prescription 

(V95 % , Rx1 = 95.7 %), and sparing of surrounding normal tissue (V100 % , Rx1 = 7.1 %).

The robustness of this approach is further demonstrated in Figure 3h,i, showing associated 

dose distribution in the same plane as Figure 3d,e,g, but for an inverted-boost delivering Rx2 

to normoxic tumor and Rx1 to hypoxic tumor. Figure 3e and 3h show this inversion of high 

and low prescription dose regions. The ability to deliver high dose to a rim region while 
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decreasing dose to the core region (Fig. 3h) is provided by IMRT. The DVH in Figure 3i 

shows the normoxic rim is well covered by the high-dose prescription (V95 % , Rx2 = 90.9 %), 

the hypoxic central region is moderately covered by the low-dose prescription, the amount of 

high dose received is limited (V100 % , Rx1 = 55 %, V95 % , Rx1 = 62.7 %, V80 % , Rx1 = 82.3 %, 

V100 % , Rx2 = 0.0 %), and surrounding normal tissue receiving high dose is limited 

(V100 % , Rx2 = 5.3 %, V100 % , Rx1 = 48.4 %).

The most time-consuming parts of the treatment planning are dose matrix calculation and 

subsequent dose optimization. In these examples, using 5 evenly distributed beams with 1.0-

mm bixels and a dose matrix with 0.3-mm elements (67 × 67 × 67 voxels3), dose matrix 

calculation took ~40 seconds and dose optimization took 15 to 30 seconds (using an i7 

processor with 3.30 GHz and 64 GB of RAM).

The process for arriving at these treatment plans and converting them into 3D-printed 

compensator-based deliverable IMRT plans is depicted in Figure 4 for the 5-field IMRT 

hypoxia-boost plan. The gantry angles and optimized bixel intensities for each are shown as 

the inner 2D planar maps in Figure 4a. The corresponding conversion of these intensities to 

compensator thicknesses is shown in the outer 2D planar maps in Figure 4a. An example of 

1 optimized bixel intensity map, using 1.0-mm bixels (defined at isocenter) is in Figure 4b. 

Conversion into 3D-printed compensator thicknesses (geometrically scaled based on beam 

divergence to 0.7-mm bixels at the compensator plane) is in Figure 4c. Placement of this 

thickness map within a standard compensator plug and conversion to a sliced 3D-printer 

compatible model is in Figure 4d. The final 3D-printed compensator using CuPLA is in 

Figure 4e (printing took ~30 minutes per compensator; 25% time increase with trimmers 

included). Finally, the result of delivering this intensity modulated field to the acrylic cube 

QA phantom containing gafchromic film is in Figure 4f, with darker film regions 

corresponding to higher doses.

Plan deliverability—individual fields

An analogous approach to clinical patient-specific QA for verifying IMRT planned to 

delivered dose fidelity via per-field planar gamma analysis demonstrates plan deliverability. 

The acrylic phantom containing gafchromic film was aligned with the film plane at isocenter 

and perpendicular to the beam axis with gantry at 0° (Fig. 2). Each compensator was 

mounted in turn and individually delivered to the separate films within the phantom. Dose at 

this plane within the phantom was calculated separately for each beam delivery for 

comparison. Qualitative analysis of the dose distribution features can be made as well as 

quantitative analysis via the gamma criterion.

Figure 5 shows this analysis for a sample field from the miniaturized C-shape target. 

Qualitative analysis shows similarity in features of the planar doses (planned and delivered 

in Fig. 5a and b, respectively) as well as similarity in features of the dose profiles 

(thresholded at 15% of Dmax) in Figure 5c and d (horizontal and vertical profiles, 

respectively, corresponding to lines in Fig. 5a and b). Dose falloff outside of the target is 

well reproduced, as well as the steep gradient needed to spare the central OAR. Gamma 
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analysis results are shown in Figure 5e–g. Planned planar dose is displayed in grayscale 

(white regions are below 15% threshold) and points failing gamma analysis are in red for 

criteria of 3%/1.0 mm, 3%/0.7 mm, and 3%/0.5 mm in Figure 5e, 5f, and 5g, respectively. 

Similar analysis was performed for all 5 IMRT field planar dose distributions, which 

resulted in average gamma passing rates of 97.4% ± 4.6%, 93.6% ± 4.3%, and 90.4% ± 

4.6% for criteria of 3%/1.0 mm, 3%/0.7 mm, and 3%/0.5 mm, respectively.

Figure 6 shows this analysis for a sample field from the hypoxia-boost plan. Qualitative 

analysis comparing planned (Fig. 6a) and delivered (Fig. 6b) planar dose and associated 

dose profiles (Fig. 6c,d) demonstrates the ability of the 3D-printed compensator-based IMRT 

approach to faithfully produce complex beam fluence patterns with steep intensity gradients. 

The gamma analysis in Figure 6e–g provides a quantitative demonstration. Average gamma 

passing rates for all 5 fields were 99.1% ± 1.4%, 96.9% ± 4.4%, and 87.5% ± 8.4% for 

gamma criteria of 3%/1.0 mm, 3%/0.7 mm, and 3%/0.5 mm, respectively. The inverted-

boost plan was similarly analyzed with average gamma passing rates of 99.8% ± 0.3%, 

99.3% ± 0.5%, and 94.0% ± 1.6% for criteria of 3%/1.0 mm, 3%/0.7 mm, and 3%/0.5 mm, 

respectively. Average gamma passing rates, for criteria of 3%/1.0 mm, 3%/0.7 mm, and 

3%/0.5 mm, over all 3 IMRT plans (miniaturized C-shape, hypoxia boost, inverted boost; 15 

total fields) were 98.8% ± 2.8%, 96.6% ± 4.1%, and 90.6% ± 5.9%, respectively.

Plan deliverability—composite dose

For each individual field, the gamma passing rates show that the CuPLA 3D-printed 

compensators produce the desired intensity modulation. However, there is significant out-of-

field leakage through the fully blocked (20 mm CuPLA) portion of the field. When 

delivering all treatment fields for an end-to-end composite dose validation, this unwanted 

low-dose leakage compounds and significantly reduces fidelity of delivered to planned dose 

distribution. This leakage can be seen in the low-dose background present in Figures 5b and 

6b. This is shown in more detail in the supplemental figures. Figure E1 compares individual 

field deliveries with and without WPLA trimmers. Figure E2 shows composite delivery 

without WPLA trimmers. Dose profile comparison (Fig. E2c,d) shows a large discrepancy in 

the low-dose tails. Figure E2e shows that gamma passing rates for 3%/1 mm (15% 

threshold) criterion are very poor (30.8%) but that these failing points are predominantly 

outside of the 50% isodose lines and therefore mostly due to the out-of-field leakage dose 

(Fig. E2f shows gamma passing increases to 81.9% with a 50% threshold applied).

For this proof-of-concept work, additional WPLA field trimmers were printed for the 

composite plan delivery to reduce this leakage (from ~13% of maximum field dose to ~3%; 

see Fig. E1). Figure 7 shows the result of the end-to-end test using these trimmed 

compensators for the hypoxia boost plan. Here, all 5 IMRT fields were delivered from their 

respective gantry angles to the QA phantom with the film oriented in both the axial (plane of 

gantry rotation) and coronal (plane perpendicular to gantry 0° axis) planes. Gamma analysis 

of these 2 dose planes used criterion of 3%/1 mm (15% threshold) pass at a rate of 95.3% 

and 98.1% for the axial and coronal planes, respectively.
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Discussion

The success of modern RT has been largely technology driven. An alternate route forward is 

to leverage current precise technologies and pursue biology-driven enhancements. The 

preclinical setting is ideal for such testing and therefore requires RT methodologies 

analogous to clinical approaches. The work presented herein will allow such preclinical 

IMRT treatments on pre-existing small animal irradiators in a cost-effective manner using 

3D printing technology.

Dedicated preclinical RT technology is necessary; clinical technology cannot simply be 

applied to preclinical work due to the differences of scale (although attempts have been 

made43). The novel methodology presented for preclinical IMRT using inverse planning and 

3D-printed beam compensators for modulation is one of the first full implementations of 

precision IMRT on the preclinical scale. Similar approaches have been proposed on the 

clinical scale.44 Reverse translation of IMRT from clinical to preclinical scale (1–2 orders of 

magnitude smaller) has been challenging due to technical limitations in engineering 

appropriately small MLCs. The feasibility of modulating dose on the millimeter scale was 

shown using 2D planar dose optimization.19 Many of the initial proposed approaches 

involved pencil-beam rastering to dose paint voxel by voxel.19,45,46 However, these were 

mostly proof-of-principle studies limited to 2D dose distributions or were logistically 

infeasible (eg, requiring on the order of an hour per 2D dose plane with a 1-mm beam size19 

or increases in treatment time compared with unmodulated treatments by a factor of ~10 and 

~100 for 2.4 mm and 1.1 mm pencil beams, respectively46). By contrast, for the novel 

approach presented herein, the entire field modulation is produced simultaneously (rather 

than via multiple apertures), improving efficiency because increased modulation has a less 

appreciable effect on treatment time (eg, compared with pencil beam rastering or variable 

aperture approaches). Spatial resolution limitations are primarily set by the 3D printing 

process and limitations in nozzle size due to the particulate nature of the metal-loaded 

filament.

Recently, Yoon et al25 published a similar approach to small animal IMRT using 3D printing 

to create beam compensators. The fundamental difference between these approaches is that 

the work presented herein uses high-Z material to directly print compensators with desired 

attenuator thicknesses, whereas Yoon et al printed compensator molds with low-Z plastic 

and filled these with high-Z powder. Yoon et al discuss the potential issue of inconsistent 

powder settling and overfilling or overpacking of compensator mold affecting dosimetric 

accuracy. Our approach avoids this potential introduction of uncertainty and human error 

and only requires modeling of a single print material (rather than printing plastic as well as 

filling powder). However, the molds fabricated using more standard 3D printing plastics may 

have improved accuracy and reproducibility with commercial printing devices compared 

with compensators directly printed with the more particulate CuPLA in our work. In general, 

these novel uses of modern 3D printing technology represent the growing interest in 

developing means to implement IMRT on the preclinical scale. Furthermore, we present the 

first demonstration of preclinical IMRT targeting small animal tumor physiology, which is 

the strongest argument for the development of these novel approaches.
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Aside from 3D printing approaches, to date, the only other complete system approaching 

clinical IMRT is the sparse orthogonal collimator (SOC) system, developed as an add-on to 

the XRAD225Cx and equipped with a rectangular aperture optimization inverse planning 

approach.23,24 The SOC system has been shown to be extremely versatile, making use of 

precise motors to drive mechanical collimators for subfield shaping. Compared with the 

approach presented herein, the SOC system lends itself to a more automated and potentially 

streamlined process of treatment planning and delivery by avoiding custom printed blocks. 

However, SOC requires customized engineering and is currently not widely available. An 

advantage of the methodology presented herein is the simplicity and cost-effectiveness, with 

no requirement of additional specialized equipment besides an inexpensive commercially 

available 3D printer and printing material. Additionally, for larger and more modulated 

fields, delivery with a single compensated field may provide shorter treatment times.25 

Furthermore, although the presented approach is demonstrated using the XRAD225Cx 

platform, the technique can easily be adapted to other preclinical irradiators with either 

gantry or subject rotation and means of precise, isocentric localization and targeting (with 

appropriate beam modeling and suitable mount for fixing compensators to the irradiator for 

beam modulation, which could also be 3D printed). The technique therefore can have 

widespread application.

The utility of the 3D-printed compensator IMRT approach is demonstrated with a variety of 

sample plans with exceptional conformality of high dose to targets, uniform coverage of 

concave targets with avoidance of adjacent OARs, and SIB plans to both the hypoxic tumor 

core and normoxic tumor rim with sparing of surrounding normal tissue. The pability to 

produce preclinical SIB plans enables animal studies investigating the efficacy of targeting 

various biological and physiologic (eg, hypoxia) parameters while reducing confounding 

effects from overirradiating the entire tumor or surrounding normal tissue, as would be the 

case with less conformal non-IMRT approaches. In addition to SIB treatments, a useful 

ability of this approach is simply the delivery of a single uniform conformal dose to a target. 

As with clinical IMRT, this enables sparing of surrounding normal tissues, which may be 

less critical in animal studies but still useful when increasing tumor dose and for isolating 

certain radiation endpoints (eg, 3D blocks for hippocampal avoidance in rats could not meet 

desired dosimetric constraints and IMRT was necessary25). Avoidance of specific lung 

volumes in preclinical models can provide the opportunity to correlate directly measurable 

metrics (eg, animal respiratory rate, which directly measures pulmonary function) to 

quantify the effects of lung volume doses for eventual application in patients, and so forth. 

Aside from normal tissue sparing, IMRT will also help to ensure both conformality and 

uniformity for arbitrary targets. This is particularly important when considering 

standardization of how preclinical radiation doses are reported. Many studies using bulk 

irradiation from 1 direction report a single value for dose to target; however, due to beam 

attenuation, the target will receive an appreciably heterogeneous dose that may make 

correlating endpoints to dose challenging. This conformality and sparing of normal tissues 

could also help use more complex preclinical tumor models more effectively, moving from 

heterotopic tumor models to orthotopic or even syngeneic or spontaneous tumors.47 

Furthermore, IMRT capabilities on the preclinical scale will add value to investigations in 

the growing topic of the abscopal effect as well as the potential benefits of combining RT 
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and immunotherapy. In these contexts, preclinical studies before clinical trials can be 

extremely beneficial, but require sparing of neighboring organs and tissue to limit the 

immunosuppressive effects of RT (eg, on infiltrating dendritic cells or T cells) that may 

confound the effects of interest.48–50

Additional considerations to improve the accuracy of the technique are planned in future 

work. The XRAD225Cx treatment beam is a divergent and would be better matched by 

applying a corresponding draft angle in the compensator structure rather than using the 

perpendicular walls in the current model. This current approach will result in unmodeled 

crosstalk at isocenter, with portions of rays intersecting compensator regions corresponding 

to adjacent beamlets in the 2D intensity map. This blurring effect will be most exaggerated 

at the edges of thicker portions of the compensator and in regions further from central axis. 

However, based on gamma passing rates with strict spatial criteria, this is a reasonable first-

order approximation for the compensator thicknesses and aperture sizes in this work. 

Nonetheless, future work will incorporate beam divergence into the printed compensator to 

avoid partial volume effects at isocenter.

Additionally, the current model does not consider beam hardening through the compensator; 

a single linear attenuation coefficient for the XRAD225Cx beam and the CuPLA is used to 

convert bixel intensities to compensator thicknesses. The beam hardening decreases the 

linear attenuation coefficient for increased compensator thickness, requiring even thicker 

compensator material to achieve the desired intensity modulation than a single attenuation 

coefficient will assume. Although this effect is less evident for the in-field dose distributions, 

resulting in the high gamma passing rates shown in the results, ignoring this factor does 

result in increased leakage through the compensator that is not included in the dose 

calculation. This is evident in Figures 5a,b and 6a,b (as well as Figs. E1 and E2), where an 

apparent region of low dose outside of modulated region is recorded on the exposed film, 

which is expected to be fully blocked in the corresponding calculated dose plane. This effect 

is similar to clinically underestimating MLC leakage, which results in acceptable gamma 

passing rates for planar dose analysis (see Figs. 5e–g and 6e–g, where this low-dose region 

is not included in the gamma analysis due to thresholding) but less acceptable gamma 

passing rates for composite dose delivered from multiple beams due to compounding 

unplanned low-dose contributions (see Fig. E2). For the initial model and approach used in 

this proof-of-concept work, additional 3D-printed WPLA field trimmers were added for 

composite measurements to increase the attenuation of out-of-field dose. Using a dual-

extruder printer with both the CuPLA and WPLA makes this quite efficient. However, future 

work will investigate alternative approaches. For example, this can be accounted for within 

the plan optimization with a more detailed model of compensator attenuation, which will be 

the subject of future work. Using a parametric approach to fitting effective attenuation as a 

function of material thickness is being investigated.51 A future Monte Carlo based dose 

calculation engine, rather than the pencil beam calculation currently used, will facilitate 

more rigorous consideration of effects of interactions/scatter within the compensator as well 

as within the treated animal and will generally improve the accuracy of the presented 3D- 

printed compensator-based IMRT.52 Nevertheless, the high gamma passing rates for the 

individual field (without additional printed WPLA trimmers) analysis demonstrates that the 

main goal of using 3D-printed compensators to modulate field intensity works well. This, 
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combined with the excellent gamma passing rates of the composite delivery (with additional 

printed WPLA trimmers) as an end-to-end test of the complete methodology (multimodality 

image-based treatment planning, beam optimization, 3D-printed beam compensation, and 

isocentric precise irradiation on the preclinical scale), suggests great promise for this novel 

approach. Future work will continue to improve upon the logistics of handling beam 

hardening and other aspects not yet included in this initial proof-of-concept model.

When discussing future work, most important will be the application of this or other small 

animal IMRT approaches to meaningful co-clinical trials mimicking clinical trials for 

studying relevant radiation biology to guide personalization of RT for patients with cancer. 

Logistics become an important consideration in this context. Figure 8 shows a flowchart 

depicting the general workflow for preclinical trials of this nature, with the goal of closely 

mimicking the workflow for a clinical RT patient. This includes the incorporation of 

multimodality imaging, complex optimization-based treatment planning, and image guided 

delivery of each intensity modulated field. There are already commercial solutions for 

complex planning and delivery of small animal radiation treatments, but they have yet to 

incorporate the intricacies of IMRT.53 The components of Figure 8 highlighted in yellow 

represent the new considerations associated with the work presented herein. Although the 

presented work is mainly a proof of concept and has not considered optimization of the 

logistics, the eventual implementation would be comparable to a previous preclinical trial 

treating with unmodulated fields collimated using 3D-printed apertures.27 This preclinical 

trial, which essentially follows the workflow depicted in Figure 8, successfully irradiated a 

large number of animals (n = 54), guided by multiple imaging modalities (fused MRI, EPRI, 

and CT), using 3D-printed beam apertures customized for each individual animal’s tumor 

and oxygen distribution. For that preclinical trial, MRI acquisition required ~2 hours and 

EPRI acquisition required ~1 hour. Animal setup and cone beam CT acquisition required 

~40 minutes, while planning and treatment delivery (including 3D printing) required another 

~40 minutes. Total time per animal averaged ~4.5 hours (range, 2.5–8.5 hours). Robust 

immobilization and multimodal image registration, as described in that work, circumvented 

the need for continuous anesthetization over a prolonged time. Compared with the 

preclinical trial methodology used in this previous work, the approach presented herein 

would not be expected to add significant experimental or anesthetization time. Total time per 

animal is expected to increase by ~30 minutes. This increase will be comprised of additional 

time for 3D printing (apertures require ~10 minutes each whereas IMRT compensators 

require ~30 minutes each), IMRT planning and optimization (currently <2 minutes, with 

potential acceleration as computational approach and resources improve), and treatment 

delivery requiring multiple gantry angles and compensator mounting (<10 additional 

minutes for these 5-field plans compared with 2-field plans27). This argues for the eventual 

feasibility of using 3D-printed compensators for IMRT in a preclinical trial involving a large 

cohort of animals. It must be noted, however, that there is a clear tradeoff in efficiency for 

precision with this methodology, which may only be necessary for certain preclinical trials.

The work presented is framed in the context of a problem that has plagued the field of 

radiation oncology for over a century: how to incorporate the known dictator of outcome, 

tumor hypoxia, in designing more effective cancer treatments.31,54 The important prognostic 

implications of tumor hypoxia for patients with cancer have been demonstrated in vitro, in 
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vivo in animal models,55,56 and to a limited extent in humans.32–35 However, not until 

recently have noninvasive spatial maps of local oxygen concentration in animals been used 

to guide treatment with radiation.27 Generally, it was not until IMRT was implemented 

clinically that the concept of a SIB to regions of disease requiring additional radiation was 

possible.2 Preliminary results using EPRI oxygen images to guide SIB treatments in mice 

suggest that, as long suspected, there is a benefit to increasing radiation dose to hypoxic 

tumor regions, but that conformality in targeting hypoxic regions is crucial. Bulk tumor 

irradiation correlated EPRI-defined overall tumor oxygenation with treatment outcome.55,56 

More recently, spherical regions increasing dose to the hypoxic tumor region or, as a control, 

an equivalent spherical-shell volume of the normoxic tumor region, using circular cone 

apertures and arc deliveries, did not provide significant differences in tumor control, 

contrary to expectations. However, moving to 3D conformal treatments with 3D-printed 

apertures provided a necessary increase in dose conformality to see a significant difference.
27 Dose painting based on in vivo oxygen images provided by EPRI using image guided 

IMRT in animal models will take this further and form the basis for translating the well-

known importance of tumor hypoxia as a determining factor in RT outcome into a guiding 

parameter for clinical radiation treatment planning. Of course, the presented methodology 

could have applications to studying a myriad of biologic parameters affecting radiation 

treatment outcome in addition to hypoxia.47

Conclusions

Preclinical RT technologies analogous to advanced clinical technologies are needed to 

facilitate more seamless translation of preclinical studies into clinical benefits for patients 

with cancer. This work presents a novel approach to image guided IMRT on the small 

animal scale using a commercially available precision preclinical irradiator, which 

implements inverse planning of optimized beam intensity maps that are then delivered using 

3D-printed compensators. This enables spatial intensity modulation on the order of 1 mm at 

treatment isocenter. Planar dose analysis demonstrated impressive fidelity between planned 

and delivered dose distributions for a variety of complex representative treatment plans. The 

benefits of this approach include simple integration with existing precision small animal 

irradiator platforms (demonstrated here with XRAD225Cx system), the use of an extremely 

cost-effective approach leveraging commercially available 3D printing products, and a 

relatively small effect on treatment times. Although this approach was framed in the context 

of studying the role of hypoxia in treatment outcome, this approach will have applications to 

help answer a wide variety of questions regarding how to better incorporate tumor biology to 

improve personalization of RT treatments.
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Fig. 1. 
In-plane spatial resolution test patterns to determine bixel size limitations. (a) Three-

dimensional (3D) model of pyramidal step function pattern with discrete step widths of 0.5, 

0.7, or 1.0 mm (displayed). Copper-doped polylactic acid (CuPLA) 3D-printed 1.0-mm test 

pattern (b) from beam’s-eye perspective and (c) showing internal features viewed from the 

side. Radiographs (d-f) of printed test patterns (variable grayscale intensity corresponds to 

variable thickness) and (g) profiles across these images (offset vertically for visualization) 

showing degradation of printed features smaller than 0.7 mm.
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Fig. 2. 
(a) Acrylic 20 × 20 × 20 mm3 quality assurance (QA) phantom holding gafchromic film (20 

× 20 mm2) shown below phantom. (b) Laser-guidance system used with cone beam 

computed tomography (CBCT) for alignment as well as brass collimator and compensator 

holder. (c) Three-dimensional (3D) model of XRAD225Cx stage with QA phantom and 

compensator (at gantry 0°).
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Fig. 3. 
Data from intensity modulated radiation therapy (IMRT) plans for the miniaturized 

American Association of Physicists in Medicine TG119 C-shape target (first row), electron 

paramagnetic resonance imaging (EPRI)-guided hypoxic boost (second row), and inverted 

boost (third row). Planned dose distributions in the plane of gantry rotation are shown in the 

second column. Associated dose-volume histograms (DVHs) are shown in the third column. 

(a) Computed tomography (CT) slice in plane of gantry rotation showing planning target 

volume (PTV) (solid line) and organs at risk (OARs) (dotted line) for the TG119 C-shape 

plan. (d) CT slice of tumor-bearing mouse leg in plane of gantry rotation showing hypoxic 

tumor (dash line), entire tumor (solid line), and mouse leg (dotted-dashed line). (g) EPRI 

oxygen image in plane of gantry rotation. Doses for mouse tumor simultaneous integrated 

boost (SIB) oxygen-based dose painting are normalized to Rx1 (vertical red lines 

highlighting doses of interest: 100% and 95% of both Rx1 & Rx2).
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Fig. 4. 
Depiction of proposed preclinical intensity modulated radiation therapy (IMRT) 

methodology. (a) Optimization of bixel intensities (inner 2-dimensional [2D] maps) from 

different gantry angles to produce desired 3-dimensional (3D) dose distribution (central 

image), which are converted into compensator thickness (outer 2D maps) to modulate beams 

and produce desired intensities. For 1 specific beam, (b-f) depict the intensity map, 

corresponding compensator thickness map, conversion to 3D printer file within compensator 

plug, compensator printed using copper-doped polylactic acid (CuPLA), and modulated 

beam intensity delivered to film, respectively.
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Fig. 5. 
One of 5 intensity modulated radiation therapy (IMRT) fields (gantry = 0°) from 

miniaturized C-shape plan delivered to film within quality assurance (QA) phantom. (a) 

Planned and (b) delivered dose. (c) Horizontal and (d) vertical dose profiles corresponding to 

lines shown in (a) and (b). Gamma analysis results are overlaid on planned dose (grayscale) 

with thresholded (<15% max dose) points removed and failing points in red for criteria of 

(e) 3%/1.0 mm, (f) 3%/0.7 mm, and (g) 3%/0.5 mm.
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Fig. 6. 
One of 5 intensity modulated radiation therapy (IMRT) fields (gantry = 0°) from electron 

paramagnetic resonance imaging (EPRI)-guided hypoxia-boost delivered to film within 

quality assurance (QA) phantom. (a) Planned and (b) delivered dose. (c) Horizontal and (d) 

vertical dose profiles corresponding to lines shown in (a) and (b). Gamma analysis results 

displayed overlayed on planned dose (grayscale) with thresholded (<15% max dose) points 

removed and failing points in red for (e) 3%/1.0 mm, (f) 3%/0.7 mm, and (g) 3%/0.5 mm.
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Fig. 7. 
Flow chart depicting general approach to a preclinical image guided intensity modulated 

radiation therapy (IMRT) treatment workflow, which is analogous to that of a clinical 

radiation therapy patient. Yellow components highlight modifications specific to the 3-

dimensional (3D) printed compensator-based IMRT presented in this work. Tasks are 

categorized as follows: Rectangle = imaging; oval = manual intervention required; hexagon 

= computer input required; diamond = automated.
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Fig. 8. 
Composite dose distribution from end-to-end test delivering all 5 intensity modulated 

radiation therapy (IMRT) fields for the hypoxia boost plan to the quality assurance (QA) 

phantom. The top row shows the central axial slice (plane of gantry rotation) and the bottom 

row shows the central coronal slice (plane orthogonal to 0° beam axis). Planned dose 

distributions are in (a) and (d) and measured dose distributions are in (b) and (e) for axial 

and coronal planes, respectively. Gamma analysis results overlaid on planned dose 

(grayscale) with thresholded (<15% max dose) points removed and failing points in red for 

criterion of 3%/1.0 mm shown in (c) and (f) for axial (95.3% pass) and coronal (98.1% pass) 

planes, respectively.
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