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Abstract 
Mice are the predominant animal model used in radiation therapy research for 

investigating radiobiological kinetics and evaluating new therapeutics to achieve a 

higher therapeutic ratio in the clinic. A novel carcinogen-induced and genetically 

engineered head and neck squamous cell carcinoma mouse model was developed at 

Duke to study head and neck cancer, one of the most widely spread cancers in the 

world. However, platforms that are able to perform precise and reproducible radiation 

therapy on these mice to mimic human radiation therapy are lacking.  To address this 

issue, a platform based on the X-RAD 225Cx orthovoltage irradiator was developed. 3D 

printing technique was used to generate imaging phantoms, immobilization devices, 

and blocks. A simulation was conducted to optimize imaging protocol. Results were 

verified on the measurement on both the 3D-printed phantom and the actual mouse. 

Prior to irradiation, mice were placed on the immobilization device in a supine position, 

and the isocenter was determined by the position of the device since the irradiator does 

not have a laser localizer system. The performance of the immobilization was obtained 

by scanning several mice separately at various time points, ranging from several hours 

post-imaging to two months post-imaging. In order to make up the deficiency that 

irradiator only have rectangular and circular collimators which cannot provide 

moderate protection for organs at risk. Blocks with 3% transmission were designed 

based on the contours of central nervous system by a state-of-art program, BlockGen. 
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A protocol was developed for immobilization and image acquisition. 60 kVp was 

found to give the highest contrast of iodine, so it was set as the tube voltage for image 

acquisition. The deviations of positioning, i.e. the same mouse in separate scanning, are 

measured as 0.22±0.44 mm in LR axis, 0.15±0.30 mm in PA axis, and -0.24±0.25 mm in IS 

axis by image registration of brain. Blocks with a 1.5 mm margin which can shield brain 

and spinal cord even in the worst case, were 3D-printed for opposed lateral beams; they 

were verified on fluoroscopy. The block system was modified to eliminate potential 

human errors. Comparison on brain and spinal cord among different mice showed the 

largest deviation in 2.6 mm, however, with manually selection of the middle one, 1.5 

mm margin is enough to shield central nervous system. Indicating that a generic block 

could be used in the experiment that does not require a very accurate treatment. The 

generic block can significant save time and effort for preclinical radiation treatment 

experiment. In this study, a platform that is capable of enhancing contrast imaging and 

allowing precise radiation therapy to be performed on genetically-engineered mice with 

head and neck cancer has been developed. This paves the way for more accurate head 

and neck mice model radiation therapy studies. In addition, the platform could be used 

in other types of preclinical studies. 
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1. Introduction  
Cancer is expected to be the leading cause of death and the key barrier to 

increasing life expectancy in the 21st century.1 More than 1.7 million new cancer cases 

and 0.6 million cancer deaths are projected in the United States in 2019.2 In China, 3.9 

million new cancer cases were diagnosed and 2.3 million death cases were reported in 

2015.3 It was estimated that more than half of cancer patients should receive radiation 

therapy.4 To obtain a better understanding of radiation therapy and achieve a higher 

therapeutic ratio, animal models are used in preclinical experiments for investigating 

radiobiology hypotheses, testing new biomarkers and developing novel therapeutics.5 

Furthermore, many clinical trials, based on preclinical studies combining radiation 

therapy with immunotherapy, may achieve systemic tumor elimination rather than local 

radiation therapy treatment.6 

Mice are the predominant animal model used in radiation therapy research due 

to their low cost, easy handling and ability to manipulate the phenotype and genotype.7 

In the past, cancer tissue was implanted orthotopically, subcutaneously or under the 

renal capsule of immunodeficient mice.7 The heterotopic injection can be at the same 

location. Thus, crude irradiation with a rectangular field, which is manually decided by 

the fluoroscopy, is acceptable for some preclinical researches.8 In order to study head 

and neck squamous cell carcinomas(HNSCC), which is the sixth leading cancer by 

incidence worldwide.9 Recently, a novel spatially and temporally restricted carcinogen-
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induced and genetically engineered mouse model (GEMM) has been developed at Duke. 

Its tumor develops slowly in a native microenvironment at a stepwise progression with 

variability. This kind of model allows the investigation of the interplay between tumor 

and immune system as it does not use immunodeficient mice. However, the crude 

irradiation process cannot provide accurate protection to the critical organs, i.e. eyes and 

central nervous system, as the tumor sites change among different mice. 

To keep pace with the developments in human radiotherapy, many novel micro-

irradiators which combine kilovolt X-ray source and high-resolution computed 

tomography (CT) imaging equipment have emerged,10 allowing image-guided radiation 

therapy (IGRT) to small animals. These micro-irradiators make it possible to deliver 

radiation or protect critical organs precisely. Kirsch Lab at Duke uses a micro IGRT 

system called X-RAD 225Cx (Precision X-Ray, North Branford, USA) for rodent 

radiotherapy studies. It consists of a 225 kVp X-ray tube with a cone beam computed 

tomography (CBCT) imaging panel mounted on a rotational C-arm gantry.11  

In order to design a novel radiation therapy platform based on the X-RAD 225Cx 

for the GEMM, I designed and 3D printed a phantom for imaging calibration. The 

phantom was scanned under different energies to determine the pre-set with the highest 

contrast between the iodine contrast agents and normal tissue. A 3D-printed 

immobilization device which was modified from a previous device for rat,12,13 ensured 

the accuracy of treatment. To protect critical organs during irradiation, blocks were 3D- 
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printed according to the CBCT images of mice. In order to facilitate experiments which 

do not need very precise protection, the feasibility of generic block was discussed. 

The platform was originally designed to deliver precise radiation therapy for 

studying the radiation response in head and neck cancer. It can also be applied to other 

tumors. Furthermore, the platform can serve to evaluate new therapies in preclinical 

experiments, including chemotherapy combined with radiation therapy, and 

immunotherapy combined with radiation therapy. 
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2. Background 
2.1 Head and neck squamous cell carcinoma mouse model 

Head and neck cancers include cancers of the oral cavity, pharynx, and larynx, 

most tumors of them are squamous cell carcinoma. Tobacco use and alcohol 

consumption are the most important cause of head and neck cancer, infection with 

human papillomavirus (HPV) is one of the major leading causes of cancers of the 

oropharynx, tonsil and the base of the tongue.14 However, patients with HPV-negative 

oropharyngeal cancer have a worse outcome and remarkably lower overall survival rate 

than patients with HPV-positive oropharyngeal cancer at the same stage.15 For example, 

the five-year survival for patients with stage 4 HPV-negative oropharyngeal cancer is 

less than 50% compared to 70% for patients with HPV-positive oropharyngeal cancer.16  

Radiobiological principles are the fundament of radiation therapy, they guide the 

clinical practice and application. Historically, the basic radiobiology knowledge is based 

on the research on the cellular response to ionizing radiation.6 The gold standard for in 

vitro radiobiology study is clonogenic survival assay, it can be used for measuring the 

cell reproductive death after radiation treatment and the efficacy of cytotoxic agents.17  

Conventionally, tumor cells were derived from patients and then adapted to grow in 

artificial culture environment.18 For in vivo radiobiological research, on the other hand, 

animal models are used in preclinical experiments. Cancer line cells are commonly 

heterotopic injected subcutaneously to immunodeficient mice for tumor engraftment 
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and propagation.18  However, these mouse models lack a typical native 

microenvironment for tumor development and limit the research on immune system 

contribution to radiation response. Research on the interaction between radiotherapy 

and the host immune system has shown the potential to improve the effectiveness of 

radiotherapy.19 To study radiobiology anatomically, histopathologically, and genetically, 

GEMMs have attracted many attentions because they preserve the tumor 

microenvironment and provide a possibility to precisely control the genetics and 

kinetics of tumor initiation, enabling the research on the radiation response of specific 

gene mutations.20 

 Mouse model used in this study is the HPV negative head and neck squamous 

cell carcinoma model, a brand-new GEMM developed by Dr. Yvonne Mowery at Duke. 

The HNSCC mouse model is used to study the mechanisms by which these tumors 

develop, spread, respond and become resistant to cancer therapy. The mouse model is 

spatially and temporally restricted induced by the combination of a chemical carcinogen 

and activation of conditional gene mutations using Cre-loxP technology. Benzo[a]pyrene 

(BAP, a prevalent carcinogen in tobacco) and 4-hydroxytamoxifen (4-OHT) are applied 

to the oral mucosa in genetically engineered mice. The gene is altered based on The 

Cancer Genome Atlas sequencing of human HNSCC21 of p53 and CDKN2A (p16-INK4a) 

or p53 and Rb. After the application of 4-OHT to the oral mucosa, the mutations of the 

squamous cell epithelium would be specifically induced in the basal layer by the Cre 



 

6 

recombinase which is derived by the cytokeratin 5 promoter (CRT5-CreERT2). The 

invasive squamous cell carcinoma develops in the oral cavity within 3-6 months of 

topical exposure to BAP and 4-OHT. Moreover, due to the tumor is induced, the 

development of it may be variable on time and location among different mice.  

 

2.2 Preclinical image-guided radiation therapy systems  

With technological evolutions, IGRT allows radiation to be delivered precisely to 

target and radiotherapy treatment has been transferred from rough large radiation 

beams to highly sophisticated conformal beams. However, these advances have 

occurred without the corresponding radiobiological research because they were never 

thoroughly validated on animal models.10 To faithfully mimic human radiotherapy 

conditions, micro-irradiators combining with imaging system were developed, which 

pathed the way to study the radiotherapy on small animal models in novel beam 

delivery and imaging techniques. Such novel equipment also enables a wide variety of 

preclinical experiments, for example, the synergy of radiotherapy with other therapies, 

contrast-enhanced radiotherapy, and relative biological effectiveness.10 

X-RAD 225Cx, a micro IGRT system, which is able to acquire kilovoltage CBCT 

or fluoroscopic images and deliver radiation as treatment plan in cooperation with 

collimators, is the experiment platform in this project. The micro-irradiator consists of an 

X-ray tube whose energy ranges from 5 to 225 kVp and an amorphous silicon flat-panel 
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detector mounted oppositely on a rotational C-arm gantry.11 The unit is entirely self-

shielded, allowing it to be housed in a room adjacent to the animal room. Pilot, 

developed by the esteemed scientific team at Princess Margaret Cancer Center, is used 

as a console to control the gantry angle and couch position, and implement prescribed 

pre-sets for image acquisition and treatment plan for irradiation. The system also 

includes a specific treatment planning system for small animal preclinical experiments, 

Small Animal RadioTherapy (SmART) ATP, developed by SmART Scientic Solutions 

BV, Netherlands. The treatment planning system allows users to convert Hounsfield 

unit (HU) in the image into mass density thus obtain a Monte Carlo geometry file. It is 

allowed to assign the mass density or specific medium to a range of HU values. The 

contouring would generate the structure of interested objects. And planning with 

definitions of isocenter, beam angles and beam sizes would generate an input file for 

Monte Carlo calculation and the real delivery process. Dose calculation based on the 

Monte Carlo simulation is implemented on DOSXYZ. One important feature of 

SmART—ATP is that exportation, allowing analysis or application on other areas. In this 

project, contours were exported for block designing. 
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Figure 1: The X-RAD 225Cx small animal irradiator at Kirsch Lab in Duke. Energy 
ranges from 5 to 225 kVp, CBCT image resolution can be as low as 0.1 mm.  

  

The system consists of an automated stage correction which compensates for the 

motions of the x-ray tube to the isocenter and imaging panel, ensuring the center of 

beams coincides with the desired isocenter. The correction is derived from flex map 

measurement taken prior to irradiation. It increases the stability and reproducibility of 

the system and makes it possible to deliver radiation accurately.10 Besides, the integrated 

software platform facilitates the reproducibility of studies, which allows all stage/gantry 

motions to be automated, making the use of the unit friendly to users. With calibration 

and correction, the targeting accuracy was verified within 0.5 mm and cone alignment 

within 0.2mm.22,23 Both the imaging and treatment capabilities of the system were found 

to be reproducible over the several months in the test.11 
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Figure 2: User interface of treatment planning system SmART-ATP.  

 

The specification of the system is as shown in Table 1. It can be used to obtain 

accurate images and treatment delivery with different focal spot. The large focal spot is 

typically used in irradiation for high dose rates.11 However, the collimator and filter of 

the micro-irradiator are inserted manually according to the experiment purpose. 

Currently, collimators are either circular or rectangular. The typical treatment field 

40×40 mm was measured having 80%–20% penumbra in 3mm.24 Whereas the field size 

is determined by the static, physical collimator, limiting the conformal dose distribution 

to the target. It does not match the techniques used in the human radiation oncology 

where multileaf collimator (MLC) is used to conformal shaping of the beams. Moreover, 

anesthesia device could be attached to the treatment couch for positioning. But the 
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system lacks accurate immobilization tools for repeatable positioning in mice 

experiments.  

 
Table 1 Specifications of X-RAD 225Cx 10,11 

Manufacturer Precision X-Ray, North Branford, CT 

Model XRAD-225Cx 

Rotation range 360° 

Inherent filtration 0.8 mm Be 

Additional filtration  2.0 mm Al  for imaging  

0.3 mm Cu for therapy 

X-ray tube energy 5 - 225 kV 

Focal spot 1.0 mm (small); 5.5 mm (large) 

Detector size 20.48×20.48 cm2 

Pixel pitch 0.4 mm 

Maximum frame rate 7 fps 

Source-collimator distance 23.0 cm 

Source-axis distance 30.7 cm 

Source-detector distance 64.5 cm 

Max dose rate 4 Gy/min 

Targeting accuracy 0.2 mm 
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2.3 3D printing 

 3D printing, also known as additive manufacturing or rapid prototyping, allows 

users to manufacture customized components in specific shape and material by 

translating computer-aided design (CAD) virtual 3D models into physical objects. It has 

attracted more attention recently because of the commercially available printers have 

achieved higher accuracy with lower cost as well as more printing materials are 

available. 3D printing has been applied in many situations in medical physics, including 

patient-specific dosimetry, brachytherapy, proton therapy, nuclear medicine, and 

imaging.25 Currently, most common-used 3D printing technologies are fused deposition 

modeling (FDM) and stereolithography (SLA).25,26 In FDM technique, the thermoplastic 

material is melted and extruded from a heated nozzle onto a platform for forming layers 

of a model. In SLA technique, photopolymer resin is cured and solidified by ultraviolet 

light to create layers of a model. The fill density of models printed by SLA printers is 

usually 100%, which means there is no air gap inside.25 The layer resolution and 

accuracy of the SLA technique could be higher than FDM technique. 27 However, the air 

gaps inside FDM printed models enable the adjust of fill density which provides a way 

to model low-density material, like water, soft tissue and lung, etc.25  
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Figure 3: (a) The Ultimaker 2+ 3D printer at Oldham Lab in Duke. (b) Printing process 
in FDM technique.  

  

The 3D printer used in this project is the Ultimaker 2+ (Ultimaker B.V, 

Geldermalsen, Netherlands), which applies the FDM technique for printing. Whereas 

the company calls it as fused filament fabrication (FFF), in which the filament is 

deposited in layers, one on top of the other, to build up shapes and models. The 

specification of the printer is as shown in Table 2. The printer can be controlled by the 

button on a panel or through the 3D printer OS system (3D Control Systems Ltd., San 

Francisco, USA) remotely by the internet. The 3D printer OS system can also remotely 

monitor the printing process by a camera attached to the printer. The printing process is 

according to the gcode file which is generated from the 3D printer OS system by digital 

slicing the primary designing in stl file. Whereas stl files are typically generated by 

a

 

(a)

 

(a)

 

(b)
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Fusion 360 (Autodesk Inc., San Rafael, USA) by which components in this project was 

designed. 

 

Figure 4: User interface for slicing on the 3D printer OS system. Parameters can be 
adjusted in the slicing process. 

 Thermoplastics are used in the FDM technique due to their low melting 

temperature. In this project, the main material used in printing is polylactic acid (PLA) 

because it is safer than another common thermoplastic filament used in FDM 3D 

printing, acrylonitrile-butadiene-styrene (ABS).28 For block printing, a high-density 

tungsten composite ABS filament was used 
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Table 2 Specification of Ultimake 2+ 3D printer29 

Technology Fused filament fabrication 

Build volume 223×223×205 mm3 

Build plate temperature 50-100 ℃ 

Nozzle temperature 180-260 ℃ 

Highest resolution 12.5 × 12.5 ×5 µm3 
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3. Determination of optimal imaging parameters for 
higher iodine contrast  

Accurate preclinical radiation targeting requires accurate image guiding. CT is 

usually used for imaging in radiotherapy since it can provide reliable insight into patient 

anatomy and pathophysiology,30 and the most important, an electron density map for 

dose calculation. Commercially available micro-irradiators for small animal 

radiotherapy are typically equipped with CBCT for IGRT.10 To obtain a better imaging 

performance, i.e. higher contrast in enhanced images, simulation and phantom scanning 

were done in this project. It was also verified on real mouse scanning. Data was then 

analyzed on the open source visualization and medical imaging computing software, 3D 

Slicer. Imaging pre-set was established. The imaging protocol is attached as Appendix 

A. 

 

3.1 Theoretical background 

 The basis for CT is the differential absorption of X-rays in tissues, owing to 

different atomic composition. In the imaging process, radiation is first generated from a 

source and then passes through patients or objects, the attenuated radiation is collected 

by detectors and used for image reconstruction. 

 In the first step, radiation generation, electrons are accelerated in X-ray tube and 

then hit the target, resulting in the production of bremsstrahlung and characteristic 
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radiation. Where the bremsstrahlung radiation depends on the tube voltage and the 

characteristic radiation depends on the properties of the target. In order to reduce the 

low energy component which would cause unnecessary dose to patients without 

contribution to image quality, filtration is needed once radiation is generated. Thus, the 

output X-ray would have a spectrum which is mainly determined by tube voltage, target 

material, and filters.  

 When the radiation passes through patients or objects, the intensity of X-ray 

would decrease by the attenuation law and be collected by detectors. Because the X-ray 

has a spectrum, the detected intensity is actually the integration from all spectral 

energies. Transmission profiles are derived according to the intensity detected with and 

without patients or objects. After the acquisition of transmission profiles for a large 

number of views,  linear attenuation coefficient map could be reconstructed.  

As mentioned before, HU value represents the level of absorption of X-ray. It is 

based on the linear attenuation coefficient of objects by linear extrapolating from the 

characteristics of water and empty space, whose HU numbers are 0 and -1000, 

respectively.  

HUmaterial =
μmaterial − μwater

μwater
× 1000 = �

μmaterial
μwater

− 1� × 1000 (𝐸𝐸𝐸𝐸. 1) 

Thus, the larger (absolute) HU value is, the higher contrast of linear coefficient between 

the material and water is. In other words, the ratio between linear coefficient of the 

material and water is proportional to the HU value of the material. Higher contrast is 
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helpful for differentiating the material from water. Since main component of soft tissue 

is water, such contrast also works for differentiating the material from soft tissue. 

Enhanced images serve for diagnosis and delimitation. 

 

3.2 Simulation to optimize scanning energy 

Because the material has different absorption properties for radiation in different 

energies, the real thing that detector can measure is the effective linear attenuation 

coefficient due to detectors used in clinic usually can only detect integrated intensity. 

The effective linear attenuation coefficient can be calculated by 

μeffective =
∫𝜇𝜇𝐸𝐸 𝐼𝐼𝐸𝐸  𝑑𝑑𝐸𝐸
∫ 𝐼𝐼𝐸𝐸  𝑑𝑑𝐸𝐸

=
∫ 𝜇𝜇𝐸𝐸𝐼𝐼𝐸𝐸  𝑑𝑑𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚
𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚

∫ 𝐼𝐼𝐸𝐸
𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚
𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚

 𝑑𝑑𝐸𝐸
(𝐸𝐸𝐸𝐸. 2) 

where 𝐼𝐼𝐸𝐸 is the radiation intensity at energy E and 𝜇𝜇𝐸𝐸 is the linear attenuation coefficient 

of material at energy E. So, once we know the intensity distribution, i.e. radiation 

spectrum when it passes the medium, and linear attenuation coefficient of material in 

the energy range of the spectrum, effective attenuation coefficient can be calculated. 

 For the intensity distribution, as described before, three main issues are tube 

voltage, target material, and filters. In this project, the energy range considered for 

CBCT is from 40 to 140 kVp, the anode material (target) is tungsten and the filtrations 

consist of 0.8 mm Be inherent filter and 2.0 mm Al imaging filter. The output spectrums 

after filtration under tube voltages from were generated on the platform provided by 
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Siemens Healthcare31 in every 5 kVp. In Figure 5, peaks in 140kVp and 80kVp curves are 

caused by the K edge of the target material, tungsten. The decrease in low energy is 

caused by filtration. Data was stored in excel files and could be called directly by 

MATLAB (MathWorks, Natick, USA). 

 

Figure 5: Output spectrum after filtration in typical tube voltages with the same air 
kerma.  

 

Linear attenuation coefficients were obtained from X-Ray Mass Attenuation 

Coefficients -- NIST Standard Reference Database 126.32 Bone, iodine, soft tissue, and 

water were considered in this project. The late two components were compared 

specifically, supporting that HU value could be used to determine the contrast between 

the material and soft tissue. Data was also stored in excel files for calling from MATLAB. 
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Figure 6: X-ray attenuation as a function of x-ray energy for multiple materials. The K 
edge for iodine is at 33.17 keV. 

 

Figure 7: X-ray attenuation as a function of x-ray energy for water and soft tissue.  
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Theoretically, based on the output spectrum and material’s linear attenuation 

coefficient, the effective attenuation coefficient can be obtained by integration. However, 

the spectrum data is at discrete energies in integrals, and linear attenuation coefficients 

had to be interpolated for corresponding energies. Linear interpolation was used in this 

project. Thus, the effective linear coefficients were calculated by the approximation 

method through 

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =
∑ 𝜇𝜇𝐸𝐸𝐼𝐼𝐸𝐸
𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚
𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚

∑ 𝐼𝐼𝐸𝐸
𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚
𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚

(𝐸𝐸𝐸𝐸. 3) 

 

 

Figure 8: Effective linear attenuation coefficient as a function of tube voltage for 
multiple materials. 
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All four selected components had different effective attenuation coefficients in 

different tube voltage, which is the fundament of dual-energy CT. Water, soft tissue and 

bone were monotone decreasing with the tube voltage, whereas iodine had a peak 

around 50 kVp because of its K-edge is at 33.2 keV and much low energy components 

was filtered.  

 

Figure 9: Ratio of effective linear attenuation coefficient between iodine and other 
materials as a function of tube voltage. 

 

As discussed before, the real thing can be viewed on CT images is HU value. 

And the higher contrast means a higher ratio between the HU values of two materials, 

i.e. effective attenuation coefficients. Because iodine is injected for enhancing CT images, 

the ratio of attenuation coefficients between iodine and surrounding tissues reflects the 

performance of the enhancement. The ratios among effective linear attenuation 
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coefficients were calculated and drawn in Figure 9. The peak of the ratio between iodine 

and water/soft tissue was measured near 60 kVp, reflecting the tube voltages for which 

iodine has the highest HU value, i.e. contrast performance. The ratio between iodine and 

bone increased with tube voltage.  

 

3.3 Phantom measurement under various scanning energies 

In order to verify the result of the simulation, real scanning is essential. 

Phantoms with iodine contrast agent solution injected inside were scanned in different 

energies. 3D-printed phantoms were found can be functionally equivalent to commercial 

imaging phantoms, even for multimodalities like PET/CT.33 PLA with 90% fill density 

has compatible mass densities and HU values at 80 or 120 kVp to water, and it can 

provide a useful approximation for various types of soft tissue.25 Besides, the 3D printed 

phantoms are low cost and could be customized, that is the main reason we specifically 

designed and generated phantoms in 3D printing technique.  

Two types of imaging phantoms in 30 mm diameters were designed and 3D-

printed in this project. Contrast agent Isovue®-300, the iodine concentration is 300 

mg/mL, was diluted in 1:20, and 1:40 and then injected into the cavities in phantom. 

Water was injected into some other cavities and others were left empty. For the phantom 

presented Figure 10 (a), solutions are injected from two ends and sealed by tapes. It does 

not have support and has to be attached on the couch by tape. For the phantom 



 

23 

presented in Figure 10 (b), two ends are designed to support the phantom on the couch; 

solutions are injected from the top of one side (on the right in the figure) and would 

spurt out when the cavity is fully filled. The phantom in Figure 10 (b) was rotated 90 

degrees to show the inside structure. 

  

Figure 10: Phantoms in 3 cm diameter used for setting up imaging protocol with 
cavities in diameter (a) 2 mm, 4 mm, and 5 mm; (b) 2 mm, 4 mm, 5 mm. 

 

 

Figure 11: Phantom on the couch for scanning. X-ray tube and detector can rotate 360°. 

a 

(a)

 

(b) 
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After filling diluted contrast agent solution and water, phantoms were scanned 

in 40, 50, 60, and 80 kVp. Left cavities were filled with water and cavities in the middle 

were filled with low concentration contrast agent(7.5 mg/mL iodine), cavities on the 

right were filled with high concentration contrast agent (15 mg/mL iodine), cavities on 

the bottom were left empty for verifying the accuracy of HU values. Considering 

imaging quality and imaging dose, currents were set as 5mA, 3mA, 2mA, and 1mA, 

respectively. Imaging dose is approximately 8 Gy to mouse per scan, according to the 

technical manual from the vendor. The machine was preclibrated in such scanning 

energies, setting the HU values of water and empty space are 0 and -1000, respectively, 

based on the scanning on pure water.  

 

Table 3: Scanning parameters for different X-ray tube voltages 

kVp mA RPM FPS Voxel size 

40 5 1 5 0.1 mm 

50 3 1 5 0.1 mm 

60 2 1 5 0.1 mm 

80 1 1 5 0.1 mm 

 



 

25 

 

   

    

Figure 12: CBCT images of the phantom filled with water, iodine solution and empty 
in window=1000, level=130. Scanned at (a) 40kVp; (b) 50kVp; (c)60kVp; (d)80kVp.  

 

Phantom scanned in 50 kVp is not that clear as others, which may be caused by 

beam hardening effect..  HU values of water and empty space were in good agreement 

to 0 and -1000. HU values of contrast agent solution in different tube voltages were 

plotted in Figure 13. Tube voltage at 50 kVp gave the highest HU value of iodine 

contrast agent solution, 60 kVp was slightly lower than it, which may be contributed by 

the beam hardening effect.  

(a) (b) 

(c) (d) 

(b) 
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Figure 13: HU values of iodine contrast agent at different concentrations with 
different tube voltages from phantom scanning. 

 

3.4 mouse scanning under various scanning energies 

 The scanning process was performed on an actual mouse. Where mouse was 

injected with liposomal-iodine contrast agent, which enables scanning post-48 h. The 

contrast agent does not like conventional contrast agent which wash-in/out rapidly, it 

gradually extravasate through the permeable tumor vasculature and accumulates.34  
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Figure 14: Sagittal view of real mouse scanning using different tube voltages where 
window=1000, level=400. (a) 40kVp; (b) 50kVp; (c) 60kVp; (d) 80kVp. 

 

Images in the same window and level look quite similar. The voxel (arrows in 

Figure 14) was selected for comparing HU values in different tube energies. 60 kVp gave 

the highest HU value as a peak in Figure 15, agreeing with the simulation result. 

However, mouse motion during image acquisition may cause some deviation, resulting 

in huge uncertainties. 

(a) (b) 

(c) (d)
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Figure 15: HU values of iodine contrast agent at selected voxels in the same mouse 
with different tube voltages.  

 

3.5 Analysis and discussion 

Tube energy is a crucial parameter for performing CT scan.  For human beings, 

tube voltage lower than 80 kVp is not practical, because it will significantly increase the 

unnecessary dose to patients. But considering the difference in body size, lower energies 

are acceptable for small animal experiment. Theoretical simulation was done for 

comparing the effective linear attenuation coefficients of iodine and water. Figure 9 

suggests that image should be acquired around 60 kVp for the highest contrast of iodine. 

Real scanning was performed on a phantom with injected iodine contrast agent solution, 

50 kVp gave the highest HU value. Besides, results from mouse scanning indicate that 60 

kVp works best for enhancing image contrast. The deviation may be caused by several 
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reasons. First, the beam hardening effect was not taken into consideration in simulation, 

but it plays an important role in the real scanning. Because high energy radiation has 

stronger penetrating ability than low energy radiation, the mean energy of radiation 

beams would increase when they pass the medium. This effect would definitely affect 

the effective linear attenuation coefficient by moving the peak to a lower tube voltage. 

One difference between phantom and real mouse is the size, the phantom has a 

relatively larger size than mice. Another predominant contributor to the beam 

hardening effect is the volume and concentration of contrast agent in phantom are 

significantly larger than mice. Because only 40, 50, 60, 80 kVp were performed for real 

scanning, when the beam hardening effect is very strong, the movement of the peak 

would cause the HU value at 50 kVp higher than that at 60 kVp. However, if the 

movement is slight enough, HU value at 60 kVp would keep higher than 50 kVp. This is 

the main reason that mouse scanning agreed with simulation whereas phantom 

measurement had a different peak. Besides, the image from lower tube voltage usually 

has more noise. Thus, if 50 kVp and 60 kVp have similar contrast performance, higher 

tube voltage 60 kVp is preferable. Estimations here are roughly. Simple simulation about 

beam hardening effect with was shown in Figure 16, where 3 cm is the diameter of 

phantoms used in this study. However, only primary beams were considered in this 

simulation, Monte Carlo simulation can give more accurate simulation results with 

considering the scattered beams. 
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Figure 16: Beam hardening effect on (a)Output spectrum; (b)Ratio of effective linear 
attenuation coefficient between iodine and soft tissue as a function of tube voltage. 

 

In this project, effective linear attenuations calculated in the simulation were not 

converted to HU values because it has different concentrations from real contrast agent 

in the mouse.  But they both have the same trend, i.e. share the same peak at the same 

tube voltage, which is owing to Eq. 1. Because water and soft tissue have almost same 

performance under most energies, it is reasonable to assume that the HU values of soft 

tissue in CT images are very close to 0, the HU value of water. So that the higher the 

(absolute) HU value material is, the higher contrast there is between the material and 

soft tissue. 

However, there are some uncertainties to this research. A source of uncertainty is 

the presence of noise in the CBCT scans. The deviation of HU values can be as large as 

100 in a homogeneous medium. The actual values used in figures are typically 
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middle/mean values in that area. In phantom scanning, the difference of HU values 

between 50 kVp and 60 kVp is even less than 50. For mouse scanning, it is even worse 

because of long acquisition time and motion. The HU values actually cannot reflect very 

accurately about that pixel. And for different tube voltages, the same voxel in images 

may not indicate the same position of the mouse. Furthermore, it is definitely 

inhomogeneous in the mouse body, a slight change in position may have a big 

difference especially the contrast agent is not evenly distributed. 

One other uncertainty is the calibration of the platform, where the slope and 

intercept for conversion from the attenuation coefficient to HU value were obtained 

from the scanning on water in corresponding preset. The process consists a scanning in 

default slope and intercept, e.g. 5000, -1000. And then according to HU values in the 

image to calculate the slope and intercept. However, HU values used here are manually 

selected and they have the same problem as mentioned before, large deviation. This 

process introduces uncertainty to final images, not only in this energy optimization but 

also in dose calculation. 

Materials have different attenuation performance at x-rays in different energies, 

especially at the energy near the K edge of the material. It provides a path to obtain 

iodine map by scanning in two tube voltages, i.e. dual-energy CT. For CBCT, dual-

energy technique can be achieved by consecutive scanning. However, it is only 
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applicable for stationary objects because of the long acquisition time. For animal images, 

sacrifice has to be done before the scanning.35 

Besides the tube voltage optimization, imaging phantoms can serve for many 

other applications especially the calibration of the machine. There are still many 

interesting areas can be explored for applying 3D printing in imaging. 3D printed 

phantoms actually can mimic small animals with internal structure, organs for both 

imaging and in vivo dosimetry studies.25,36 

On the XRAD-225Cx platform, a typical irradiation procedure consists of pre-

scanning of animal at low resolution with a wide field of view, and then imaging the 

region of interest in the animal at high resolution, defining the radiation target isocenter 

with the aid of a software interface, centering the animal so that its target isocenter 

coincides with the treatment isocenter, selection of a beam collimator from a set 

provided, followed by radiation delivery during which the couch undergoes continuous 

small adjustment for flex compensation. The targeting accuracy has been reported to be 

on the order of 0.2 mm with excellent geometric stability over 2 years of routine use.11 
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4. Immobilization for increasing reproducibility intra- 
and inter- mice 

In preclinical studies, in order to perform scanning on living small animals, the 

first thing is to keep the small animal on the couch from movement due to the long 

acquisition time. At Duke, mouse usually is anesthetized by placing it in a box filled 

with 1.5% isoflurane gas mixed with oxygen first and then transferred into irradiator 

cabinet. XRAD-225Cx allows attachment of anesthesia device to the treatment couch for 

positioning. A gas tube connected to the couch would provide the gas to keep the mouse 

in the anesthetic condition.  

For radiotherapy treatment, it requires not only anesthesia but also 

reproducibility since the treatment planning is based on the acquired image and it 

would be delivered in a different time from image acquisition. Positioning needs to be as 

close as possible between the treatment and image acquisition. Also, reproducibility is 

helpful for evaluating the therapeutic through images prior and post-treatment. Imaging 

ability of micro irradiator provides a path to verify the reproducibility and deliver the 

treatment plan according to the image. 

However, XRAD-225Cx system lacks the laser localizer system for assisting the 

positioning which is usually used in human radiation therapy. Special device and 

imaging process are needed to immobilize small animals on the couch. 
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4.1 Prior work on immobilization 

There were many preclinical experiments conducted on XRAD-225Cx platform at 

Duke. A typical way to immobilize mice is putting the head of the mouse into an 

opening bucket, the gas tube is connected to the back of the bucket. So that the head 

position of the mouse is determined, and the mouse would stay in anesthetic condition. 

In the previous study, mouse would be scanned in fluoroscopy, the couch would be 

adjusted according to the area needed to be irradiated. Radiation field is usually fixed in 

rectangle or circle, critical organs would be avoided by moving them to the outside of 

the field. For example, one study8 about head and neck cancer mouse model applied 

opposed lateral beams for treatment, it excluded the eyes and nervous system from the 

field. The oral cavity and salivary glands were included in the field. Prone position was 

used in this study. 
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Figure 17: The nose-cone and gas tube attached to the couch for mice anesthesia. 

 

It is very obvious that the positioning has a large uncertainty, especially lacks 

reproducibility. Mouse can rotate in yaw(vertical) and roll (longitudinal) axis. And even 

the way to insert the head into the bucket can significantly change the location of the 

head in superior and inferior direction and affect the position of target or organ at risk 

(OAR). The mismatch would cause radiation cannot be delivered as planning, leading 

the degrade of therapeutics and more normal tissue complication. Although fluoroscopy 

is applied for targeting, the determination of the field involves a lot of arbitrary. Another 

important issue is that the treatment radiation therapy may consist of many fractions, 

lacking reproducibility would undermine the reliability of research. 

Nose Cone 

Treatment Couch 
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Figure 18: 3D view of the bone structure from 4 mice scanned with nose cone. 

 

Immobilization device is crucial in small animal radiation experiment, one 

elaborate sample developed at Duke is for rat positioning using supine position.12 The 

model was originally created by John Nouls at Duke’s Center For In-Vivo Microscopy. It 

consists of 4 parts: a bite-bar, a nose cone, a bite-block, and a baseplate. The bite-bar 

locks the front teeth of rat and ports isoflurane through the cavity to rat’s nose, the nose 

cone provides support for rat’s head, and the bite-block which holds the cone at ~15 

degrees allows adjustment of bite-bar, baseplate helps to attach the device on the 

treatment couch. However, there are two main issues about this device, device 

positioning, and rotation of rat. The device was locked on the couch by screws but still 

with uncertainty because it can rotate in the yaw axis. Besides, although the rotation of 

rat on the roll axis was limited, it still can rotate in the yaw axis. 
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4.2 Immobilization device composition 

To address issues of rotation and arbitrary field mentioned above, I designed and 

3D printed the device for mice positioning based on the immobilization device for rats. 

Bite-bar was scaled for mouse’s teeth size, this modification ensures the stability of 

mouse head. And the positioning of mice was changed to prone since the teeth are too 

small to lock the mouse in supine. The base plate was extended to limit the rotation and 

movement position since the radius of semicircle is modified according to the mouse 

size. Extension part was 3D printed separated due to the limitation of printer size. A 

tunnel was designed in the middle of the extension of the baseplate for placing the tail of 

mice to make it as straight as possible. When mouse bites the bite-bar, drag its tail could 

make its body straight. In all, mouse is locked on bite-bar in a prone position, isoflurane 

would be ported to its nose directly. Holes on baseplate lock it on the couch by screws, 

size of holes are exactly the same as ones on the couch. Extension of base plate limits 

rotation and movement of the mouse, tunnel in the middle helps to keep mouse straight 

with tail placement. 

 

Figure 19: Diagram of the immobilization device. It consists of a bite-bar, a nose cone, 
a bite-block, a baseplate, and an extension of the baseplate. 
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For correcting the device positioning uncertainty, preimage needs to be 

performed once the device is put on the couch. Isocenter was selected at the corner of 

the bite-bar since the center of it is empty, two edges work as a double check of device 

positioning, avoiding the rotation in the yaw axis. The determination of isocenter was 

included in Appendix A. 

 

Figure 20: Mouse immobilized on the device for scanning and treatment. Tapes on 
bite-bar and couch serve as references for device positioning. 

 

4.3 Estimation of immobilization performance from 5 mouse 
scans 

Five mice were involved in the evaluation of immobilization performance, two of 

them are female and three are male. Female mice had tumors, none of the male mice had 

tumors. Time intervals very from several hours to nearly two months.  
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Figure 21: Sagittal view of a female mouse (520599) from initial scan (a); one month 
post-scans (b),(c),(d); and two month post-scan (e) where window=1200, level=200.  

 

For Figure 21 (b), (c), (d), the entire set up was repeated for each scanning to 

mimic the positioning changes at different time, i.e. after scanning, the device would be 

(a) 

(b) (c) (d) 

(e) 
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taken out from the cabinet, so the next scan would need to undergo the entire process 

described in Appendix A. Deviations were measured based on the contours of critical 

organs, brain, and spinal cord, in CBCT images acquired at separate times. Another 

reason that brain and spinal cord were selected for analysis is that they are relatively 

stable over time compared to the tumor. 

 

   

Figure 22: Contours of the brain (blue) and spinal cord (green) from previous 
acquisition superimposed on the two month post-scan image.  

 

Figure 21 and 22 present one sample conducted in the evaluation on a female 

mouse (520599) in transverse view of the distal spinal cord which is far away from 

isocenter and sagittal view of the central body. Although images were acquired in a long 

period of time, the largest deviation in PA direction is 0.9 mm, in LR direction is 1.4 mm, 

in IS axis is 0.6 mm. Most of them actually have a smaller deviation than the largest one.   

(a) (b) 
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Table 4: The largest deviation in three axes (mm) 

Mouse number and gender PA LR IS 

520599, female 0.9 1.4 0.6 

520640, female 0.6 0.8 0.3 

520554, male 0.3 1.5 1.0 

520566, male 1.4 0.6 0.3 

520567, male 1.0 0.6 0.5 

 

Because mice were immobilized on the front teeth where the isocenter is, the 

small deviation at front teeth would be magnified by the distance and result in large 

variation at the spinal cord. The largest deviations usually occur at spinal cord which is 

1.5 mm among all mice involved. 

Considering the largest collimator could be used in treatment is 40×40 mm 

which is smaller than previous fields of view. Analysis of the area in the field was done 

for the same images. Figure 23 shows another male mouse (520566) in transverse view of 

the spinal cord which is at the boundary of the field of view and sagittal view of the 

central body. 
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Figure 23: Contours of the brain (blue) and spinal cord (green) from previous 
acquisition superimposed on the two week post-scan image in 40×40 mm field.  

 

 

Table 5: The largest deviation in 40×40 mm field in three axes in the worst scenario 
based on the contours of brain and spinal cord(mm) 

Mouse number and gender PA LR IS 

520599, female 0.9 1.4 0.7 

520640, female 0.6 0.8 0.3 

520554, male 0.3 1.4 0.6 

520566, male 1.3 0.6 0.3 

520567, male 0.9 0.7 0.5 

(a) (b) 
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 The deviations in the small field of view decreased for most mice compared than 

previous results. In a large field and small field, performance varies among mice, but no 

observable difference was observed between male and female.  

 Since the brain takes main part in the 40×40 mm field when isocenter is set near 

the front teeth, registration of brain skull may give more accurate deviation information. 

Uncertainty from contouring process would be eliminated, at the same time, the effect 

from shift in one axis on another axis was counted. 

 

Figure 24: Boxplot of deviation distribution on three axes based on brain skull 
registration.  

 

Registration gave the deviations 0.22±0.44 mm in LR axis, 0.15±0.30 mm in PA 

axis, and -0.24±0.25 mm in IS axis. However, since in the real treatment flow, initial scan 
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would be only conducted once. Considering the worst case, the deviation can be as large 

as 1.5 mm which agrees with the previous result. 

 

4.4 Discussion 

The device can achieve a fairly accurate immobilization even in a time period of 

two months. However, this research lacks a comparison between this device and the 

previous one because there is no standard protocol for placement before. The prior 

placement based on nose-cone only is highly technician dependent. But it is still worthy 

to put effort on before really use this 3D-printed device.  

Rotation is still an issue with this 3D-printed device because the placement of 

mice is dependent on the technician. Although the imaging protocol (Appendix A) 

requires symmetry of placement which limits the rotation of mice, eye-measurement 

and even pre-scan are not accurate enough for correction of rotation. To achieve a higher 

degree of immobilization, the rotation has to be restricted in a very limited range. Thus, 

not only tail and teeth but also limbs may need to be locked at specific positions on the 

device. The variation of the position of limbs is fairly large among mice, the rigid device 

may cannot realize the goal. Adjustable assembly of the device is a possible solution, but 

how to keep the reproducibility will become a big problem. Many works still need to be 

done for limiting the rotation of mice. 
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Figure 25: Inferior extremity of the field of view. Blur occurred due to long acquisition 
time (~1 min calibration and ~1 min real scan) and breath motion. 

 

Breath motion is uncertainty for evaluation since the acquisition time was fairly 

long, ~1 min for calibration and ~1 min for real scan. Although the front teeth were 

locked on the device, the neck may be affected by the movement of the diaphragm 

during breathing. To reduce such uncertainty, masks used in human radiation therapy 

may be helpful. However, as the deviations measured are relatively large than the 

improvement may achieve, there is no urgent need for such masks. Contouring is 

another source of uncertainty since even the same person may contour differently on the 

same image. All the analysis in this chapter is based on contours, a double check on 

contours would be helpful for keeping the consistency of contours. 

Figure 21 presents images acquired at different time. The locations of back teeth 

changed in different images.  The mouse was immobilized on front teeth, but the 
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opening of its mouth was not under control. The positioning was modified from supine 

for the rat to prone to mice because the mice’s back teeth are hard to immobilize. 

However, if mice can be immobilized by locking front teeth in a supine position, such 

uncertainty will be minimized. It requires more dedicated devices for immobilization 

and can be explored in the future. 

Margin determination actually can be more statically and be calculated in 

specific formula. However, limited samples in this study may not be suitable to apply 

such methods. 

The largest deviation in 1.5mm provides a possible to deliver precise radiation 

therapy. 
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5. Block generation to protect central nervous system 
Considering the size of small animals, for example, mice and rats, kilovolt 

photons are preferable for preclinical irradiation experiment. On XRAD-225Cx platform, 

225kVp beams with 0.3 mm Cu filter is the typical setting for radiation therapy to small 

animals. Treatment planning is usually done by SmART—ATP, where isocenter needs to 

be manually decided. The dose is calculated by Monte Carlo simulation as long as 

collimator size is defined, and material density is assigned. The treatment planning 

system also provides dose-volume histograms for evaluation of dose distribution in the 

contoured area. 

 

5.1 Prior work on block 

As discussed in the previous chapter, one way for radiation treatment to head 

and neck cancer mouse model is using a rectangular collimator to target radiation beam 

to salivary gland and oral cavity while excluding eyes and central nervous system by 

manually moving treatment couch based on the fluoroscopy.8 Opposite lateral beams 

were used in irradiation. However, uncertainty is that whether the tumor is fully 

covered in the field and OARs are out of the field. 

Another study for whole-brain radiotherapy with hippocampal avoidance on 

rats12 provides a method to achieve conformal OAR protection. Block shapes were 

generated from MRI rat atlas and CBCT images and then converted to the file that 3D 
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printer can recognize. Tungsten-doped filament was used for 3D printed blocks. The 

block was stuck on the tray by glue. Where the tray can be inserted to the collimator 

mount which was 3D printed and attached to the collimator. This system allows 

effortless replacement of blocks under different fields. However, insertion of the tray 

and adhesion of blocks introduce fairly large uncertainties of block position. 

In order to provide precise OAR protection for head and neck cancer mouse 

models, this project modified the treatment delivery technique based on both prior 

studies, using opposed lateral beams with 3D printed blocks in treatment. 

5.2 Feasibility test based on the prior study 

Block_Gen, a program developed in MATLAB by Suk Whan (Paul) Yoon in 

Oldham’s Lab at Duke, was used to generate block models for virtual structure at 

interested axial beam arrangements. 2D radon transform was used in the creation of 

block shapes. Digitally reconstructed radiographs (DRRs) were generated based on the 

imported CBCT images and contours of mice. The shapes were then converted to 3D 

printing stl file by ‘stlwrite.m’ function developed by S.Holcomb. The program also 

edited images of mice by adding high-density material at the place where the block was 

designed at. So that images could be directly imported into SmART-ATP treatment 

planning system for dose calculation. However, the stl file only has the block itself. In 

order to attach it to the irradiator, tray and collimator were 3D printed at the same time. 
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Figure 26: Interface of block generation program developed by Suk Whan (Paul) Yoon 
in Oldham’s Lab at Duke.  

 

 

Figure 27: Adhesion of the block on the tray with a printed image for alignment. 
Where the crosshair and markers on the tray are crucial for precise placement. 
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Figure 28: Collimator with mounted tray and block. The tray can be inserted and took 
out from collimator mount, facilitating the switch of blocks between fields. 

 

Because the original block system was designed for rat, before applying it on 

mice, a feasibility test needs to be done. Blocks were generated from real mice scanning 

for using in opposed lateral fields where 40×40 mm collimator was used. According to 

the previous results, 1.5 mm margin was applied. The thickness of the block was 

designed in transmission at 3%. In this project, 10% tungsten filament was used, thus, 

20mm thickness was applied for blocks. Dose distribution was calculated in treatment 

planning system by Monte Carlo simulation package – EGS. Medium were assigned 

with specific property based on the HU value. The dose distribution showed the brain 

and spinal cord were well protected. Fluoroscopies were performed to verify the 

accuracy and performance of the block system. The blocks had successfully shielded the 
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OARs. It was confirmed that the block system is feasible on opposed lateral fields to 

mice.  

 

 

  

Figure 29: Calculated dose distribution in (a) Transverse; (b) Sagittal; (c) Coronal 
view. Assigning the central lower jaw as isocenter and 2 Gy from two lateral fields. 

 

(a) 

(b) (c) 
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Figure 30: Screenshot of fluoroscopy interface. Blocks worked as expected, providing 
precise conformal protection to contoured critical regions, brain and spinal cord. 

 

5.3 Block generation modification to reduce human errors 

The previous block system requires to glue the block on the tray and insert the 

tray into collimator mount, manually operation would introduce uncertainty in these 

two steps. In order to increase the reproducibility and stability of the block system, block 

generation system was modified to generate a block with tray together in the program, 

avoiding the error of manual adhesion of picture on the tray and block on the picture. 
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Figure 31: 3D printed combination of block and tray. The modification reduced the 
uncertainty of the relative placement of the block to the tray. 

 

However, even the tray and block were combined and generated in the program, 

the insertion of the tray to collimator mount has variations. To address this issue, the 

attachment of tray to collimator mount was done in designing software, Fusion 360. So, 

the printer can print the whole block system in a continues progress. Because the 

printing process is from bottom to top, layer by layer, the block was moved inside of 

collimator mount. 
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Figure 32: The whole block system in a single designing, which could be printed by a 
3D printer in a continuous process. 

 

5.4 Discussion 

The creation of block shapes requires manually defining the isocenter in the 

image. In the previous study on rats, the isocenter was defined on the front teeth. 

Because isocenter was defined on the device in this project, a scanning with the same 

preset and field of view on the device only is needed for block generation. Although in 

this project, one more scanning is required, it eliminates errors on the definition on the 

isocenter which ensures the accuracy of the generated block shape. 
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Figure 33: 3D view of bone structures from 5 mice for immobilization performance 
estimation measurement. Left and right axis shift was conducted for comparison. 

 

Generic blocks for most mice would significantly reduce the effort for treatment 

if OARs under good protection. Contours of the brain and spinal cord of mice involved 

in the previous chapter were superimposed on the image of a mouse with tumor. 
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Figure 34: Contours of the brain and spinal cord from mice superimposed on the 
image of a mouse with tumor on the left chin. (a) Sagittal; (b)Coronal view. 

 

The locations of the brain among mice are quite close and have enough distance 

from the tumor, indicating the feasibility to design a generic block for mice. However, 

spinal cords have relatively huge variation, even in 40×40 mm field which cannot cover 

the whole head and neck area if isocenter is at front teeth. The closest spinal cord has 

space in 2.6mm to the boundary of the tumor which is smaller than the deviation 1.5mm 

measured in the last chapter. Thus, a practical way to protect the spinal cord is to 

expand the margin of the spinal cord in PA direction during the designing process and 

select the one whose spinal cord is at the milled in measured cases. 

 

(a) (b) 

(a) (b) 
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Figure 35: Contours of the brain and spinal cord superimposed on the image of a 
mouse with tumor on the neck. (a) Sagittal view in 40×40 mm field; (b)Coronal view. 

 

Apparently, treatment planning and block designing can be made based on each 

mouse which is more accurate. In this project, opposed lateral beams were selected for 

treatment, only the brain and spinal cord were protected. Generic blocks can achieve this 

aim with very high efficiency. It is more practical and economical to used generic blocks 

in such preclinical experiments since the modified block systems require way more 

printing material and printing time. 

One limitation for this system is that area outside of 40×40 mm field could not be 

treated, however, nearly half of field is the device due to the isocenter is at front teeth. In 

such case, after following the protocol to set up the device and isocenter, shift couch in 

axial axis can cover the interested area. The treatment planning system allows to set the 

isocenter at any point in the field and conduct the couch shift automatically during 
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radiation delivery. If the area is larger than 40×40 mm, then two separate fields are 

needed for treatment. 

Dose distribution was not verified by dosimeter, where the rodent-morphic 3D 

dosimeter was proposed as a good tool to measure dose distributions in anatomically 

accurate on this platform.37 It could be a further step based on this study and provide a 

strong support to apply it in preclinical radiation therapy. 
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6. Conclusion 
This work introduces a platform for radiation therapy to a novel mouse model of 

head and neck cancer. A protocol was developed for immobilization and image 

acquisition. 60 kVp was found to give the highest contrast of iodine in simulation and 

actual mouse scanning, it was set as the tube voltage for image acquisition. The 

deviation of positioning with 3D printed immobilization device, i.e. the same mouse in 

separate scanning, in the worst case, is less than 1.4 mm in PA axis and 1.5 mm in LR 

axis and 1.0 mm in IS axis. Registration based on brain skull gave the deviations 

0.22±0.44 mm in LR axis, 0.15±0.30 mm in PA axis, and -0.24±0.25 mm in IS axis. Block 

models for opposed lateral beams with a 1.5 mm margin based on contours of critical 

organs, brain and spinal cord, were generated on a modified MATLAB program, 

eliminating human errors. Blocks were 3D printed based on the model, allowing 3% 

transmission. Position of blocks were verified on fluoroscopy. Generic block may be a 

choice for general preclinical radiation treatment with manually selected case to 

generate the block. 

The platform paves the way to perform precise radiation therapy on genetically-

engineered mice. This opens the door for more accurate head and neck mice model 

radiation therapy studies. Future more, the platform could be used in other types of 

preclinical studies to improve their reproducibility. 
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Appendix A -- Scanning protocol 3rd version 

Imaging protocol on XRAD-225Cx for head and neck cancer model 
Deqi Chen, Nerissa Williams 

December 7th, 2018 
 

Key point: Keep the bar, especially biting hole at the same position. 
2 important references: 
The vertical and horizontal lines align the bite bar well. 
Axial view of mouse should be symmetric. 
 
Energy for the scanning: 60 kVp 
 

1. Immobilize the bar by screw, marking with the tape, and then 
attach the device on the couch, align the device with the tape marker 
on the couch. 
At the end, two sides to device boundaries should have the same 
distance. 
2. CT scout (~2mins) 
3. Roughly move the isocenter to the corner of the biting hole as 
shown in figures below (as we will relocate the isocenter precisely 
later) 
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In the imaging system, it shows as the intersection point: 
 

 
 

Two views are enough to determine the point. Sagittal (left bottom) 
view can be acted as double check (there should be an extension part 
in the image). Coronal (top right) view can also be used to evaluate 
the alignment of device and couch. Ideally, the border of the biting 
hole would perfectly match the coordinate axis. 
 
4. Perform a scan (~2mins), relocate the isocenter with the higher 
quality image. 
5. Record the couch position.  (Screenshot) 
6. Put the mouse on, make sure the device has not been moved, 
otherwise, repeat previous steps. 
7. Scout. (~2mins) 
8. The mouse in axial view (top right) should be symmetric, 
otherwise correct it and do the scout again. 
9. Decide the scanning field of view.  (Can be a little different)  
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Reference FOV: 

 
10. Check whether the couch position is the same as record. If not, 
reset target, i.e. move the couch. 
11. Perform the scanning. (~2mins) 
12. If the mouse is not symmetrical enough, adjust the positioning 
of mouse, repeat steps 10-12. 
13. Save images.  
14. (For generating reference of block lib) Fluoroscopy images in 
90 and 270 degrees. (40keV, 2.5 mAs) 
15. For other mice need to be scanned, put the mice on and repeat 
step 10-13. 
16. Perform a scan in the same presets but without mouse, which 
would be helpful for locating isocenter when design the block. 
17. Save images.  

Export setting: 

 
  40kVp,5mA 50kVp,3mA 60kVp,2mA 80kVp,1mA 

Slope 2809 3401 3704 4167 
Intercept -831 -694 -704 -833 
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