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all ROIs indicate very poor dosimetric agreement. This was expected due to 6 MeV electrons 

having an R50 of 3 cm in water and the printed slab having a thickness of 2.92 cm WET (Table 

3.9). 

Table 3.9. The 50% ionization depth, R50 and calculated WET for the printed anthropomorphic 
slab. The R50 and tw are both listed as depth in water. 

Electron Beam 
Energy 

(MeV) 

R50 

(cm) 

tw 

(cm WET) 

6 2.38 2.92 

9 3.26 2.92 

12 4.80 2.92 

16 6.30 2.92 

20 7.89 2.92 

 

 

Figure 3.8. Gamma index analysis pass rates for the dosimetric comparison of the molded and 
printed anthropomorphic slabs. ROIs 1 (squares), 2 (triangles), and 3 (circles) refer to the 
different regions of interest indicated in Figure 2.11. 
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Table 3.10 lists the gamma index pass rates for ROI 1. A representative gamma index 

map for 12 MeV electrons is shown in Figure 3.9. In this graphic the red regions, which indicate 

a gamma index value greater than 1 (fail), are largely the result of lateral disequilibrium caused 

by heterogeneities in the molded slab. The greyscale regions have a gamma index value less than 

1 (pass). Given the limited interval of mass densities that could be printed in this study, these 

bone heterogeneities were not replicated in the printed slab. The interior region shows that for a 

homogeneous soft tissue, the printed slab has good dosimetric agreement with the molded 

reference slab. Figures 3.10 and 3.11 show a comparison of the two slabs. The bone 

heterogeneities within the molded slab are contoured to facilitate visual correlation of their 

location relative to the gamma index failing regions.  

 

 

Table 3.10. The mean, standard deviation, and pass rate for the gamma index analyses of ROI 1. 
The mean and standard deviation values for each energy are indicators of the dosimetric 
agreement between the two slabs. 

Electron Beam 
Energy 
(MeV) 

Gamma Index Pass Rate 
(%) 

��(��,��) ���  

6 33.7 41.4 11.4 

9 1.8 1.7 45.9 

12 0.6 0.6 78.9 

16 0.5 0.5 87.5 

20 0.7 0.6 77.1 

 



52 
 

 

Figure 3.9. Graphic of the full image gamma index map for the printed and molded 
anthropomorphic slab irradiations. The irradiations were performed using a therapeutic 12 MeV 
electron beam. The red regions are failing points and the greyscale regions are passing points. 

 

  

Figure 3.10. Comparison of axial CT images of the molded and printed anthropomorphic slabs. 
The bone heterogeneities in the molded slab (A) are contoured in blue. The printed slab (B) 
doesn’t feature any of these heterogeneities by design (see Section 2.2.1), and shows printing 

A B 
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structures. The large ring is the cranial bone, and the circular points are bone tissue substitute 
plugs that are part of the reference phantom design for dosimetry applications. 

 

Figure 3.11. Comparison of sagittal CT images of the molded (top) and printed (bottom) slabs. 
The bone heterogeneity in the molded slab is contoured in blue. The printed slab doesn’t feature 
these heterogeneities by design. Item (A) indicates the molded slab bone heterogeneity, (B) 
homogeneous brain tissue, and (C) the air gaps separating the ROIs in the printed slab design, 
respectively. 
 

 Table 3.11 lists the gamma index analysis results for ROI 2. This ROI examined the 

effect of a bone/soft tissue interface on the gamma index analysis comparing the printed and 

molded slabs. The pass rate increases significantly with electron energy due to the decreasing 

influence of multiple coulomb scatter. Figure 3.12 plots gamma index maps of ROI 2 for 

multiple electron energies. 

 

Table 3.11. The mean, standard deviation, and pass rate percentages for the gamma index 
analyses of ROI 2 (Figure 2.11). The mean and standard deviation values for each energy are 
indicators of the dosimetric agreement between the two slabs. 

Electron Beam 
Energy 
(MeV) 

Gamma Index Pass Rate 

(%) Γ�(��,��) ��� 

6 13.4 8.5 1.9 

9 2.4 2.5 41.3 

12 1.0 0.8 64.0 

16 0.7 0.4 79.7 

20 0.9 0.7 66.4 

A B 

C 
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Figure 3.12. ROI 2 gamma index maps for 6, 12, and 20 MeV electron irradiations. The red 
regions indicate points with a gamma index of greater than 1 (fail), and the grey regions are 
points with a gamma index of less than 1 (pass). The number of failing points is shown to 
decrease with increasing electron energy, from 6 (A) to 12 (B) to 20 (C) MeV. 
 

 The gamma analysis results for ROI 3 are listed in Table 3.12. This ROI examined a large 

homogeneous region to compare the printed and molded slabs (Figure 2.11). The pass rates for 

all energies except 6 MeV show clinically acceptable agreement between the printed and molded 

slabs. The failures for the 6 MeV analysis are due to the ranging out of electrons through the 

slabs as mentioned above. Figure 3.13 plots an example gamma index map of the brain ROI for 

12 MeV electrons. 

 

 

A B C 
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Table 3.12. The mean, standard deviation, and pass rate percentages for the gamma index 
analyses of ROI 3 (Figure 2.11). The mean and standard deviation values for each energy are 
indicators of the dosimetric agreement between the two slabs. 

Electron Beam 
Energy 
(MeV) 

Gamma Index 
Pass Rate 

(%) 
Γ�(��,��) ��� 

6 1.3 1.0 50.4 

9 0.3 0.2 99.0 

12 0.4 0.3 93.5 

16 0.2 0.12 99.8 

20 0.3 0.2 99.3 

 

 

Figure 3.13. A gamma index map for ROI 3 for 12 MeV electrons. The red regions indicate 
points with a gamma index of greater than 1 (fail), and the grey regions are points with a gamma 
index of less than 1 (pass). The number of failing points along the ROI edges are a result of 
lateral disequilibrium from the bone heterogeneity. 
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Overall the printed slab showed acceptable dosimetric agreement with the molded slab. 

For 12, 16, and 20 MeV electron energies the gamma index pass rates surpassed the 60% value 

stated in the hypothesis for all three ROIs, and surpassed the clinical standard of 90% for ROI 3. 

The gamma index failures are largely the result of not being able to print bone. The lack of bone 

heterogeneities also affected the lateral scattering of 9 MeV electrons, a reason for the lower pass 

rates for this energy trial. The 6 MeV irradiations were affected by measuring near the end of 

particle range in the slabs for this aim. 

3.3. Aim 3: Comparison of Printed Personalized Phantom to Molded Reference Phantom 

The comparison of dose calculations for the personalized head phantom and reference 

head phantom to dose calculations in the patient served as an integral test of the hypothesis of 

this work. In this aim we printed a head phantom from patient imaging data, then performed 

electron beam dose calculations on the patient, printed phantom, and reference phantom (see 

Section 2.3.3). The calculated doses for both the printed and reference phantom were then 

compared with the calculated dose for the patient using gamma index analysis to assess how well 

each phantom models radiologic characteristics of the patient.  

Table 3.13 lists the gamma index pass rates for the comparisons of both the printed head 

phantom to the patient and the reference phantom head to the patient. For gamma index criteria 

of 3% DD or 3 mm DTA, only 16 and 20 MeV energy trials for the comparison of the printed 

phantom to the patient exceeded a pass rate of 60%. For all energy trials, the personalized 

phantom showed substantial improvement in gamma index pass rates over the reference phantom 

head. This is due to the personalized phantom more accurately modeling the patient surface 

anatomy and low density heterogeneities than the reference phantom. Figure 3.14 shows dose 
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distributions of the electron beam dose calculations for the patient and both the personalized and 

reference phantoms for a therapeutic 6 MeV electron beam. 

The differences in dose distributions in the printed personalized phantom and the patient 

were largely a result of the inability to print bone for this study, but this was accounted for with 

overriding the tissue densities in the patient to facilitate a more direct comparison (Section 

2.3.2). Despite only being able to produce phantoms with one tissue density, the printed 

personalized phantom still showed marked improvement over the reference phantom due to its 

ability to more accurately model surface geometry and the low density heterogeneities such as 

tissue-sinus interfaces present in craniofacial anatomy. 

 

Table 3.13. The gamma index analysis pass rates for the dosimetric comparison of both the 
personalized and anthropomorphic head phantoms to the patient at 6 to 20 MeV electron beam 
energies.  

Electron Beam 

Energy 

(MeV) 

Gamma Index Pass Rate 

(%) 

Personalized Printed 

Phantom 

Reference Molded 

Phantom 

6 40.7 27.3 

9 43.7 25.8 

12 53.4 28.1 

16 63.3 32.8 

20 69.7 41.3 
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Figure 3.14. Transverse treatment planning images of the 6 MeV calculated dose distributions in 
(A) the patient, (B) the printed phantom, and (C) the reference phantom. The red, blue, green, 
and yellow isodose lines correspond to 80, 60, 40, and 20% of the maximum dose. The beam 
placement is shown by the red lines and the beam direction is indicated by the red arrows. 
  

The dose distributions in Figure 3.14 show that, while the surface anatomy of the printed 

phantom provides isodose distributions with a similar shape to those in the patient, the electron 

ranges differ in distal regions. This is further revealed in the gamma index maps shown in Figure 

3.15. The large majority of the failing points in gamma analysis are due to a deeper distal dose 

falloff in the printed phantom compared to the patient. 

 

  

Figure 3.15. Axial gamma index maps comparing the printed phantom to the patient for 6 and 20 
MeV electron beams. The 6 MeV gamma map (A) shows greater lateral disequilibrium 
compared to the 20 MeV gamma map (B). The red regions represent failing points where the 
patient exhibited a higher dose, and the blue regions represent failing points where the phantom 
exhibited a higher dose. The beam direction is anterior to posterior, and the patient anatomy is 
indicated by (1) the nose, (2) right cheek, (3) left cheek, and (4) the ethmoidal sinus. 
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To further examine the dose differences between the patient and the printed phantom, 

additional gamma analyses were performed for the personalized phantom with looser gamma 

index criteria of 5% DD or 3 mm DTA and 3% DD or 5 mm DTA. The results for these analyses 

are listed in Table 3.14. The looser DTA criteria reflected the previous findings (Section 3.2) on 

the differences in attenuation properties between printed materials and reference materials 

designed to represent human tissue. This is seen in the increased pass rates for 5 mm DTA 

compared to a DTA of 3 mm (Table 3.14), adding confidence to the pass rates shown in Table 

3.12 because it shows that the gamma index results vary smoothly with different DTA and DD. 

This indicates that the findings were not strongly influence by the particular choice of DD in the 

gamma index criteria. 

 

Table 3.14. The gamma index analysis pass rates for the dosimetric comparison of the 
personalized head phantom to the patient for electron beam dose calculations. Pass rates are 
listed for criteria combinations of 3% and 5% DD and 3 and 5 mm DTA. 

Energy 
(MeV) 

Gamma Index Pass Rate 
(%) 

3%, 3 mm 5%, 3 mm 3%, 5 mm 

6 40.7 41.5 50.4 

9 43.7 44.8 53.4 

12 53.4 55.6 65.4 

16 63.3 66.2 75.3 

20 69.7 72.9 78.6 
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 The printed phantom showed substantially better dosimetric accuracy than the reference 

phantom for modeling the patient dose calculations (Section 2.3.2). The primary reason for the 

dosimetric differences in the printed phantom and the patient is the inability to print bone. The 

lack of bone heterogeneities prevents the energy attenuation and lateral scattering that is caused 

by this heterogeneity in the patient. Other sources of dosimetric differences are the ranging out of 

electrons in regions with large mass thickness differences between the phantom and the patient, 

and the lateral scattering of electrons at 6 and 9 MeV electron energies.
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Chapter 4: Discussion 

This work tested the hypothesis that personalized printed phantoms can achieve a pass rate 

of greater than 60% for electron beam radiotherapy treatments with clinically relevant gamma 

index criteria. The hypothesis was proven true for higher electron energies of 16 and 20 MeV and 

disproven at electron energies of 6, 9, and 12 MeV. This was accomplished by using electron beam 

measurements and calculations for a variety of materials and geometries to determine the 

radiological properties of reference phantoms and 3D printed personalized phantoms. The print 

materials, fabrication techniques, and geometric accuracy of 3D printing were studied as a means 

of testing whether or not 3D printed phantoms designed from patient imaging data could serve as 

an improvement over reference anthropomorphic phantoms for radiation dose measurements in 

clinical research and radiotherapy applications.  

The tests of the print materials and fabrication techniques revealed that the printing 

process introduces minute voids into solid printed objects, which affected the mass density and 

attenuation properties of printed materials. In measuring the radiation attenuation properties of 

printed slabs, we showed that it is possible to mimic both the radiological and physical thickness 

of tissue with a density less than 1.14 g/cm3. We could not accomplish this for higher density 

tissue given the printer limitations in filament density. The differences between the calculated 

and measured WET for the printed slabs can be attributed to the deviations in printed slab mass 

thickness from the design parameters.  

Aim 2, the comparison of printed and molded reference anthropomorphic slabs, showed 

that a 3D printed slab has the potential to achieve radiological equivalency with a molded 

reference slab. Further improvements in radiological equivalency between the printed and 

molded slab could be made by modeling bone in the printed slab. The PLA proved to be a 
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suitable material for soft tissue, as shown by the gamma index pass rates for ROI 2. These 

findings are reinforced by the gamma index analysis results from Aim 3, the comparison of the 

personalized printed phantom to the patient for electron beam dose calculations. Additionally, we 

showed that for a patient with atypical anatomy, personalized printed phantoms can achieve 

higher dosimetric accuracy than a generic molded phantom when compared with the patient. 

4.1. Impact 

 Personalized 3D printed phantoms have the potential to be utilized as a quality assurance 

tool in radiotherapy to facilitate measuring dose from patient radiotherapy plans. This tool could 

be useful in assessing the accuracy of radiotherapy plans for patients with gross anatomical 

deficiencies in comparison to reference anatomy. Treatment planning systems may not 

accurately predict dose distributions for radiotherapy cases in which there are in-field 

heterogeneities, such as the bony processes previously discussed in Section 1.1.3 and post-

operative abnormalities. Personalized phantoms could be used as a tool to perform radiation dose 

measurements of a personalized radiotherapy plan in the presence of heterogeneities. Partial 

amputations or scars can significantly affect surface geometry, which confirms the findings of 

this study that have shown to have a sizable impact on electron beam dose distributions 

(Hogstrom, Mills, and Almond 1981). For cases such as these, 3D printed personalized phantoms 

have proven capable of providing a more accurate dosimetric assessment of the effects of 

heterogeneities on dose distributions both at the surface of and within the patient. 

 The findings of this study can also find applicability in the improvement of dose 

calculation algorithms in radiotherapy treatment planning. Specifically, 3D printed patient-

specific phantoms with atypical anatomy could be utilized to perform dose measurements for 

radiotherapy treatment plans in order to validate planned dose calculations in the presence of 
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gross anatomical heterogeneities. This would potentially provide enhanced dose coverage and 

tissue sparing in patient radiotherapy plans, thereby improving patient outcomes. Another 

clinical use for the findings of this study would be print personalized phantoms that can 

accommodate prostheses or implants (Figure 4.1). Extensive Monte Carlo studies have been 

done on the dosimetric impact of implants such as surgical screws or radiotherapy fiducial 

markers (Vassiliev et al. 2012, Wang et al. 2013). Additionally, the effects of fiducial markers on 

dose distributions has been quantified with dosimetric measurements in anthropomorphic 

phantoms (Huang et al. 2011, Newhauser et al. 2007). Performing dosimetric measurements 

using personalized phantoms for these studies could provide potentially enhanced dosimetric 

accuracy and improved understanding of the impact of these implanted heterogeneities. Another 

possible application would be to be able to print geometrically accurate phantoms of the fetus 

during different gestational stages, which would allow for better fetal dose measurements from 

out of field doses. 

 

 

Figure 4.1. Radiograph of surgical pins used to bridge lumbar and sacral vertebrae following 
after a spinal fusion to treat spinal stenosis. These high density surgical implants can cause 
significant dose perturbations for radiotherapy treatments (rad.washington.edu). 
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4.2. Previous Literature 

Similar to the previous study of personalized phantoms by Ehler et al. (2014), we found 

that 3D printing is a feasible tool for fabricating personalized phantoms for electron beam 

radiotherapy. Regarding the use of fused deposition modeling as the chosen printing technology, 

a study on 3D printed plastics for use in proton therapy found that this printing technology is 

inferior in comparison to Polyjet printing for charged particle therapy applications (Lindsay et al. 

2015). They found similar visual printing errors (see Figure 2.13) and density variations due to 

voids introduced by the printing process. A study of 3d printed bolus for charged particle 

therapies, Zou et al. (2015) showed that printed electron bolus created with PLA caused a 

submillimeter depth shift in the 90% isodose line for therapeutic electron beams. The findings 

are similar in nature to those of the first aim in regard to deviations in range shifts compared with 

predicted values. While these findings are significant and warrant further investigation into fused 

deposition modeling as a printing technology, the deviations in range shifts are still within a 

clinically acceptable range of 2 mm for the lung slab and 4 mm for the bone slab. 

4.3. Study Strengths 

To the best of our knowledge, this is the first study to examine the feasibility of 3D 

printed phantoms that model both internal and external patient geometry for electron beam 

therapy. For each aim we sampled all clinically relevant electron energies and examined changes 

in dose distributions for different electron energies. Additionally, this study encompassed a wide 

range of mass densities in both printed and reference geometries in regards to their physical 

properties and radiological attenuation properties for therapeutic electron beams. 
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4.4. Study Limitations 

Limitations of this study are primarily the result of the technology available for 3D 

printed phantom production. Due to limitations in printing technology available to us for this 

study, we were not able to test personalized phantoms with patient-specific bone heterogeneities 

so we could not assess the dosimetric impact they would have. Given the performance of the 

personalized phantom in comparison to the reference phantom, this is considered to be a minor 

problem. Further developments in printer materials and upgraded printing technology could 

overcome this issue. 

For the first aim, we were unable to verify the mass densities for the lung and bone 

reference slabs in comparison to the densities stated by the manufacturers. Given that the 

radiological thickness of these reference slabs was measured using range shift techniques, this 

was not a serious limitation to this aim. The layering process utilized in fused deposition printing 

introduces density variations in printed structures, which were determined to introduce 

attenuation variability and scattering in objects printed with 100% infill density. Also, the full 

effect of how various infill patterns and infill densities influence the object mass density and the 

degradation of electron beam range is not fully understood. These factors have the potential to 

introduce an angular dependence to printed phantoms. While these limitations warrant further 

investigation, they can be considered to be minor issues in phantom fabrication. Fused deposition 

printing with multiple filaments would allow for a broader range of printable plastic densities. 

The ability to print with a plastic that is of similar density to bone in addition to a soft tissue 

equivalent plastic would permit modeling high density heterogeneities such as bone. From the 

results of the second and third aims of this work, it can be concluded that this improvement 

would significantly improve printed phantom accuracy. 
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The stacking of layers limits the ability to prototype features that have no underneath 

supporting structure. The use of a different 3D printing modality, such as the stereolithography 

process shown in Figure 4.2, would compensate some of these limitations because of different 

fabrication techniques (Wong and Hernandez 2012).  

 

Figure 4.2. Graphic of the stereolithography 3D printing process. This method uses a scanned 
laser to solidify the surface layer in a liquid resin bath. The print platform is adjusted as the 
structure is prototyped to build the height of the printed structure. This process allows for a 
continuous solid printed object, an advantage over the fused deposition layering process. Image 
adapted from Wong and Hernandez (2012). 

Another limitation of this study is the phantom design process. More detailed imaging 

data would permit higher resolution in the conversion of imaging data to structural design. 

Decreasing CT slice thickness would improve the geometric data available, but at a cost of 

increased patient dose. Other imaging modalities such as MRI warrant investigation as well. The 

current method of using treatment planning tools for structure delineation also can introduce 

errors in structure design. By implementing a better method of identifying density gradients, 

more accurate contours could be drawn to improve the phantom geometric accuracy. This study 
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utilized the TPS and an in-house stitching program to produce the phantom design, which limited 

the resolution of the surface mesh. Continued refinement of the stitching program would also 

increase surface resolution. Alternatively, integrating image analysis software into the design 

process could provide improvements in STL file production. 

4.5. Future Work 

 The findings of this work lay the framework for several future studies utilizing 

personalized 3D printed phantoms. The findings of this study could also find applicability in 

different aspects of radiation oncology, including improved anthropomorphic dosimetry and 

radiobiological studies. 

4.5.1. Validation for Other Therapy Modalities 

 Given the differences in radiation transport and dose deposition for different types of 

radiation therapy, it is important to repeat this study for other external beam therapy modalities. 

Repeating the methods described in Section 2.3.2 for x-ray treatments would prove the utility of 

printed phantoms for another commonly used radiotherapy modality. Doing the same for proton 

therapy treatments would provide confirmation as to whether or not personalized phantoms are 

suitable for measuring absorbed doses to deep-seated targets. An assessment of the potential 

angular dependence of printed phantoms should be included in any future charged particle 

therapy studies. 

4.5.2. Validation for Other Anatomical Regions 

 To the best of our knowledge, printed personalized phantoms have not been extensively 

studied for any anatomical region other than the head. Similar to features of the head, the female 

breast can vary drastically from person to person in terms of density, size, and shape. The 

development of patient-specific breast phantoms may allow for improvements in dosimetry of 
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radiotherapy treatments for breast cancer, as the geometry of the breast can be more accurately 

modeled to reflect the patient anatomy under treatment conditions. Alternatively, the phantom 

design techniques described in Section 2.3.1 could be adapted to produce patient-specific breast 

immobilization devices akin to the head immobilization devices tested by Fisher et al. (2014). 

4.5.3. In-House Phantom Manufacturing 

This study looked at the potential for producing 3D printed phantoms in-house, an 

advantage for clinical applications that require rapid fabrication. 3D printing hardware is the only 

technology used in this work that is not readily available in most radiation oncology clinics 

across the U.S. A dual filament extrusion deposition 3D printed would cost around $5000, while 

100 kg of PLA filament costs approximately $3000. All of the necessary software for designing 

and producing personalized phantoms is either freely available or already integrated into clinical 

software e.g. a radiotherapy TPS. A radiation oncology center could acquire all the necessary 

tools to produce personalized phantoms at approximately a fifth of the cost of an adult male 

reference phantom. So for a fraction of the cost of currently available anthropomorphic 

phantoms, clinics could design and print phantoms in-house. This would also allow for printed 

phantoms to be modified during design to utilize the dosimetry tools currently available to a 

clinic. For example, personalized phantoms could be prototyped to support various types of ion 

chambers, thermoluminescent dosimeters, or film. Additionally, dosimeters could be printed with 

geometry tailored to specific applications e.g. measuring doses in a personalized phantom sinus 

cavity. 

4.5.4. Future Applications 

One potential future application for these findings is the development of more advanced 

radiotherapy phantoms. Current phantoms have the limitation of being rigid structures with 
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limited dosimetric capabilities, variations in density for replicated tissue, and anatomical detail 

resolution. These limitations could be overcome by the development of hybrid phantoms: printed 

phantoms that can be combined with other materials to fulfill a new role in dose measurements.  

The simplest hybrid phantom design involves adding voids in the design process that 

could be filled with tissue equivalent materials or gel dosimeters. The phantom design methods 

would be similar to those described in Section 2.3.1, but with the additional delineation of the 

voids to be filled. For example, a phantom could be designed and printed with the ability to fill in 

bone heterogeneities. During phantom processing, the bone contours would be rendered as voids 

in the phantom design structure. After printing, the voids would be filled with a pourable 

material with a tissue equivalency similar to that of bone and allowed to set. The resulting 

phantom would be able to mimic soft tissue, as verified by the results in Section 3.2.3, as well as 

bone and sinus cavities. Alternatively, a hollow patient-specific phantom could be printed that 

would accommodate gel dosimeters such as BANG® polymer gel. The gel dosimeter fill would 

provide three-dimensional internal dose information for radiotherapy treatments, while the 3D 

printed exterior would accurately model patient surface anatomy. 

Another application is the use of the phantom design process to create molds for 

anatomically accurate dosimeters. A recent study examining the accuracy of microSBRT 

treatments with the use of 3D printed rodent-morphic dosimeters utilized phantoms created from 

3D printed molds (Bache et al. 2015).  The dosimeters in this work consisted of an abdominal 

section and high-Z insert, both cast using 3D molds designed from rodent imaging data (Figure 

4.3). This technique could be adapted to develop anatomically correct dosimeters for patient 

radiotherapy treatments. Potential anatomical regions for which these hybrid phantoms could 

improve dose measurements are head and breast phantoms.  
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Figure 4.3. 3D printed molds and an optical CT projection of a gel dosimeter with high-Z insert. 
The molds (A) were designed from imaging data, and the CT projection (B) shows the full 
phantom. This hybrid phantom serves as a rodent-morphic dosimeter with a high-Z insert, 
serving as a realistic representation of rodent anatomy. Image adapted from Bache et al., (2015). 

 

Hybrid phantoms composed of both printed thermoplastics and printed biological 

material such as cell scaffolding or tissue would take advantage of the rapid advances in 3D 

printing technologies for the creation of biological material. Cell scaffolding or skin tissue could 

be printed directly onto personalized phantoms and then utilized in dose measurements, 

providing radiobiological feedback. These radiobiological hybrid phantoms could provide 

valuable biological data for assessments of deterministic effects associated with radiation 

exposure. A clinically significant application for this technology would be in quantifying 

biological endpoints for normal tissue complication risk models. 

 This idea is supported by studies such as the recent work by Marchioli et al. (2015)  , 

which studies the use of 3D printed scaffolds for Islets of Langerhans transplants in the treatment 

of Type I Diabetes. This work used 3D bioplotting to fabricate porous scaffolds that would allow 

for vascularization of the transplant site, which would provide improved nutrient flow and 

oxygenation. With continued improvements in biological material and cell culture technology, 

the techniques and findings of this study could be applied to personalized radiotherapy phantoms 

to develop hybrid phantoms for tumor response studies. Patient-specific printed phantoms could 

B A 
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have tumors printed into them for dose measurements to assess the impact of radiotherapy 

treatments, with the benefit of cell survival studies in a three dimensional geometry.
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Chapter 5: Conclusion 

This study demonstrated that while personalized printed phantoms can achieve a gamma 

analysis pass rate of greater than 60% at 16 and 20 MeV electron beam energies, further 

improvements to printed phantoms are necessary in order to meet this goal at lower therapeutic 

electron beam energies. Additionally, it was shown that personalized printed phantoms are 

capable of achieving significant improvements in dosimetric accuracy for electron therapy plans 

over molded reference anthropomorphic phantoms when compared with patient dose 

calculations, i.e. for a case where the patient anatomy and reference anatomy differ substantially. 

The findings of this study suggest that better dosimetric results could be achieved with a wider 

range of densities for printed materials. 

While the findings of this study are promising, significant improvements in printed 

phantoms are necessary to achieve clinically acceptable gamma analysis pass rates, e.g., 90% 

with a criteria of 3% DD or 3 mm DTA. Several of these improvements can be made with 

improved printing technology and refinement of the software used in the phantom design 

process. Additional developments in phantom design software, fabrication materials, and 3D 

printing technologies will improve the utility of personalized phantoms in both a clinical and 

academic environment. 
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