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During the procedure of radiotherapy for superficial tumors, the key to treatment is to ensure that the skin surface receives an adequate radiation dose. However, due to the presence of the built-up effect of high-energy rays, equivalent tissue compensators (boluses) with appropriate thickness should be placed on the skin surface to increase the target radiation dose. Traditional boluses do not usually fit the skin perfectly. Wet gauze is variable in thickness day to day which results in air gaps between the skin and the bolus. These unwanted but avoidable air gaps lead to a decrease of the radiation dose in the target area and can have a poor effect on the outcome. Three-dimensional (3D) printing, a new rising technology named “additive manufacturing” (AM), could create physical models with specific shapes from digital information by using special materials. It has been favored in many fields because of its advantages, including less waste, low-cost, and individualized design. It is not an exception in the field of radiotherapy, personalized boluses made through 3D printing technology also make up for a number of shortcomings of the traditional commercial bolus. Therefore, an increasing number of researchers have tried to use 3D-printed boluses for clinical applications rather than commercial boluses. Here, we review the 3D-printed bolus’s material selection and production process, its clinical applications, and potential radioactive dermatitis. Finally, we discuss some of the challenges that still need to be addressed with the 3D-printed boluses.
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Introduction

The maximum radiation dose of high-energy external X-ray beams can be reached only after they enter the human tissue with a certain depth, which is known as the built-up effect or skin-sparing effect (1–3). This effect can protect the skin during radiotherapy for deep-seated tumors, but for cancers located close to the skin (like malignant melanoma, head-and-neck cancer, postmastectomy radiotherapy, etc.), which may reduce the target coverage dose, result in the poor therapeutic efficacy of radiotherapy (4–6). Therefore, in terms of radiotherapy for superficial tumors, tissue-equivalent boluses need to be placed on the skin’s surface to reduce the risk of local recurrence and improve the long-term survival rate (7, 8). But perfect contact with skin with the current bolus is difficult, air gaps between the bolus and skin lead to an inadequate or inhomogeneous radiation dose to the surface of the skin (9, 10).

The emerging 3D printing technology known as “additive manufacturing” creates 3D structures through successive layers of material from the bottom up (11, 12), instead of cutting or milling out the shape of the object from a larger volume of material, or casting molten material in a mold. This technology has widespread application in all walks of life because of its low-cost and ease of use. There is great opportunity for 3D printing development in medicine, and the abundance of new research is showing the ability of 3D printing to promote innovation (13–15).

3D printing technology is also of enormous clinical value in the field of radiation oncology, whether in quality-assured phantoms and brachytherapy applications or in beam modulators and boluses (16–19). The 3D-printed bolus is one of many research advances in 3D printing technology, broadening its prospects (10, 20, 21). In comparison with the traditional bolus, individualized 3D-printed boluses have many advantages: Firstly, the more uniform thickness reduces ray scattering and avoids hot and cold spots (20, 22–24). Secondly, the area covered by the 3D-printed bolus is more accurate; reducing unnecessary dose increases to distant organs. Furthermore, modern radiotherapy techniques, like modulation of electron radiation therapy (MERT), achieve technically accurate control of the shape of the bolus and improve the parameters of dosimetry, thus attaining better delivery of therapeutic dose and protecting the organs at risk (OARs) (25–30).

In this article, we will give an overview of the application of the 3D-printed bolus in radiotherapy. Preclinical studies focused on the selection of materials and fabrication of 3D-printed boluses, and preliminary dosimetry validation on the human body model. Then the clinical research explored dosimetry, skin side effects, and cost-effectiveness.



Fabrication of the 3D-Printed Bolus


Bolus Materials

Bolus-assisted radiotherapy can effectively control the local recurrence of cancers. The key point is to make sure the bolus has perfect contact with skin. Taking into account the physical characteristics, biocompatibility, safety of the material, and filling ratio of the bolus, as well as the comfort of the finished product under different manufacturing processes is necessary (23, 26, 31, 32).

The most commonly used materials are polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS) with a high filling ratio (20, 29, 33). The densities of both materials are similar with water (1-1.2 g/cm3), the printing setting temperature of ABS is slightly higher than PLA (25, 34, 35). Sarah Burleson and Kwangwoo Park et al. pointed out that PLA (Shaw’s hardness 75D) was closer to soft tissue than ABS (Shaw’s hardness 70D), improving the anatomical compliance, and reducing the problem of bending or warping during printing (30, 34). But these two materials and their modifications (ABS-M30, ABS plus, polyamide PA2200) are extremely hard and cannot be used as boluses for patients with sensitive skin or open wounds; new materials have been explored in recent years (31, 36–38). Clear Flex 30 (urethane liquid rubber) has been reported to irritate the eyes, respiratory system, and skin, and may cause sensitization through inhalation and skin contact (26). Agilus-60 is a soft‐curing rubber‐like photopolymer resin, which remains soft and semi‐flexible, but this material is rare and expensive (23). Yi Hou et al. explored a new bolus material-hydrogel, although with good conformability and adhesion and antibacterial effect, its practicality still needs to be further studied due to its complicated production process and the fact that only pre-clinical studies have been undertaken (32). Some studies have shown that silicon exhibited excellent physical properties in terms of flexibility (density 1.131g/C, shore hardness 10A), durability [tensile strength of 475 psi and elongation at break of 1000 (%)], without cytotoxicity and skin irritation (26, 39, 40) (details are shown in Table 1).


Table 1 | Different materials of the 3D-printed bolus.



As we can see, there are many different materials for 3D-printed boluses and without a uniform standard. The bolus substance must be odorless, non-sticky, and harmless to the skin. Many factors have to be considered in the selection of tissue compensation materials for 3D printing. It is necessary and urgent to develop a new bolus material with combined advantages of easy-to-fabricate, convenient-to-use, low-cost, good-fit to skin contour, and antibacterial properties.



Manufacturing Process

The production process of the 3D-printed bolus is basically similar in many studies, (shown in Figure 1) (26, 30, 34, 36, 37, 41). The approximate desired radiotherapy bolus area is marked on the anthropomorphic phantom or patient. The external contour is created from the CT scan, which is then expanded by the desired thickness of the bolus and subtracted from the expansion. Then the material is cut down to cover only the treatment area as defined during simulation. The result is the geometry of the desired bolus as a contour. This contour can then be converted into an STL file which can be processed into instructions for the 3D printer and the designed bolus is printed out. What needs special attention is that it is difficult to 3D print a perfectly solid piece of plastic (it tends to deform). Most prints are done with 2-3 shell layers on the outer edges of the object with some sort of lattice or honeycomb structure on the inside. The higher infill means having a more densely packed lattice, which leads to a more homogeneous bolus that could improve dose distribution on the patients’ skin. Subsequently, a radiotherapy plan which references a new CT scan with the 3D bolus is made in the treatment planning system (TPS) after the fitting degree is verified to be satisfactory (25, 26, 28, 29, 39, 40, 42).




Figure 1 | The schematic of the manufacturing process of a three-dimensional (3D) bolus. (A) Patients were positioned in standards and their body contour was marked; (B, C) 3D-modeling software was used to create a patient-specific bolus based on CT images and marks; (D) the fitness of the 3D-printed bolus was verified; (E) a radiotherapy plan which referenced the second CT scan with the 3D bolus in the treatment planning system (TPS) was formulated.






Pre-Clinical Evidence

During the pre-clinical study of Shin-Wook Kim and Jae Won Park, it was found that the difference between the calculated dose and the measured dose under the bolus was less than 1%, and the 3D-printed bolus improved the prescription dose metrics: Dmean (mean dose), Dmin (minimum dose), D90% (dose covered 90% of the target volume), and V90% (volume received 90% of the prescribed dose) (36, 39, 42) (Data comparison is shown in Table 2).


Table 2 | Pre-clinical dosimetric evaluation of the 3D-printed bolus.



The 3D-printed bolus could better ensure the coverage of the target area and the accuracy of radiotherapy dose because of good adhesion (maximum air gap less than 4 mm) (23, 33). Richard A. Canters found that a 3D bolus leads to an improvement of GTV coverage (V95%) from 84% to 97% (p=0.05); CTV coverage (V85%) improved from 88% to 97% (p=0.006) (20). The new material hydrogel or silicon bolus significantly increased the dose in the dose volume histogram (DVH). A 3D bolus gives 100% of PTV coverage at the dose level of 90%, while a conventional bolus with more air gap had only 98.3% (26, 32). So-Yeon Park compared the 3D-printed bolus and commercial bolus in postmastectomy radiotherapy. The theoretical and practical dose errors in 200 and 300 cc volume with the 3D bolus were not remarkable, which were -0.7% and -0.6% for 3 mm, -1.1% and -1.1% for 5 mm (no statistically significant difference), respectively, however, the dose errors of the commercial bolus were -5.1% and -3.2% for 3 mm, -6.3% and -4.2% for 5 mm with a statistically significant difference (P<0.001), indicating that the 3D-printed bolus could not only reduce the daily positioning error, but also overcome the dose reduction caused by the air gap between the bolus and skin surface (29).



Clinical Evidence


Dosimetry Evaluation

It is critical to ensure that the skin surface receives the adequate prescribed radiation dose in the treatment of superficial tumors. Martin J. Butson et al. showed that the air gaps under the bolus would reduce skin surface dose as measured by the Attix parallel plate ionization chamber and radiochromic film detection. An unwanted air gap of 4-10 mm would decrease the superficial dose by about 4-10% (43). After preclinical explorations, 3D-printed boluses have overcome the disadvantages of traditionally available boluses by not only reducing air gaps in order to achieve doses closer to a uniform prescription, but also protecting organs at risk. Therefore, the research on the clinical applications of 3D-printed boluses are being gradually developed (Table 3).


Table 3 | Clinical dosimetric evaluation of the 3D-printed bolus.



James L. Robar et al. applied a 3D-printed bolus in 16 patients with postmastectomy radiotherapy. Results found that the patient surface fit accuracy of the 3D-printed bolus was significantly improved, air gaps of more than 5 mm were decreased from 30% to 13% (P<0.0003), and the maximum air gaps diminished from 5 ± 3 mm to 3 ± 3 mm (25). Another application of the 3D-printed bolus in head and neck disease found that the maximum subcutaneous air gap was only 4 mm and the actual irradiation dose on the skin surface was only ±10 cGy different from the planned dose (23, 37).

The 3D-printed bolus has a significant increase in skin fit compared to the commercial bolus, thus ensuring adequate irradiation dose. Richard A. Canters, etc. compared dose coverage differences between a traditionally generated bolus and 3D-printed silicon bolus among 11 non-melanoma skin cancer cases, and found that GTV (V95%) rose from 84% to 97% (p = 0.05), CTV (V85%) rose from 88% to 97% (p = 0.006), and emphasized the superior advantage of 3D-printed bolus dosimetry distribution (20). Two other studies found that both 3D-printed silica gel (3D-SRB) or 3D-printed PLA (3D-PLA) was closer to the prescribed dose (0.47% vs. 4.43%), improved dose uniformity by 45%, and improved the precision of the dose absorbed by the chest wall to 3% (28, 30). Tsuicheng Chiu and Zhang Min, etc. demonstrated that a cast silicon bolus showed high homogeneity and exceptional fit to patients and enabled predictable and reproducible dosimetry (40, 42). Magdalena Lukowiak et al. made a bolus for 11 patients with basal cell carcinoma of the eye, and found that the fit between the reference bolus (planned in TPS) and the 3D-printed bolus was higher than that of the artificial paraffin bolus (92.5-98.4% vs. 28.2-99%). The minimum dose difference between the actual dose and the reference dose was <5%, maximum dose difference <2.5%, while the artificial paraffin bolus was as high as 24% and 8%, which emphasized the advantages of the adhesion and dose homogeneity of the 3D-printed bolus (44).

The 3D-printed bolus ensured the radiation dose in the target area. Kwangwoo Park found the continuous shape of the 3D bolus showed less relatively hot and cold spots, which resulted in improving dose conformity and uniformity, and the radiation dose for organs at risk (OARs) reduced by 20%, including lung dose decreases ranging from 24.5% to 40.5%, significantly reducing the risk of radiation pneumonia (30). Su et al. pointed out that a modulation of electron radiation therapy (MERT)-optimized 3D bolus with the distal contour of PTV is less variable compared with a commercial bolus, which will reduce areas of unwanted dose enhancement and protect organs at risk. In the treatment planning for a pediatric patient with a rhabdomyosarcoma adjacent to the left kidney, a 38.2% mean dose reduction to the kidney was obtained compared with a uniform bolus (33). Yizhou Zhao et al. pointed out that the 3D-printed bolus enhanced both patient comfort and reproducibility; ensuring the target dose, at the same time protecting the OAR. Making this technique usable in a wide variety of radiotherapy treatments for superficial tumors (38).



Radiation Dermatitis

Skin injury is one of the most common toxicities and side effects in radiotherapy. Although most skin injuries after radiotherapy are relatively mild and reversible, there are still great differences in severity and prognosis with the increase of dose (45). Acute radiation dermatitis usually occurs within 90 days after radiation exposure. The main symptoms are erythema, moist desquamation, and even ulceration. The severity is closely related to the dose. It is easier to cause skin fold moist desquamation when the cumulative dose meets or exceeds 4000 cGy. The most severe reactions usually occur in the 1-2 weeks after completion of radiotherapy treatment (46, 47). However, the incubation period of chronic radiation dermatitis is months or years, mainly manifested as skin fibrosis, atrophy, and malignant changes, etc. It usually presents as mild acute skin reactions or normal skin, and is generally difficult to self-repair (45).

Both the traditional bolus and 3D-printed bolus not only increase the irradiation dose on the skin surface, but also aggravate the skin reaction to varying degrees (48). A study reported by Nancy Lee et al. (49) observed five cases of head and neck tumor patients treated with a commercial bolus, and the average dose increased by 18% after the use of the bolus. All patients had acute skin reactions, including one case of grade 3 toxicity (RTOG classification standard). Minh Thi Tieu, etc. recorded 254 patients who received postmastectomy radiotherapy. The incidence of acute skin reaction was 12% (bolus group) and 2.7% (without bolus group), and the whole chest wall using the bolus was associated with a significant interruption of treatment (P=0.012), discontinued treatment, and further improved the local recurrence rate (HR=4.8) of the skin (50). A subsequent similar study also found that the rate of level 3 toxicity was as high as 47% for daily use of a bolus versus only 26% for once every other day use (95%CI 2.05-6.26, P<0.001). In addition to the effect of cumulative dose on the skin surface, smoking history (95%CI 1.09-8.01, P=0.03) and radiation energy (95%CI 0.23-0.97, P=0.04) were all correlated (51).

At present, the clinical application of the 3D-printed bolus is limited. There is no large-scale multi-center, long-term follow-up, prospective study to explore the radiation dermatitis when using a 3D-printed bolus. The observation of the incidence of skin toxicity and side effects is still lacking the support of abundant clinical data (52, 53).


Cost-Effectiveness

The production process of 3D printing a bolus is becoming more and more mature. Compared with a conventional tissue bolus, the cost consumption is mainly reflected in the material cost and labor, and the cost and time loss caused by the production tool or printer cost, equipment maintenance, and printing failure can be ignored (details in Table 4) (23, 41). Based on this, Christine Albantow et al. compared 24 cases of a 3D-printed nose bolus made of paraffin and PLA. The time cost and average material cost of the paraffin bolus were $138.54 and $20.49, respectively, while the 3D printing bolus costs were only $10.58 and $13.87, respectively, indicating that the 3D-printed bolus was more cost-effective (22). Although a 3D-printed bolus could significantly reduce labor and material costs, there are still significant differences between different materials and labor (20, 29, 41, 44, 54). In addition, James L. Robar et al. considered the placement time of a bolus in radiotherapy and found that the installation time of the 3D-printed bolus decreased from 104 s to 76 s compared with the traditional bolus, greatly reducing the overall time cost (25). Tsuicheng Chiu et al. and Richard A. Canters et al. optimized the production method and medical treatment process of the 3D-printed bolus, so as to reduce the frequency of patient visits and artificial labor, reduce the waiting time and material cost, and provide patients with lower price and a more comfortable personalized 3D-printed bolus (20, 40).


Table 4 | Cost-effectiveness of the 3D-printed bolus.







Discussion

The advent of the 3D-printed bolus has been revolutionary in superficial tumor radiotherapy. Regarding the current trend of the development of custom 3D-printed boluses, an increasing number of available reports have shown that this approach can reduce the air gap, improve the accuracy and uniformity of dose, better protect normal tissues, and has clear advantages in cost and time efficiencies. However, the clinical evidence is not robust and certain questions remain unanswered. There is not yet a consensus about the material choice, and frequency of application. With the use of any bolus there is a likelihood of adverse skin reactions. There is a need for further study to make the best use of the advantages of 3D-printed boluses while reducing acute skin reactions.



Author Contributions

These authors named XRW and XTW who wrote the manuscript have contributed equally to this work. ZX, YZ, FL, and BS were responsible for guiding the writing of the paper. JM, SY, and TH were responsible for the collection of literature materials. LL was responsible for the overall revision. All authors contributed to the article and approved the submitted version.



Acknowledgments

We thank our colleagues for the critical reading of the manuscript.



References

1. Fontenla, DP, Napoli, JJ, Hunt, M, Fass, D, McCormick, B, and Kutcher, GJ. Effects of Beam Modifiers and Immobilization Devices on the Dose in the Build-Up Region. Int J Radiat Oncol Biol Phys (1994) 30(1):211–9. doi: 10.1016/0360-3016(94)90537-1

2. Mellenberg, DE. Dose Behind Various Immobilization and Beam-Modifying Devices. Int J Radiat Oncol (1995) 32(4):1193–7. doi: 10.1016/0360-3016(94)00371-Q

3. Niroomand-Rad, A, Javedan, K, Rodgers, JE, and Harter, KW. Effects of Beam Spoiler on Radiation Dose for Head and Neck Irradiation With 10-MV Photon Beam. Int J Radiat Oncol Biol Phys (1997) 37(4):935–40. doi: 10.1016/s0360-3016(96)00538-x

4. Hou, Y, Song, Y, Sun, X, Jiang, Y, He, M, Li, Y, et al. Multifunctional Composite Hydrogel Bolus With Combined Self-Healing, Antibacterial and Adhesive Functions for Radiotherapy. J Mater Chem B (2020) 8(13):2627–35. doi: 10.1039/c9tb02967b

5. Dogan, N, and Glasgow, GP. Surface and Build-Up Region Dosimetry for Obliquely Incident Intensity Modulated Radiotherapy 6 MV X Rays. Med Phys (2003) 30(12):3091–6. doi: 10.1118/1.1625116

6. Xiang, HF, Song, JS, Chin, DW, Cormack, RA, Tishler, RB, Makrigiorgos, GM, et al. Build-Up and Surface Dose Measurements on Phantoms Using Micro-MOSFET in 6 and 10 MV X-Ray Beams and Comparisons With Monte Carlo Calculations. Med Phys (2007) 34(4):1266–73. doi: 10.1118/1.2710951

7. Turner, JY, Zeniou, A, Williams, A, and Jyothirmayi, R. Technique and Outcome of Post-Mastectomy Adjuvant Chest Wall Radiotherapy-The Role of Tissue-Equivalent Bolus in Reducing Risk of Local Recurrence. Br J Radiol (2016) 89(1064):20160060. doi: 10.1259/bjr.20160060

8. Dias, AG, Pinto, DFS, Borges, MF, Pereira, MH, Santos, JAM, Cunha, LT, et al. Optimization of Skin Dose Using In-Vivo MOSFET Dose Measurements in Bolus/Non-Bolus Fraction Ratio: A VMAT and a 3DCRT Study. J Appl Clin Med Phys (2019) 20(2):63–70. doi: 10.1002/acm2.12525

9. Boman, E, Ojala, J, Rossi, M, and Kapanen, M. Monte Carlo Investigation on the Effect of Air Gap Under Bolus in Post-Mastectomy Radiotherapy. Phys Med (2018) 55:82–7. doi: 10.1016/j.ejmp.2018.10.023

10. Michiels, S, Barragan, AM, Souris, K, Poels, K, Crijns, W, Lee, JA, et al. Patient-Specific Bolus for Range Shifter Air Gap Reduction in Intensity-Modulated Proton Therapy of Head-and-Neck Cancer Studied With Monte Carlo Based Plan Optimization. Radiother Oncol (2018) 128(1):161–6. doi: 10.1016/j.radonc.2017.09.006

11. Zastrow, M. 3D Printing Gets Bigger, Faster and Stronger. Nature (2020) 578(7793):20–3. doi: 10.1038/d41586-020-00271-6

12. Attaran, M. The Rise of 3-D Printing: The Advantages of Additive Manufacturing Over Traditional Manufacturing. Bus Horiz (2017) 60(5):677–88. doi: 10.1016/j.bushor.2017.05.011

13. Tejo-Otero, A, Buj-Corral, I, and Fenollosa-Artes, F. 3D Printing in Medicine for Preoperative Surgical Planning: A Review. Ann BioMed Eng (2020) 48(2):536–55. doi: 10.1007/s10439-019-02411-0

14. Murphy, SV, De Coppi, P, and Atala, A. Opportunities and Challenges of Translational 3D Bioprinting. Nat BioMed Eng (2020) 4(4):370–80. doi: 10.1038/s41551-019-0471-7

15. Sun, Z. Clinical Applications of Patient-Specific 3d Printed Models in Cardiovascular Disease: Current Status and Future Directions. Biomolecules (2020) 10(11):1–34. doi: 10.3390/biom10111577

16. Breitkreutz, DY, Bialek, S, Vojnovic, B, Kavanagh, A, Johnstone, CD, Rovner, Z, et al. A 3D Printed Modular Phantom for Quality Assurance of Image-Guided Small Animal Irradiators: Design, Imaging Experiments, and Monte Carlo Simulations. Med Phys (2019) 46(5):2015–24. doi: 10.1002/mp.13525

17. Ji, Z, Jiang, Y, Guo, F, Peng, R, Sun, H, Fan, J, et al. Safety and Efficacy of CT-Guided Radioactive Iodine-125 Seed Implantation Assisted by a 3D Printing Template for the Treatment of Thoracic Malignancies. J Cancer Res Clin Oncol (2020) 146(1):229–36. doi: 10.1007/s00432-019-03050-7

18. Pablo-Navarro, J, Sangiao, S, Magen, C, and de Teresa, JM. Diameter Modulation of 3D Nanostructures in Focused Electron Beam Induced Deposition Using Local Electric Fields and Beam Defocus. Nanotechnology (2019) 30(50):505302. doi: 10.1088/1361-6528/ab423c

19. Rooney, MK, Rosenberg, DM, Braunstein, S, Cunha, A, Damato, AL, Ehler, E, et al. Three-Dimensional Printing in Radiation Oncology: A Systematic Review of the Literature. J Appl Clin Med Phys (2020) 21(8):15–26. doi: 10.1002/acm2.12907

20. Canters, RA, Lips, IM, Wendling, M, Kusters, M, van Zeeland, M, Gerritsen, RM, et al. Clinical Implementation of 3D Printing in the Construction of Patient Specific Bolus for Electron Beam Radiotherapy for Non-Melanoma Skin Cancer. Radiother Oncol (2016) 121(1):148–53. doi: 10.1016/j.radonc.2016.07.011

21. Kang, D, Wang, B, Peng, Y, Liu, X, and Deng, X. Low-Cost Iphone-Assisted Processing to Obtain Radiotherapy Bolus Using Optical Surface Reconstruction and 3D-Printing. Sci Rep (2020) 10(1):8016. doi: 10.1038/s41598-020-64967-5

22. Albantow, C, Hargrave, C, Brown, A, and Halsall, C. Comparison of 3D Printed Nose Bolus to Traditional Wax Bolus for Cost-Effectiveness, Volumetric Accuracy and Dosimetric Effect. J Med Radiat Sci (2020) 67(1):54–63. doi: 10.1002/jmrs.378

23. Baltz, GC, Chi, PM, Wong, PF, Wang, C, Craft, DF, Kry, SF, et al. Development and Validation of a 3D-Printed Bolus Cap for Total Scalp Irradiation. J Appl Clin Med Phys (2019) 20(3):89–96. doi: 10.1002/acm2.12552

24. Dai, G, Xu, X, Wu, X, Lei, X, Wei, X, Li, Z, et al. Application of 3D-Print Silica Bolus for Nasal NK/T-Cell Lymphoma Radiation Therapy. J Radiat Res (2020) 61(6):920–8. doi: 10.1093/jrr/rraa084

25. Robar, JL, Moran, K, Allan, J, Clancey, J, Joseph, T, Chytyk-Praznik, K, et al. Intrapatient Study Comparing 3D Printed Bolus Versus Standard Vinyl Gel Sheet Bolus for Postmastectomy Chest Wall Radiation Therapy. Pract Radiat Oncol (2018) 8(4):221–9. doi: 10.1016/j.prro.2017.12.008

26. Park, JM, Son, J, An, HJ, Kim, JH, Wu, HG, and Kim, JI. Bio-Compatible Patient-Specific Elastic Bolus for Clinical Implementation. Phys Med Biol (2019) 64(10):105006. doi: 10.1088/1361-6560/ab1c93

27. Kong, Y, Yan, T, Sun, Y, Qian, J, Zhou, G, Cai, S, et al. A Dosimetric Study on the Use of 3D-Printed Customized Boluses in Photon Therapy: A Hydrogel and Silica Gel Study. J Appl Clin Med Phys (2019) 20(1):348–55. doi: 10.1002/acm2.12489

28. Hou, YJ, Yu, JP, Wang, YQ, Liu, HR, Li, D, Xu, JJ, et al. Fabrication and Pre-Clinical Application of Patient-Specific 3D Silicone Rubber Bolus for Chest Wall. Chin J Radiat Oncol (2018) 27(9):835–8. doi: 10.3760/cma.j.issn.1004-4221.2018.09.010

29. Park, SY, Choi, CH, Park, JM, Chun, M, Han, JH, and Kim, JI. A Patient-Specific Polylactic Acid Bolus Made by a 3D Printer for Breast Cancer Radiation Therapy. PloS One (2016) 11(12):e0168063. doi: 10.1371/journal.pone.0168063

30. Park, K, Park, S, Jeon, MJ, Choi, J, Kim, JW, Cho, YJ, et al. Clinical Application of 3D-Printed-Step-Bolus in Post-Total-Mastectomy Electron Conformal Therapy. Oncotarget (2017) 8(15):25660–8. doi: 10.18632/oncotarget.12829

31. Craft, DF, Kry, SF, Balter, P, Salehpour, M, Woodward, W, and Howell, RM. Material Matters: Analysis of Density Uncertainty in 3D Printing and Its Consequences for Radiation Oncology. Med Phys (2018) 45(4):1614–21. doi: 10.1002/mp.12839

32. Hou, Y, Song, Y, Sun, X, Jiang, Y, He, M, Li, Y, et al. Multifunctional Composite Hydrogel Bolus With Combined Self-Healing, Antibacterial and Adhesive Functions for Radiotherapy. J Mater Chem B (2020) 8(13):2627–35. doi: 10.1039/c9tb02967b

33. Su, S, Moran, K, and Robar, JL. Design and Production of 3D Printed Bolus for Electron Radiation Therapy. J Appl Clin Med Phys (2014) 15(4):4831. doi: 10.1120/jacmp.v15i4.4831

34. Burleson, S, Baker, J, Hsia, AT, and Xu, Z. Use of 3D Printers to Create a Patient-Specific 3D Bolus for External Beam Therapy. J Appl Clin Med Phys (2015) 16(3):5247. doi: 10.1120/jacmp.v16i3.5247

35. Ricotti, R, Ciardo, D, Pansini, F, Bazani, A, Comi, S, Spoto, R, et al. Dosimetric Characterization of 3D Printed Bolus at Different Infill Percentage for External Photon Beam Radiotherapy. Phys Med (2017) 39:25–32. doi: 10.1016/j.ejmp.2017.06.004

36. Kim, SW, Shin, HJ, Kay, CS, and Son, SH. A Customized Bolus Produced Using a 3-Dimensional Printer for Radiotherapy. PloS One (2014) 9(10):e110746. doi: 10.1371/journal.pone.0110746

37. Park, JW, and Yea, JW. Three-Dimensional Customized Bolus for Intensity-Modulated Radiotherapy in a Patient With Kimura’s Disease Involving the Auricle. Cancer Radiother (2016) 20(3):205–9. doi: 10.1016/j.canrad.2015.11.003

38. Zhao, Y, Moran, K, Yewondwossen, M, Allan, J, Clarke, S, Rajaraman, M, et al. Clinical Applications of 3-Dimensional Printing in Radiation Therapy. Med Dosim (2017) 42(2):150–5. doi: 10.1016/j.meddos.2017.03.001

39. Park, JW, Oh, SA, Yea, JW, and Kang, MK. Fabrication of Malleable Three-Dimensional-Printed Customized Bolus Using Three-Dimensional Scanner. PloS One (2017) 12(5):e0177562. doi: 10.1371/journal.pone.0177562

40. Chiu, T, Tan, J, Brenner, M, Gu, X, Yang, M, Westover, K, et al. Three-Dimensional Printer-Aided Casting of Soft, Custom Silicone Boluses (SCSBs) for Head and Neck Radiation Therapy. Pract Radiat Oncol (2018) 8(3):e167–74. doi: 10.1016/j.prro.2017.11.001

41. Zou, W, Fisher, T, Zhang, M, Kim, L, Chen, T, Narra, V, et al. Potential of 3D Printing Technologies for Fabrication of Electron Bolus and Proton Compensators. J Appl Clin Med Phys (2015) 16(3):4959. doi: 10.1120/jacmp.v16i3.4959

42. Zhang, M, Zhao, B, Yin, JP, Liu, S, Gao, X, Qin, S, et al. Application of New Three-Dimensional Printed Tissue Compensators in Radiotherapy. Chin J Radiat Oncol (2017) 26(2):210–4. doi: 10.3760/cma.j.issn.1004-4221.2017.02.018

43. Butson, MJ, Cheung, T, Yu, P, and Metcalfe, P. Effects on Skin Dose From Unwanted Air Gaps Under Bolus in Photon Beam Radiotherapy. Radiat Meas (2000) 32(3):201–4. doi: 10.1016/S1350-4487(99)00276-0

44. Lukowiak, M, Jezierska, K, Boehlke, M, Wiecko, M, Lukowiak, A, Podraza, W, et al. Utilization of a 3D Printer to Fabricate Boluses Used for Electron Therapy of Skin Lesions of the Eye Canthi. J Appl Clin Med Phys (2017) 18(1):76–81. doi: 10.1002/acm2.12013

45. Hymes, SR, Strom, EA, and Fife, C. Radiation Dermatitis: Clinical Presentation, Pathophysiology, and Treatment 2006. J Am Acad Dermatol (2006) 54(1):28–46. doi: 10.1016/j.jaad.2005.08.054

46. Bray, FN, Simmons, BJ, Wolfson, AH, and Nouri, K. Acute and Chronic Cutaneous Reactions to Ionizing Radiation Therapy. Dermatol Ther (Heidelb) (2016) 6(2):185–206. doi: 10.1007/s13555-016-0120-y

47. Mendelsohn, FA, Divino, CM, Reis, ED, and Kerstein, MD. Wound Care After Radiation Therapy. Adv Skin Wound Care (2002) 15(5):216–24. doi: 10.1097/00129334-200209000-00007

48. Andic, F, Ors, Y, Davutoglu, R, Baz Cifci, S, Ispir, EB, and Erturk, ME. Evaluation of Skin Dose Associated With Different Frequencies of Bolus Applications in Post-Mastectomy Three-Dimensional Conformal Radiotherapy. J Exp Clin Cancer Res (2009) 28:41. doi: 10.1186/1756-9966-28-41

49. Lee, N, Chuang, C, Quivey, JM, Phillips, TL, Akazawa, P, Verhey, LJ, et al. Skin Toxicity Due to Intensity-Modulated Radiotherapy for Head-and-Neck Carcinoma. Int J Radiat Oncol (2002) 53(3):630–7. doi: 10.1016/S0360-3016(02)02756-6

50. Tieu, MT, Graham, P, Browne, L, and Chin, YS. The Effect of Adjuvant Postmastectomy Radiotherapy Bolus Technique on Local Recurrence. Int J Radiat Oncol Biol Phys (2011) 81(3):e165–71. doi: 10.1016/j.ijrobp.2011.01.002

51. Pignol, JP, Vu, TT, Mitera, G, Bosnic, S, Verkooijen, HM, and Truong, P. Prospective Evaluation of Severe Skin Toxicity and Pain During Postmastectomy Radiation Therapy. Int J Radiat Oncol Biol Phys (2015) 91(1):157–64. doi: 10.1016/j.ijrobp.2014.09.022

52. Herst, PM. Protecting the Radiation-Damaged Skin From Friction: A Mini Review. J Med Radiat Sci (2014) 61(2):119–25. doi: 10.1002/jmrs.46

53. Pignol, JP, Olivotto, I, Rakovitch, E, Gardner, S, Sixel, K, Beckham, W, et al. A Multicenter Randomized Trial of Breast Intensity-Modulated Radiation Therapy to Reduce Acute Radiation Dermatitis. J Clin Oncol (2008) 26(13):2085–92. doi: 10.1200/JCO.2007.15.2488

54. Arenas, M, Sabater, S, Sintas, A, Arguis, M, Hernandez, V, Arquez, M, et al. Individualized 3D Scanning and Printing for Non-Melanoma Skin Cancer Brachytherapy: A Financial Study for Its Integration Into Clinical Workflow. J Contemp Brachytherapy (2017) 9(3):270–6. doi: 10.5114/jcb.2017.68134




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Wang, Wang, Xiang, Zeng, Liu, Shao, He, Ma, Yu and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc.2021.698773_cover.jpg
, frontiers
in Oncology

The Clinical Application of
3D-Printed Boluses in Superficial
Tumor Radiotherapy





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The Clinical Application of 3D-Printed Boluses in Superficial Tumor Radiotherapy

      

        		

          Introduction

        



        		

          Fabrication of the 3D-Printed Bolus

        

          		

            Bolus Materials

          



          		

            Manufacturing Process

          



        



        



        		

          Pre-Clinical Evidence

        



        		

          Clinical Evidence

        

          		

            Dosimetry Evaluation

          



          		

            Radiation Dermatitis

          

            		

              Cost-Effectiveness

            



          



          



        



        



        		

          Discussion

        



        		

          Author Contributions

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Authors Lesion Dosimetric evaluation

Kim et al. (36) Nose Dmax: 101.3% vs. 101.3% (without bolus vs. 3D bolus). Dmin: 25.4% vs. 90.0% (without bolus vs. 3D bolus). Dmean: 86.4% vs.
95.5% (without bolus vs. 3D bolus).
D90%: 62.7% vs. 91.6% (without bolus vs. 3D bolus). V90%: 53.5% vs. 100% (without bolus vs. 3D bolus).

Park et al. (39) Head Dmax: 107.7% vs. 107.7% (without bolus vs. 3D bolus). Dmin: 14.2% vs. 86.3% (without bolus vs. 3D bolus). Dmean: 85.7% vs.
102.3% (without bolus vs. 3D bolus).
V95%: 50.8% vs. 86.3% (without bolus vs. 3D bolus). V90%: 57.8% vs. 99% (without bolus vs. 3D bolus)

Zhang et al. (42) Perineum Dmax: 182.9 cGy vs. 118.9 cGy vs. 114.8 cGy (without bolus vs. commercial bolus vs. 3D bolus).
Dmean: 146.2 cGy vs.107.7 cGy vs. 104.1 cGy (without bolus vs. commercial bolus vs. 3D bolus).
HI: 0.56 vs. 0.15 vs. 0.11 (without bolus vs. commercial bolus vs. 3D bolus).

Canters et al. (20) ~ Skin GTV coverage (V95%): 84% vs. 97% (commercial bolus vs. 3D bolus). CTV coverage (V85%): 88% vs. 97% (commercial bolus vs. 3D
bolus).

Baltz et al. (23) Head Maximum air gap: 4 mm. Mean ( + SD) dose: 206+ 2.7 cGy. Average error: 2.4%.

Park (29) Breast Average difference: -5.1% vs. -0.5% (3 mm commercial bolus vs. 3 mm PLA bolus), -3.2% vs. -1.1% (6 mm commercial bolus vs.
5 mm PLA bolus).

Su et al. (33) Head OAR-eye: 41.7% vs. 23.1% (commercial bolus vs. 3D bolus). OAR-lens: 83.3% vs. 62.2% (commercial bolus vs. 3D bolus).

Ricotti et al. (35) Phantom Maximum dose difference: 3.3% vs. 8.2% (3D-ABS bolus vs. 3D-PLA bolus).
Dmax shift: (10% infill) 12 mm vs. 12 mm (3D-ABS bolus vs. 3D-PLA bolus). (20% infil) 11 mm vs. 12 mm (3D-ABS bolus vs. 3D-PLA
bolus). (40% infill) 8 mm vs. 8 mm (3D-ABS bolus vs. 3D-PLA bolus). (60% infill) 2 mm vs. 0 mm (3D-ABS bolus vs. 3D-PLA bolus)

Hou et al. (32) Head PTV coverage: 98.3% vs. 100% (commercial bolus vs. 3D bolus)

Park et al. (26) Head Dose of surface: 88.3-100.2 cGy vs.88.3-98.9 cGy (3D-Silicon bolus vs. 3D-Clear Flex 30 bolus).
%diff: (scalp) —1.22% vs. —4.5% (3D-Silicon bolus vs. 3D-Clear Flex 30 bolus). (ear) —0.96% vs. —4.7% (3D-Silicon bolus vs. 3D-Clear
Flex 30 bolus). (nose) —1.85% vs. —0.85% (3D-Silicon bolus vs. 3D-Clear Flex 30 bolus). (chin) —1.74% vs. —5.16% (3D-Silicon bolus vs.
3D-Clear Flex 30 bolus).

Dmax, maximum dose of the target volume; Dmin, minimum dose of the target volume; Dmean, mean dose of the target volume; D90%, the dose that covers 90% of the target volume;
V90%, the target volume that receives over the 90% of the prescribed dose; HI, dose homogeneity index; GTV, gross tumor volume; CTV, clinical target volume; PTV, planning target
volume; OAR, organs at risk; %diff(the percentage difference), differences between calculated and measured doses at the surface were acquired to investigate the uncertainty of bolus
structures. %diff=100x(measured dose-calculated dose)/calculated dose.
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Canters et al. (20) PLA $33.2/print and material 7 (range 5-10)
Christine Albantow et al. (22) PLA $33.81-45.36/labor(hour) 8.8-12.4
So-Yeon Park (29) PLA $30/material 12

W. Zou et al. (41) PLA Depend on the printing size 6-9
James L. Robar et al. (25) PLA $10/material -
Magdalena Lukowiak et al. (44) PLA $10.58staff time), $13.87(materials) -
Kwangwoo Park et al. (30) PLA - 6

Hou Yanjie et al. (28) Silicon, PLA - 8.5-12
Jong Min Park et al. (26) Silicon = 3-32
Tsuicheng Chiu (40) Silicon $7.75-$28.41/material 4-6
Sarah Burleson et al. (34) ABS, PLA $3,000/material and labor 4-6
Shin-Wook Kim et al. (36) ABS-M30 = 3-4.5
Garrett C. Baltz et al. (23) Agilus-60 $2,381.50/material and labor 40






OEBPS/Images/table3.jpg
Authors

Robar

et al. (25)
Baltz

et al. (23)
Canters
et al. (20)
J.W. Park
et al. (37)

Hou et al.
(28)

Park et al.
(30)

Chiu et al.
(40)

Zhang

etal. (42)
Lukowiak
et al. (44)

Suet al.
(33)
Zhao

et al. (38)

Disease

Breast cancer
Head and neck
cancer

Non melanoma skin
cancer

Kimura's disease
(Auricle)

Breast cancer

Breast cancer

Head and neck

cancer

Paget’s disease

Basal cell carcinoma
(eye)

Rhabdomyosarcoma

Head and neck
disease

Patients

16

26

"

Thickness

5mm

5mm

2mm

1-3 mm

10 mm

10 mm

Prescribe
dose

5000 cGy
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6000 Gy

Dosimetric evaluation

Air gap: 5 + 3 mm vs. 3 + 3 mm (commercial bolus vs. 3D bolus)

Air gap: 4 mm (max). %dift: 5.3%. Measurement average dose: 204 cGy, within +10 cGy of
TPS.

GTV coverage (V95%): 87.6% vs. 85.3% (theory dose on TPS vs. 3D bolus). CTV coverage
(V85%): 96.4% vs. 92.7% (theory dose on TPS vs. 3D bolus).

Dmax: 2160 cGy vs. 2120 cGy vs. 2120 cGy (without bolus vs. commercial bolus vs. 3D
bolus). Dmean: 1930 cGy vs. 1960 cGy vs. 1960 Gy (without bolus vs. commercial bolus vs.
3D bolus).

V95%: 70.2% vs. 93.7% vs. 92% (without bolus vs. commercial bolus vs. 3D bolus)

Dmax: 5483-5508 cGy vs. 5523-5538 cQy (theory dose on TPS vs. 3D bolus). Dmin: 3298-
3332 cGy vs. 2784-2932 cQy (theory dose on TPS vs.3D bolus).

HI: 0.09-0.11 vs. 0.10-0.12 (theory dose on TPS vs. 3D bolus).

Differences to prescribed dose: 6% vs. 3% (commercial bolus vs. 3D bolus). %diff to 180 cGy:
4.43% vs. 0.47% (commercial bolus vs. 3D bolus). 3D bolus group: the radiation dose for
OARs reduced by 20%.

Differences to prescribed dose: Within 5%. Dose of nose: 200 cGy vs. 190.5-200.2 cGy (theory
dose on TPS vs. 3D bolus).

In-vivo measurement deviation: -5.12% to 0.09%

HI: 0.03-0.15 (median of 0.06).

MLI: 28.2-99% vs. 92.5-98.4% (commercial bolus vs. 3D bolus). Differences to prescribed
dose: (mean) 24% vs. 5% (commercial bolus vs. 3D bolus). (max) 8% vs. 2.5% (commercial
bolus vs. 3D bolus)

OAR-left kidney: 4586.7 cGy vs. 2834.5 cGy (commercial bolus vs. 3D bolus).

Air gaps: 11 mm vs. 2-4 mm (commercial bolus vs. 3D bolus).

Dmax: 118.8-120.2% vs. 106.7-118.5% (commercial bolus vs. 3D bolus). Dmean: 94.7-
104.7% vs. 100.5-102.3% (commercial bolus vs. 3D bolus). OAR-Brain: Dmax: 103.8% vs.
82.7% (commercial bolus vs. 3D bolus). Dmean: 7.2% vs. 3.8% (commercial bolus vs. 3D
bolus).

OAR-eyes: Left-Dmean: 101.5% vs. 91.5% (commercial bolus vs. 3D bolus). Right-Dmean:
93.2% vs. 72.2% (commercial bolus vs. 3D bolus).

OAR-optic nerves: Left-Dmean: 94.7% vs. 63.7% (commercial bolus vs. 3D bolus). Right-
Dmean: 84.9% vs. 44.5% (commercial bolus vs. 3D bolus).

TPS, treatment planning system; MLD (matching level index), measure degree to which 3D-printed or commercial boluses were accurately mapped to the reference one in the TPS, range
from O to 100%, where 100% indicates a perfect fit for the 3D-printed or commercial bolus to the reference one. ML= (V1/Vr)/(V1/V2)*100%, where V1 is the volume of the 3D-printed or
commercial bolus contained in the volume of the reference bolus; Vir represents the total volume of the reference bolus; and V2 is the volume of the 3D-printed or paraffin bolus.





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-698773-g001.jpg





OEBPS/Images/table1.jpg
Authors Lesion Material Characteristic

Su et al. (33) Head PLA CT value:160 + 20 HU. Density: 1.119 + 0.012 g/cm®

Canters et al. (20) Skin PLA Printing temperature: 220°C. Layer thickness: 0.3 mm (20% infill).

So-Yeon Park (29) Breast PLA Thickness: 3-5 mm. CT value: 274 HU. Fill density: 1 g/cm3.
Extruder temperature: 240°C.

Park et al. (30) Breast PLA Thickness: 2 mm. Density: 1.19 g/cm®. Layer thickness: 0.5 mm (100% infill.

Robear et al. (25) Breast PLA Thickness: 5 mm. Density: 1.1 to 1.2 (100% infill).
Electron density: 3.8x10%° electrons/cm®,

Burleson et al. (34) Nose PLA, ABS Density: 1.2 g/em®, 1.04 g/cm®. Electron density: 1.14, 1.01.
Hydrogen content: 6%, 8%. Effective Z: 4.22, 3.45.

Ricotti et al. (35) RANDO phantom PLA, ABS Density: 1.2 g/cms, 1.04 g/cms. Extruder temperature: 180°C, 210°C.

Craft et al. (31) RANDO phantom PLA, ABS, CT value: 30 HU (ABS, Cheetah), 121 HU (PLA), 178 HU (NinjaFlex).

NinjaFlex, Cheetah Density: 0.97, 1.18, 1.07, 1.15.
Zou et al. (41) RANDO phantom PLA, CT value: 130.1 + 10.1, -72.1 + 5.3 HU. Density: 1.19 + 0.03 g/cm®, 0.97 + 0.02 g/cm®.
polyamide PA2200 Proton stopping power: 1.10, 0.98. Technology: FDM and SLS

Zhao et al. (38) Head PLA and NinjaFlex Thickness: 10 mm. Layer deposition height: 0.3 mm (100% infill).

Zhang et al. (42) Phantom ABS CT value is 38 ~ 73 HU. Electron density: 1.00 ~ 1.01

Kim et al. (36) Nose ABS-M30 Thickness: 1 cm. CT value: -123.6 + 18.2 HU Density: 1.04 g/cm®

Park et al. (37) Auricle ABSplus Layer thickness: 0.254 mm.

Park et al. (26) Head Silicon, Clear Flex 30 Thickness: 1 cm. Average HU: 161, -7. Mass densities (g/cc): 1.131, 0.998. Shore
hardness: 10A, 30A. Extruder temperature: 245°C.

Chiu (40) Head Silicon Outer shell thickness: 2 mm. CT value: 139.5 + 6.4 HU. Density: 1.07 g/cm3.
Layer height: 0.3 mm (3% infill).

Park et al. (39) Nose Rubber-like Thickness: 3-5 mm. Technology: PolyJet.

Baltz et al. (23) Head Agilus-60 Thickness: 5 mm. CT value: 84 + 33 HU. Density: 1.09 g/cm®.

Hou et al. (32) Head TPU-PAAmM hydrogel HU value and PDD: Same as H,O

PLA, polylactic acid; ABS, acrylonitrile butadiene styrene; TPU-PAA hydrogel, incorporated polyurethane/polyacrylamide hydrogel; CT, computed tomography; HU, Hounsfield units;
FDM, fused deposition modeling; SLS, selective laser sintering; PDD, percent depth dose.





