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Introduction

With the development of advanced three-di-
mensional (3D) printing techniques, printers are 
increasingly used in medicine. The ability to man-
ufacture complex shapes tailored to the patient’s 
anatomy has created the possibility of using 3D 
printing to produce patient-specific accessories 

such as implants [1], applicators [2, 3], shields [4], 
stents [5] or boluses used in radiotherapy.

The build-up effect characteristic of high-energy 
external X-ray beams enables skin protection in ir-
radiated patients. For superficial lesions or tumors 
located close to the skin, build-up prevents the ad-
ministration of a full therapeutic dose, which may 
result in a reduced chance of obtaining local control. 

ABSTRACT

The goal of this study was to evaluate the current literature covering the topic of 3D-printed radiotherapy boluses in the con-
text of fabrication methods, materials, and clinical outcomes.

This systematic review followed the PRISMA 2020 guidelines. Data were extracted for authors, publication details, application 
type, printing technique and materials, study type, radiation type, reported outcomes and implementation difficulties.

The search yielded 161 articles, 52 of which met the inclusion criteria. Publications on 3D printing for customized boluses 
have increased since 2014, with the most articles from the United States (21%). Most studies (80.8%) focused on manufac-
turing custom boluses and testing 3D printing materials, whereas 19.2% explored creating molds for boluses. CT scans were 
the primary method for defining the bolus area (88.6%). The publications included three study types: dosimetric evaluations, 
evaluations with anthropomorphic phantoms, and clinical case studies. Fused Deposition Modeling (FDM) was the most 
common printing technique (88.1%), with Polylactic Acid (PLA) being the most frequently used material (57.1%). Challenges 
included ensuring proper fit, assessing material properties, and managing printing time. 

The outcomes of this review suggest that 3D printing technology holds significant promise for improving radiotherapy by 
creating custom-fit boluses. 3D-printed boluses demonstrated notable advantages, such as improved dose distribution, bet-
ter bolus conformity, and reduced setup times. However, several limitations have been identified, including considerable 
variability in study designs, making it challenging to draw generalized conclusions. Some studies had small sample sizes or 
did not clearly report methodological details. Addressing these issues will help to optimize technology’s implementation.
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The use of a bolus allows delivery of the full dose to 
the clinical target volume (CTV). In radiotherapy, 
a bolus is referred to as a piece of tissue-like mate-
rial placed on the skin to reduce the risk of local 
recurrence [6]. Compared with commercial sheet 
boluses, 3D-printed boluses can provide a better fit 
to the irregular surface of the patient’s skin, reduce 
the volume of air gaps, and improve the repeatabili-
ty of alignment in each therapy session [7]. Correct 
bolus placement is a prerequisite for achieving 
the planned dose distribution, consequently en-
hancing patient outcomes [8].

The aim of this paper is to systematically review 
the literature in terms of fabrication methods, ma-
terials, and research developments on the topic of 
manufacturing customized 3D-printed teleradio-
therapy boluses. Another goal is to systematize 
the current knowledge and guide the introduction 
of this technique into more radiation oncology 
centers.

Methods

This systematic review was conducted in ac-
cordance with the updated Preferred Reporting 
Items for Systematic reviews and Meta-Analyses 
(PRISMA 2020) statement [9]. The data collection 
process was carried out by one of the reviewers 
and verified by other authors.

The PubMed database was searched for liter-
ature. The following keywords and phrases were 
used to create the search query: radiotherapy 
AND bolus AND (3d printing OR 3d printer OR 3d 
printed OR polylactic acid OR PLA OR acrylonitrile 
butadiene styrene OR ABS OR flex OR thermoplas-
tic polyurethane OR TPU OR fused deposition mod-
eling OR FDM OR stereolithography OR SLA OR 
selective laser sintering OR SLS OR additive man-
ufacturing). Online libraries of journals associated 
with radiation oncology and medical physics were 
also screened (Physica Medica, Journal of Applied 
Clinical Medical Physics, Medical Dosimetry, 
International Journal of Radiation Oncology, 
Biology, Physics, Advances in Radiation Oncology, 
Practical Radiation Oncology) with the follow-
ing search terms: radiotherapy AND 3D printing 
AND bolus.

Expressions: fused deposition modeling (FDM), 
stereolithography (SLA) and selective laser sinter-
ing (SLS) refer to 3D printing techniques, whereas 

polylactic acid (PLA), acrylonitrile butadiene styrene 
(ABS), flex and thermoplastic polyurethane (TPU) 
are the most common materials used in medical 
applications of additive manufacturing technology.

We included papers published after January 1, 
2000. All papers with full text available were found, 
covering research articles, review articles and short 
communications. During the search process, pa-
pers for which only the abstracts were published 
were excluded from the analysis. We allowed 
English-language publications only.

The primary identification allowed the rejection 
of duplicate articles. Each record was then subject-
ed to screening of titles and abstracts. Each record 
related to the topic and potentially informative 
to the review was included for detailed analysis. 
The retrieved full-text articles were thoroughly re-
viewed to determine whether a study was eligible 
for inclusion in the review. Studies that did not fo-
cus on the use of 3D printing in individual bolus 
production or did not include a study of the prop-
erties of the materials being used in 3D printing 
were excluded.

The articles included in the analysis were ordered 
and analyzed with predetermined parameters. They 
included authors, country and year of publication, 
type of application (bolus or mold fabrication), 
printing technique and utilized materials, type of 
study (dosimetric evaluation of material proper-
ties, bolus evaluation on phantom, clinical cases), 
radiation type application, potential risks, difficul-
ties or weaknesses of the method and outcomes.

Results

The search process resulted in the identification 
of 161 articles. The implementation of the selec-
tion protocol shown in the flow diagram (Fig. 1) 
resulted in the identification of 52 articles that met 
the predetermined inclusion criteria. A list of all 
the articles included in the review can be found in 
Supplementary File.

Over the past few years, there has been a no-
ticeable upward trend since 2014 in the number of 
publications addressing different applications of 3D 
printing technology in the production of custom-
ized boluses (Fig. 2). Prior to 2014, there was no ac-
ademic literature available concerning the use of ad-
ditive manufacturing technology for the production 
of radiotherapy boluses. Considering the country 
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Figure 1. The PRISMA flow diagram process for selecting papers
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Figue 2. The number of articles published in recent years on the application of 3D printing technology to the production 
of radiotherapy boluses, along with the trend line. The years 2000--2013 were excluded from the graph due to lack 
of matching data
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of publication, the highest number of publications 
originated from the United States (n = 11, 21%), 
followed by China (n = 7, 13%), Korea (n = 7, 13%), 
Australia (n = 5, 10%), and Canada (n = 4, 8%). 
The remaining publications were distributed across 
Poland (n = 3, 6%), Japan (n = 3, 6%), Switzerland 
(n = 2, 4%), Colombia (n = 2, 4%), and individual 
contributions (2%) from Italy, Turkey, the United 
Kingdom, Germany, the Netherlands, Thailand, 
Ireland, and Spain.

Significant heterogeneity among the included 
studies was detected. The vast majority of the arti-
cles (n = 42, 80.8%) covered the following topics: 
manufacturing custom boluses via 3D printing, 
testing the properties of the 3D printing materi-
als and the printing parameters for their potential 
use in bolus manufacturing. The remaining 19.2% 
(n = 10) of the articles focused on the use of 3D 
printing in the process of creating a mold for 
a bolus, which was later filled with another ma-
terial. In eight of them, the molds were filled with 
various types of silicone or silicon [6, 8, 10–15]; 
in one study, water and wax were used for filling 
[16]; and in one study, the authors tested a liquid 
polyurethane resin developed in the center [17]. 
This type of application of 3D printing in bolus 
manufacturing does not assume the direct pro-
duction of boluses through additive methods in 
clinical practice, and as such, it was not consid-
ered for further analysis.

Data extracted from the examined articles re-
vealed that in studies involving bolus production 
(n = 35), two methods were used to define the bolus 
area. The primary method used to obtain surface 
scans remains CT (n = 31, 88.6%); in four stud-
ies (11.4%), the authors utilized optical scanning 
methods [18–21]. One study focused on compar-
ing the results obtained from both modalities [19].

The analyzed publications included three dis-
tinct study types, often overlapping in focus 
(Tab. 1). These studies include dosimetric evalu-
ations examining the properties of materials with 
potential applications in bolus printing processes 
(n = 22, 52.4%), studies investigating both the ma-
terial properties and dosimetric characteristics 
of printed boluses utilizing anthropomorphic 
phantoms (n = 19, 45.2%), and clinical case stud-
ies (n = 20, 47.6%). Notably, among the clinical 
cases, three cases of 3D bolus application in vet-
erinary patients were identified [22–24]. A weak-

ness of the available studies of this type may still 
be the relatively small group of papers that chose 
to implement 3D printing technology to produce 
boluses for a larger group of patients. A predom-
inant majority of the clinical case reports (60%) 
included studies with no more than ten patients 
each (median across all investigations = 10). 
Furthermore, only seven of the acquired papers 
opted for in vivo dosimetry, presenting a com-
parative analysis of the resulting dosimetric data 
against the calculations of the treatment planning 
system (TPS). This approach is crucial for obtain-
ing comprehensive insights into the precision of 
TPS calculations in the presence of inhomogene-
ities caused by partial bolus filling, accurate ma-
terial density conversion, and the potential pos-
sibility of introducing individualized boluses into 
clinical application. One paper described the use 
of 3D-printed boluses across a substantial group 
of 360 cases, offering intriguing possibilities for 
drawing conclusions regarding the method’s clin-
ical implementation. However, dosimetric data 
from in vivo measurements were available for 
27 cases within this extensive cohort [25]. In 15 
papers focusing on phantom studies, the com-
plete procedure for crafting an individual bolus 
for an anthropomorphic phantom was detailed. 
This also included the irradiation process, dose 
distribution measurements, and comparisons 
with treatment planning system calculations or 
data obtained for boluses utilized in conventional 
clinical practice. Only three papers did not cov-
er the dosimetric measurement process. Instead, 
they focused on the comparative analysis of treat-
ment planning system dose distribution calcula-
tions obtained for printed boluses and traditional 
and conventional boluses. One paper focused only 
on validating the conformity of the 3D-printed 
bolus to the surface of the phantom [18]. 

A detailed summary of 3D-printed boluses ap-
plications is provided in Table 2. With respect to 
the type of radiation beam used in the dosimetry 
measurement process, measurements using photon 
beams accounted for 61% of the papers (n = 25). 
Additionally, eight papers were identified in which 
the authors investigated either electron radiation 
exclusively or focused on both types of radiation.

The main topic of 55% of the works in which 
boluses were printed was the head and neck re-
gion. Another area of application of 3D-printed 
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boluses was the chest region, particularly in rela-
tion to the breast and postmastectomy chest wall, 
which constituted 20.6% of the retrieved studies. 
Additionally, 17.6% of the studies expanded their 
scope to bolus fabrication for several anatomical 
areas. Singular instances were identified where 
boluses were printed for the extremities [26] 
and the entire body [27], intended for use in total 
skin irradiation.

Fused deposition modeling (FDM) has re-
mained the predominant 3D printing technique in 
the field, accounting for 88.1% of applications. In 
FDM, a thermoplastic filament is melted and ex-
truded layer by layer through a heated nozzle to 
construct a three-dimensional object. Other em-
ployed techniques, quantified in Table 1, include 
PolyJet, Stereolithography (SLA), and Selective 
Laser Sintering (SLS). In both the PolyJet and SLA 
techniques, UV light is utilized for curing ma-

terials, which are liquid photopolymers or liq-
uid resins, respectively. In SLS technology, pow-
dered materials are sintered with laser light [28]. 
Notably, three works incorporated prints from 
various technologies [18, 28, 29], whereas one 
lacked information on the specific printing tech-
nique utilized [25].

The most common materials used in retrieved 
works were polylactic acid (PLA) (57.1%), ther-
moplastic polyurethane (TPU) (26.2%) and acry-
lonitrile butadiene styrene (ABS) (26.2%). A sum-
marized presentation of the material data can be 
found in Table 1. For 18 papers (42.9%), at least one 
of the tested materials had elastic properties, which 
is highly desirable when a bolus needs to be applied 
to anatomical areas with very complex and irregu-
lar surfaces.

In nearly every paper, the authors addressed or 
considered at least one technical aspect or limita-

Type of study Number (n = 42)

Dosimetric evaluation of material 
properties 22 (52.4%)

Phantom study 19 (45.2%)

Dose measurements 15

TPS dose comparison 3

No measurements 1

Clinical cases 20 (47.6%)

Human 17

Veterinary 3

Sample size

1–10 12 (60.0%)

11–50 6 (30.0%)

51–100 1 (5.0%)

> 100 1 (5.0%)

3D printing parameters Number (n = 42)

3D printing technique

FDM 37 (88.1%)

PolyJet 5 (11.9%)

SLA 2 (4.8%)

SLS 1 (2.4%)

> 1 3 (7.1%)

Not given 1 (2.4%)

Materials

PLA 24 (57.1%)

TPU 11 (26.2%)

ABS 11 (26.2%)

Resins 4 (9.5%)

Other 5 (11.9%)

Not provided 1 (2.4%)

Number of materials tested

1 29 (69.1%)

2 8 (19.0%)

3 3 (7.1%)

4 1 (2.4%)

Not provided 1 (2.4%)

Risk factors and implementation 
challenges Number (n = 42)

Cost 12 (28.6%)

Printing time 18 (42.9%)

Material physical properties assessment 19 (45.2%)

Printing accuracy 9 (21.4%)

Bolus fit accuracy 26 (61.9%)

Materials biocompatibility 4 (9.5%)

Ease of bolus positioning 10 (23.8%)

Patient comfort 7 (16.7%)

Table 1. Number of articles falling within each designated type of study with subcategories, characteristics of the 3D printing 
methods employed in the studies (including the 3D printing technique, the materials used and the number of materials 
tested) and risk factors and challenges in implementing the 3D printing technique while producing individual boluses in 
clinical practice

TPS — treatment planning system; FDM — fused deposition modeling; SLA — stereolithography; SLS — selective laser sintering; PLA — polylactic acid; 
TPU — thermoplastic polyurethane; ABS — acrylonitrile butadiene styrene 
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tion crucial for the implementation of 3D printing 
technology in bolus manufacturing within clinical 
practice (Tab. 1). The most frequently described 
aspect, present in 61.9% of the papers, focused 
on the accurate assessment of proper bolus fit to 
the phantom surface or patient’s skin. The evalu-
ation methods included assessing adherence on 
CT images (46.2%), measuring air gaps between 
the printed bolus and the intended surface visible 
on CT or cone beam CT (CBCT) images (46.2%), 
visual evaluation (3.9%), and, in a singular case, 
a method involving virtually applying a CT scan of 
the bolus to the patient’s CT image (3.8%).

Another key aspect involves the assessment 
of the physical properties of printing materials 
(45.2%). This includes the analysis of Hounsfield 
Units (HUs) of boluses on CT images (63.1%), 
the evaluation of the impact of radiation on the ma-
terial in terms of damage and degradation (10.5%), 
and the examination of hardness, deformation, 
or wrapping possibilities. Printing time, as an im-
portant factor influencing the bolus preparation 
process, was reported in 42.9% of the papers, espe-
cially when boluses intended to cover a large area 
were produced, along with considerations of print-
ing cost (28.6%). The accuracy of the printing pro-
cess itself has emerged as a major source of failure, 
and uncertainty has been addressed. In 21.4% of 
the papers, the authors compared the dimensions 
of the printed bolus and its virtual model physically 
or based on its imaging. The factors directly influ-
encing the clinical use of printed boluses include 
ease of positioning on the patient (23.8%), patient 
convenience and comfort (16.7%), and the biocom-
patibility of the materials used in the printing pro-
cess (9.5%).

Discussion

In this systematic review, we synthesized evi-
dence from 52 studies focusing on the application 
of 3D printing technology in the manufacturing of 
individualized boluses used in radiotherapy. Across 
the reviewed literature, two direct major applica-
tions emerged. The first involves the production of 
customized boluses through 3D printing, either by 
assessing the characteristics of 3D printing mate-
rials and the printing parameters for potential use 
in bolus manufacturing or by directly manufactur-
ing custom boluses. The second application centers 

around utilizing 3D printing to create molds for bo-
luses and subsequently fills these molds with anoth-
er material. Regardless of the diverse applications 
of 3D printing explored, most authors have point-
ed to the advantages of 3D printing technology in 
bolus preparation. These included enhanced dose 
distributions with potential direct implications for 
treatment effectiveness, improved bolus adherence 
achieved through its customization for individual 
patient needs, a possible reduction in treatment 
costs, and even facilitation of the bolus position-
ing process on the patient’s skin during therapeutic 
sessions. However, despite these gains and positive 
results, the reviewed literature also acknowledged 
the associated risks, weaknesses of the technology, 
and the demanding multistep process involved in 
its introduction into clinical practice applications.

The initiation of utilizing 3D printing boluses 
involves a fundamental phase of testing materials 
intended for the printing process and selecting op-
timal printing parameters that meet the require-
ments in the context of radiotherapy boluses. Van 
der Walt M. et al. conducted a comprehensive in-
vestigation of tissue equivalence and radiological 
properties, focusing on the widely used 3D print-
ing filament, PLA [30]. By printing PLA samples 
with different infill percentages and measuring 
their dosimetric properties, the authors identified 
parameters that could prove suitable for effective 
bolus production. Importantly, they also empha-
sized the need for individualized studies by each 
radiotherapy department intending to implement 
3D printing. A similar analysis was carried out by 
Dąbrowska-Szewczyk et al. In this paper, the au-
thors expanded their research to include a material 
showing elastic properties, which is a common-
ly available TPU [31]. An interesting direction 
emerging in the topic of 3D printing of boluses in 
radiotherapy is the use of the patient’s optical scan 
as input for designing the bolus model, thus elimi-
nating the need for a CT scan. This innovative ap-
proach would allow the patient to avoid additional 
imaging scans and, as a result, reduce their expo-
sure to ionizing radiation. Sasaki et al. demonstrat-
ed the step-by-step process of creating and printing 
a bolus via a structured light scanner [19]. Their 
work detailed the quality assurance procedures, en-
suring the safe implementation of this new technol-
ogy, with obtaining mean shape errors of less than 
0.5 mm in all cases. Another paper also reported 
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a very good fit of the bolus based on the optical 
scan to the surface of the phantom [18]. The air 
gaps observed between these boluses and the phan-
tom in the CT scans did not surpass 0.6 mm, which 
was notably smaller compared to data obtained for 
boluses based on CT images (2 mm). An intriguing 
concept presented by Kang et al. involved replacing 
commercial optical scanners with mobile phones 
[20]. They presented a paper showcasing the use 
of an iPhone camera for optical scanning, result-
ing in satisfactory bolus outcomes. A comparison 
of treatment plans with a printed bolus versus 
a standard flat bolus revealed better coverage of 
the planning target volume (PTV) area with 95% 
of the prescribed dose (95.65% vs. 88.39%), along 
with increased both homogeneity and conformity 
indices (0.887 vs. 0.697 and 0.910 vs. 0.817, respec-
tively). While described as a cost-effective method, 
they recommended its primary use for skin can-
cers, where tumor lesion areas can be defined upon 
appearance or dermoscopic assessment.

This review also highlights the effectiveness of 
3D printing in the production of boluses for par-
ticularly challenging anatomical areas. Employing 
a flexible rubber-like bolus during total scalp irra-
diation, a procedure often associated with severe 
skin irritation and pain in patients, once again led 
to a significant improvement in bolus conformity to 
the patient’s body, resulting in a double reduction in 
the size of the maximum air gap [32]. Nevertheless, 
in cases where a patient has highly sensitive skin or 
an open wound, the process of fitting a bolus direct-
ly onto the patient’s body can be painful and lead to 
inaccuracies in placement [33]. An alternative ap-
proach, suggested by Burleson et al., involves 3D 
printing specific parts of the patient’s body and then 
fitting the bolus onto the printed positive mold in-
stead of directly onto the patient [34]. This method 
ensures precise placement and a form-fitting bolus, 
eliminating air gaps and mitigating any discomfort 
for the patient. Malone et al. performed an anal-
ysis across four different treatment sites to deter-
mine if specific sites demonstrate a preference for 
a 3D-printed approach and whether the quality of 
fit varies during the treatment process [35]. Among 
the 627 fractions assessed, the head and neck, scalp, 
and extremity regions predominantly favored 
a 3D-printed bolus approach. Additionally, there 
were no apparent changes in the quality of fit for 
3D-printed boluses observed throughout the en-

tire course of treatment across all the examined 
fractions.

On the other hand, despite the numerous advan-
tages that 3D printing has brought to the radiation 
therapy field, it is crucial not to forget the existing 
challenges and drawbacks of this method, which 
still should be taken into account. One primary 
concern is the need for significant reductions in 
printing time [36]. For instance, the fabrication of 
a single bolus designed to cover the breast or chest 
wall can extend beyond 12 hours [33, 37]. A case 
presented by Obeid et al. involved the printing of 
a bolus covering the patient’s entire legs, which re-
quired an extensive period of nearly 70 hours [27]. 
In another study, the concept of 3D printing a total 
skin bolus was introduced [27]. Using two printers 
simultaneously, the entire printing procedure took 
five days, which is a workable situation for a single 
research case but is not feasible in standard, rou-
tine clinical practice. Importantly, the time invest-
ed in producing each bolus encompasses not only 
the actual printing duration, which can extend to 
several hours but also additional factors such as 
model creation, segmentation, and file preparation 
in a format compatible with the printer [22]. These 
challenges underscore the importance of address-
ing the time-intensive aspects associated with 3D 
printing in radiation therapy to optimize its prac-
tical feasibility and efficiency. Nevertheless, despite 
the considerable time required for bolus produc-
tion, it is worth noting the advantages in terms of 
the reduction in the time spent setting up patients 
for treatment. In a specific study involving chest 
wall irradiation, the average setup time decreased 
from 104 to 76 seconds, showcasing some time sav-
ings compared with the use of a sheet bolus [37].

Another crucial factor to consider is the cost of 
producing an individual bolus. 3D printing tech-
nologies provide a cost-effective alternative for fab-
ricating personalized boluses. The cost of printing 
such a bolus can be more than five times lower than 
that of standard boluses [22] , [38, 39]. Although 
the cost of printing materials is usually low, the price 
of printer and staff training should also be taken 
into consideration [28]. Despite the relatively low 
cost of materials commonly used in 3D printing, 
the prices of those specifically designed for medical 
applications can be considerably greater because 
of the large number of tests and strict manufactur-
ing standards. Due to safety considerations, some 
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centers have opted to assess the biocompatibility 
of the materials employed. Park et al. presented 
very thorough sequential biological stability tests, 
such as cytotoxicity, skin irritation and sensitiza-
tion tests, for one of the TPU materials, ensuring 
its safe application in patients [40]. An interesting 
approach to address these concerns was present-
ed by Burleson et al., who employed plastic wrap 
around the bolus before its application on patients’ 
skin [34]. This practice aimed to maintain sanitary 
conditions and create a sterile environment for 
each treatment.

In summary, as we interpret the results of this 
review, widespread introduction of 3D-printed 
boluses has the potential to personalize treatment 
approaches, optimize dose delivery, and improve 
overall treatment outcomes. Nevertheless, chal-
lenges such as standardization, cost-effectiveness, 
and integration into routine clinical practice need 
to be addressed for extensive implementation of 
this technology in clinical practice.

Conclusion

The use of 3D-printed boluses in radiotherapy 
represents a significant advancement in personal-
ized approaches to treatment. By enhancing the ac-
curacy of dose delivery, improving treatment plan-
ning, and optimizing patient comfort, 3D-printed 
boluses may contribute to more effective and effi-
cient radiotherapy outcomes. As technology con-
tinues to evolve, the widespread implementa-
tion of 3D-printed boluses in radiotherapy holds 
the promise of further development and provides 
opportunities for further research. This promis-
ing technology is still in the early stages of devel-
opment. It can be hoped that in the near future, 
the limitations of some important constraints relat-
ed to the preparation and use of 3D boluses should 
be resolved. In particular, boluses made of flexible 
materials will be more widely used.

Conflict of interests
Authors declare no conflict of interest.

Funding
This work was supported by the National Centre for 
Research and Development “LIDER” program, grant 
number [LIDER/22/0111/L-12/20/NCBR/2021]. 
The authors have no competing interests to declare.

References

1.	 Kropla F, Winkler D, Lindner D, et al. Development of 3D 
printed patient-specific skull implants based on 3d surface 
scans. 3D Print Med. 2023; 9(1): 19, doi: 10.1186/s41205-
023-00183-x, indexed in Pubmed: 37389692.

2.	 Ricotti R, Vavassori A, Bazani A, et al. 3D-printed applica-
tors for high dose rate brachytherapy: Dosimetric assess-
ment at different infill percentage. Phys Med. 2016; 32(12): 
1698–1706, doi: 10.1016/j.ejmp.2016.08.016, indexed in 
Pubmed: 27592531.

3.	 Misiarz A, Lenartowicz A, Adrich P, et al. Design and per-
formance validation of a novel 3d printed thin-walled 
and transparent electron beam applicators for intraop-
erative radiation therapy with beam energy up to 12 
MeV. Rep Pract Oncol Radiother. 2024; 29(3): 329–339, 
doi: 10.5603/rpor.101092, indexed in Pubmed: 39144271.

4.	 Wang X, Swann B, Reyhan M, et al. A novel approach to 
embed eye shields in customized bolus on nasal dorsum 
treatment for electron radiotherapy. Med Dosim. 2021; 
46(2): 132–135, doi:  10.1016/j.meddos.2020.09.008, in-
dexed in Pubmed: 33097371.

5.	 Wilke CT, Zaid M, Chung C, et al. Design and fabrication 
of a 3D-printed oral stent for head and neck radiotherapy 
from routine diagnostic imaging. 3D Print Med. 2017; 
3(1): 12, doi:  10.1186/s41205-017-0021-4, indexed in 
Pubmed: 29782600.

6.	 Kong Y, Yan T, Sun Y, 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): 348–355, doi: 10.1002/acm2.12489, indexed 
in Pubmed: 30402935.

7.	 Kim SW, Shin HJ, Kay CS, et al. A customized bolus pro-
duced using a 3-dimensional printer for radiotherapy. 
PLoS One. 2014; 9(10): e110746, doi: 10.1371/journal.
pone.0110746, indexed in Pubmed: 25337700.

8.	 Wang KM, Rickards AJ, Bingham T, et al. Technical note: 
Evaluation of a silicone-based custom bolus for radiation 
therapy of a superficial pelvic tumor. J Appl Clin Med Phys. 
2022; 23(4): e13538, doi: 10.1002/acm2.13538, indexed in 
Pubmed: 35084098.

9.	 Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 
statement: an updated guideline for reporting system-
atic reviews. BMJ. 2021; 372: n71, doi: 10.1136/bmj.n71, 
indexed in Pubmed: 33782057.

10.	 Gill A, Smith W, Hirst A, et al. Comparison of con-
ventional versus customised Eurosil-4 Pink bolus for 
radiotherapy of the chest wall. PLoS One. 2022; 17(5): 
e0267741, doi:  10.1371/journal.pone.0267741, indexed 
in Pubmed: 35511918.

11.	 Chiu T, Tan J, Brenner M, et al. Three-dimensional print-
er-aided casting of soft, custom silicone boluses (SCSBs) 
for head and neck radiation therapy. Pract Radiat Oncol. 
2018; 8(3): e167–e174, doi:  10.1016/j.prro.2017.11.001, 
indexed in Pubmed: 29452869.

12.	 Chatchumnan N, Kingkaew S, Aumnate C, et al. Devel-
opment and dosimetric verification of 3D customized 
bolus in head and neck radiotherapy. J Radiat Res. 2022; 
63(3): 428–434, doi:  10.1093/jrr/rrac013, indexed in 
Pubmed: 35420693.

13.	 Canters RA, Lips IM, Wendling M, et al. Clinical imple-
mentation of 3D printing in the construction of patient 

http://dx.doi.org/10.1186/s41205-023-00183-x
http://dx.doi.org/10.1186/s41205-023-00183-x
https://www.ncbi.nlm.nih.gov/pubmed/37389692
http://dx.doi.org/10.1016/j.ejmp.2016.08.016
https://www.ncbi.nlm.nih.gov/pubmed/27592531
http://dx.doi.org/10.5603/rpor.101092
https://www.ncbi.nlm.nih.gov/pubmed/39144271
http://dx.doi.org/10.1016/j.meddos.2020.09.008
https://www.ncbi.nlm.nih.gov/pubmed/33097371
http://dx.doi.org/10.1186/s41205-017-0021-4
https://www.ncbi.nlm.nih.gov/pubmed/29782600
http://dx.doi.org/10.1002/acm2.12489
https://www.ncbi.nlm.nih.gov/pubmed/30402935
http://dx.doi.org/10.1371/journal.pone.0110746
http://dx.doi.org/10.1371/journal.pone.0110746
https://www.ncbi.nlm.nih.gov/pubmed/25337700
http://dx.doi.org/10.1002/acm2.13538
https://www.ncbi.nlm.nih.gov/pubmed/35084098
http://dx.doi.org/10.1136/bmj.n71
https://www.ncbi.nlm.nih.gov/pubmed/33782057
http://dx.doi.org/10.1371/journal.pone.0267741
https://www.ncbi.nlm.nih.gov/pubmed/35511918
http://dx.doi.org/10.1016/j.prro.2017.11.001
https://www.ncbi.nlm.nih.gov/pubmed/29452869
http://dx.doi.org/10.1093/jrr/rrac013
https://www.ncbi.nlm.nih.gov/pubmed/35420693


Reports of Practical Oncology and Radiotherapy 2025, vol. 30, no. 1

https://journals.viamedica.pl/rpor112

specific bolus for electron beam radiotherapy for 
non-melanoma skin cancer. Radiother Oncol. 2016; 121(1): 
148–153, doi: 10.1016/j.radonc.2016.07.011, indexed in 
Pubmed: 27475278.

14.	 Pollmann S, Toussaint A, Flentje M, et al. Dosimetric Eval-
uation of Commercially Available Flat vs. Self-Produced 
3D-Conformal Silicone Boluses for the Head and Neck 
Region. Front Oncol. 2022; 12: 881439, doi:  10.3389/
fonc.2022.881439, indexed in Pubmed: 36033533.

15.	 Dai G, Xu X, Wu X, et al. Application of 3D-print silica bolus 
for nasal NK/T-cell lymphoma radiation therapy. J Radiat 
Res. 2020; 61(6): 920–928, doi:  10.1093/jrr/rraa084, in-
dexed in Pubmed: 32960262.

16.	 Albantow C, Hargrave C, Brown A, et al. 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, indexed in Pubmed: 32011102.

17.	 Muramatsu N, Ito S, Hanmura M, et al. Development 
of a transparent and flexible patient-specific bolus for 
total scalp irradiation. Radiol Phys Technol. 2021; 14(1): 
82–92, doi:  10.1007/s12194-021-00606-6, indexed in 
Pubmed: 33484400.

18.	 Dipasquale G, Poirier A, Sprunger Y, et al. Improving 
3D-printing of megavoltage X-rays radiotherapy bo-
lus with surface-scanner. Radiat Oncol. 2018; 13(1): 
203, doi:  10.1186/s13014-018-1148-1, indexed in 
Pubmed: 30340612.

19.	 Sasaki DK, McGeachy P, Alpuche Aviles JE, et al. A modern 
mold room: Meshing 3D surface scanning, digital design, 
and 3D printing with bolus fabrication. J Appl Clin Med 
Phys. 2019; 20(9): 78–85, doi:  10.1002/acm2.12703, in-
dexed in Pubmed: 31454148.

20.	 Kang D, Wang B, Peng Y, et al. 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, indexed 
in Pubmed: 32415217.

21.	 Park JW, Oh SeAn, Yea JiW, et al. Fabrication of mal-
leable three-dimensional-printed customized bolus 
using three-dimensional scanner. PLoS One. 2017; 12(5): 
e0177562, doi:  10.1371/journal.pone.0177562, indexed 
in Pubmed: 28494012.

22.	 Ehler E, Sterling D, Dusenbery K, et al. Workload im-
plications for clinic workflow with implementation of 
three-dimensional printed customized bolus for radi-
ation therapy: A pilot study. PLoS One. 2018; 13(10): 
e0204944, doi:  10.1371/journal.pone.0204944, indexed 
in Pubmed: 30273403.

23.	 Martin TW, Boss M-K, Larue SM, et al. 3D-printed bo-
lus improves dose distribution for veterinary patients 
treated with photon beam radiation therapy. Front 
Oncol, vol. Can Vet J. 2020; 61(6): 638–644, doi: 10.3389/
fonc.2022.964455, indexed in Pubmed: 32675816.

24.	 Koutsouvelis N, Rouzaud M, Dubouloz A, et al. 3D printing 
for dosimetric optimization and quality assurance in small 
animal irradiations using megavoltage X-rays. Z Med Phys. 
2020; 30(3): 227–235, doi: 10.1016/j.zemedi.2020.03.004, 
indexed in Pubmed: 32475758.

25.	 Wang X, Zhao J, Xiang Z, et al. 3D-printed bolus en-
sures the precise postmastectomy chest wall radia-
tion therapy for breast cancer. Front Oncol. 2022; 12: 

964455, doi:  10.3389/fonc.2022.964455, indexed in 
Pubmed: 36119487.

26.	 Obeid JP, Gutkin PM, Lewis J, et al. Volumetric Modulated 
Arc Therapy and 3-Dimensional Printed Bolus in the Treat-
ment of Refractory Primary Cutaneous Gamma Delta 
Lymphoma of the Bilateral Legs. Pract Radiat Oncol. 2019; 
9(4): 220–225, doi: 10.1016/j.prro.2019.02.016, indexed in 
Pubmed: 30836188.

27.	 Wang H, Pi Y, Liu C, et al. Investigation of total skin helical 
tomotherapy using a 3D-printed total skin bolus. Biomed 
Eng Online. 2023; 22(1): 57, doi:  10.1186/s12938-023-
01118-7, indexed in Pubmed: 37316944.

28.	 Zou W, Fisher T, Zhang M, 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, indexed in Pubmed: 
26103473.

29.	 Aoyama T, Uto K, Shimizu H, et al. Physical and dosi-
metric characterization of thermoset shape memory 
bolus developed for radiotherapy. Med Phys. 2020; 
47(12): 6103–6112, doi:  10.1002/mp.14516, indexed in 
Pubmed: 33012062.

30.	 Van der Walt M, Crabtree T, Albantow C. PLA as a suit-
able 3D printing thermoplastic for use in external beam 
radiotherapy. Australas Phys Eng Sci Med. 2019; 42(4): 
1165–1176, doi:  10.1007/s13246-019-00818-6, indexed 
in Pubmed: 31728939.

31.	 Dąbrowska-Szewczyk E, Zawadzka A, Kowalczyk P, et al. 
Low-density 3D-printed boluses with honeycomb infill in 
radiotherapy. Phys Med. 2023; 110: 102600, doi: 10.1016/j.
ejmp.2023.102600, indexed in Pubmed: 37167778.

32.	 Baltz GC, Chi PCM, Wong PF, et al. Development and vali-
dation 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, indexed in Pubmed: 30821903.

33.	 Park SY, Choi CH, Park JM, et al. 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, indexed in Pubmed: 27930717.

34.	 Burleson S, Baker J, Hsia AnT, et al. Use of 3D printers to 
create a patient-specific 3D bolus for external beam ther-
apy. J Appl Clin Med Phys. 2015; 16(3): 5247, doi: 10.1120/
jacmp.v16i3.5247, indexed in Pubmed: 26103485.

35.	 Malone C, Gill E, Lott T, et al. Evaluation of the quality of 
fit of flexible bolus material created using 3D printing 
technology. J Appl Clin Med Phys. 2022; 23(3): e13490, 
doi: 10.1002/acm2.13490, indexed in Pubmed: 35048501.

36.	 Park K, Park S, Jeon MJ, et al. Clinical application of 
3D-printed-step-bolus in post-total-mastectomy 
electron conformal therapy. Oncotarget. 2017; 8(15): 
25660–25668, doi: 10.18632/oncotarget.12829, indexed 
in Pubmed: 27784001.

37.	 Robar JL, Moran K, Allan J, et al. Intrapatient study com-
paring 3D printed bolus versus standard vinyl gel sheet 
bolus for postmastectomy chest wall radiation therapy. 
Pract Radiat Oncol. 2018; 8(4): 221–229, doi:  10.1016/j.
prro.2017.12.008, indexed in Pubmed: 29452866.

38.	 Lee VWY, Liu ACH, Cheng KW, et al. Dosimetric bene-
fits of 3D-printed modulated electron bolus following 
lumpectomy and whole-breast radiotherapy for left breast 
cancer. Med Dosim. 2023; 48(1): 37–43, doi:  10.1016/j.
meddos.2022.10.001, indexed in Pubmed: 36336582.

http://dx.doi.org/10.1016/j.radonc.2016.07.011
https://www.ncbi.nlm.nih.gov/pubmed/27475278
http://dx.doi.org/10.3389/fonc.2022.881439
http://dx.doi.org/10.3389/fonc.2022.881439
https://www.ncbi.nlm.nih.gov/pubmed/36033533
http://dx.doi.org/10.1093/jrr/rraa084
https://www.ncbi.nlm.nih.gov/pubmed/32960262
http://dx.doi.org/10.1002/jmrs.378
http://dx.doi.org/10.1002/jmrs.378
https://www.ncbi.nlm.nih.gov/pubmed/32011102
http://dx.doi.org/10.1007/s12194-021-00606-6
https://www.ncbi.nlm.nih.gov/pubmed/33484400
http://dx.doi.org/10.1186/s13014-018-1148-1
https://www.ncbi.nlm.nih.gov/pubmed/30340612
http://dx.doi.org/10.1002/acm2.12703
https://www.ncbi.nlm.nih.gov/pubmed/31454148
http://dx.doi.org/10.1038/s41598-020-64967-5
https://www.ncbi.nlm.nih.gov/pubmed/32415217
http://dx.doi.org/10.1371/journal.pone.0177562
https://www.ncbi.nlm.nih.gov/pubmed/28494012
http://dx.doi.org/10.1371/journal.pone.0204944
https://www.ncbi.nlm.nih.gov/pubmed/30273403
http://dx.doi.org/10.3389/fonc.2022.964455
http://dx.doi.org/10.3389/fonc.2022.964455
https://www.ncbi.nlm.nih.gov/pubmed/32675816
http://dx.doi.org/10.1016/j.zemedi.2020.03.004
https://www.ncbi.nlm.nih.gov/pubmed/32475758
http://dx.doi.org/10.3389/fonc.2022.964455
https://www.ncbi.nlm.nih.gov/pubmed/36119487
http://dx.doi.org/10.1016/j.prro.2019.02.016
https://www.ncbi.nlm.nih.gov/pubmed/30836188
http://dx.doi.org/10.1186/s12938-023-01118-7
http://dx.doi.org/10.1186/s12938-023-01118-7
https://www.ncbi.nlm.nih.gov/pubmed/37316944
http://dx.doi.org/10.1120/jacmp.v16i3.4959
https://www.ncbi.nlm.nih.gov/pubmed/26103473
http://dx.doi.org/10.1002/mp.14516
https://www.ncbi.nlm.nih.gov/pubmed/33012062
http://dx.doi.org/10.1007/s13246-019-00818-6
https://www.ncbi.nlm.nih.gov/pubmed/31728939
http://dx.doi.org/10.1016/j.ejmp.2023.102600
http://dx.doi.org/10.1016/j.ejmp.2023.102600
https://www.ncbi.nlm.nih.gov/pubmed/37167778
http://dx.doi.org/10.1002/acm2.12552
http://dx.doi.org/10.1002/acm2.12552
https://www.ncbi.nlm.nih.gov/pubmed/30821903
http://dx.doi.org/10.1371/journal.pone.0168063
http://dx.doi.org/10.1371/journal.pone.0168063
https://www.ncbi.nlm.nih.gov/pubmed/27930717
http://dx.doi.org/10.1120/jacmp.v16i3.5247
http://dx.doi.org/10.1120/jacmp.v16i3.5247
https://www.ncbi.nlm.nih.gov/pubmed/26103485
http://dx.doi.org/10.1002/acm2.13490
https://www.ncbi.nlm.nih.gov/pubmed/35048501
http://dx.doi.org/10.18632/oncotarget.12829
https://www.ncbi.nlm.nih.gov/pubmed/27784001
http://dx.doi.org/10.1016/j.prro.2017.12.008
http://dx.doi.org/10.1016/j.prro.2017.12.008
https://www.ncbi.nlm.nih.gov/pubmed/29452866
http://dx.doi.org/10.1016/j.meddos.2022.10.001
http://dx.doi.org/10.1016/j.meddos.2022.10.001
https://www.ncbi.nlm.nih.gov/pubmed/36336582


Aleksandra Bochyńska et al.  3D Printing for Personalized Radiotherapy Boluses

113https://journals.viamedica.pl/rpor

39.	 Ehler ED, Sterling DA. 3D printed copper-plastic composite 
material for use as a radiotherapy bolus. Phys Med. 2020; 
76: 202–206, doi: 10.1016/j.ejmp.2020.07.008, indexed in 
Pubmed: 32707484.

40.	 Park JM, Son J, An HJ, et al. Bio-compatible patient-specific 
elastic bolus for clinical implementation. Phys Med Biol. 
2019; 64(10): 105006, doi:  10.1088/1361-6560/ab1c93, 
indexed in Pubmed: 31022714.

http://dx.doi.org/10.1016/j.ejmp.2020.07.008
https://www.ncbi.nlm.nih.gov/pubmed/32707484
http://dx.doi.org/10.1088/1361-6560/ab1c93
https://www.ncbi.nlm.nih.gov/pubmed/31022714

	_Hlk173777827
	_Hlk173777981
	_Hlk172710866
	_Hlk172710914
	_Hlk173778009
	_Hlk172710940
	_Hlk172710948
	_Hlk173778046
	_Hlk173778059

