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Introduction
Advances in 3D printing offer an opportunity to address 

challenges inherent to radiation therapy of the male pelvis. 
Fabrication of customized plastic scrotal clamshells has been 
limited by the time and expense associated with machining 
complex shapes. However, modern 3D printed devices can be 
produced efficiently and cost-effectively, allowing for patient-
specific applications [1-5].

Treatment of the male pelvis is constrained by the 
radiosensitivity of the testes. Testicular spermatogenic function 
is exquisitely sensitive to radiation. A single exposure of 0.15 
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Abstract

Purpose: Radiotherapy to the pelvis presents challenges as the testes are mobile and exquisitely sensitive to radiation. 
Lead “clamshells” reduce radiation exposure during treatment, but these devices cause significant imaging artifacts during 
CT simulation, potentially interfering with treatment planning. We fabricated and assessed the clinical utilization of a 
custom 3D-printed plastic CT-compatible gonadal shield and immobilization device.
Materials and Methods: Our plastic clamshell was designed in Solidworks 3D CAD package (v26, 2018, Solidworks 
Corp, Waltham, MA) and printed on a printed using a commercial QIDI 3D X-Max printer (2018, Zhejiang QIDI 
Technology Co., Ltd, China). We evaluated the clinical applications of a 3D-printed plastic clamshell across 3 patients. A 
Siemens Sensation Open CT scanner (Siemens Medical Solutions, Malvern, PA) was used for radiotherapy CT simulation. 
All treatment planning and dose calculations were performed using the Varian Eclipse system (Varian Medical Systems, 
Palo Alto, CA).
Results: Our plastic clamshell increased the distance between the radiation target volume and the testes for a 14 yo M 
receiving proton therapy for fusion-positive rhabdomyosarcoma of the pelvic floor, providing a larger safety margin 
between the distal end of the proton beam and the gonads. For a 41 yo M with diffuse large B-cell lymphoma, our 
clamshell successfully eliminated imaging artifact, facilitating more accurate target delineation prior to treatment using 
a lead clamshell. In a 73 yo M with testicular lymphoma for whom the testis itself was the radiation target, our clamshell 
served as a scrotal immobilization device, facilitating reproducible setups across radiation treatments.
Conclusion: Our custom 3D-printed plastic clamshell is CT-compatible, and its ability to achieve immobilization and 
shielding has the potential to improve comfort, safety, and oncologic outcomes for pediatric and adult patients. Future 
work should prospectively assess patient-reported and objective measures of comfort, radiation toxicity, and tumor control.

Gy can significantly decrease semen volume, while 0.3-0.5 
Gy can cause oligospermia due to damage to the radiosensitive 
spermatogonia. The spermatocytes are damaged at 2-3 Gy and 
spermatids are damaged at 4-6 Gy [6-10]. Pediatric patients 
have additional risks with geometrically smaller targets and 
less distance to proximal organs, a higher lifetime probability 
of secondary malignancy and organ dysfunction, as well as 
the desire to preserve reproductive function [1-11]. 

Strategies to protect the testes include beam arrangements 
that avoid dose deposition in the testes, and physically shielding 
the testes by attenuating radiation using a lead clamshell around 
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the scrotum. Proton therapy is emerging as a preferred treatment 
for pediatric malignancies, as protons’ Bragg peak allows for 
rapid dose fall-off and the elimination of exit dose, allowing 
a more limited volume of normal tissue to receive radiation. 
While these advantages can potentially allow protons to avoid 
depositing dose to the testes even when treating a nearby target, 
distal beam range uncertainty can actually cause the Bragg peak 
and dose fall-off to occur in the testis. Proton therapy therefore 
requires a margin of error and a buffer zone, in addition to 
highly reproducible daily setups, to ensure the target receives 
the prescription dose and the testes receive minimal dose.

A custom 3D-printed plastic scrotal clamshell can be used to 
create a buffer for proton distal range uncertainty. Additionally, 
CT simulation using a plastic clamshell eliminates the imaging 
artifact seen with a lead clamshell, improving treatment 
planning and radiation dose modeling. For photon and electron 
plans requiring lead shielding, a custom plastic clamshell can 
be therefore used in place of the lead clamshell at the time of 
CT simulation to facilitate more accurate treatment planning, 
reserving the lead clamshell for the actual radiation treatment. 
Finally, a custom plastic clamshell can be used for both 
simulation and treatment of the testes themselves, facilitating 

highly reproducible setups of the testes with each treatment.
Here we describe the design and construction of a custom 

3D-printed plastic clamshell that can facilitate avoidance 
of the testes with proton therapy to the pelvis in a pediatric 
patient, improve radiation simulation and treatment planning 
in preparation for treatment with a lead clamshell in a second 
adult patient, and stabilize the scrotum for direct radiation to the 
testes in a third patient.

Materials and Methods
A custom clamshell was developed using Solidworks 3D 

CAD package (v26, 2018, Solidworks Corp, Waltham, MA) 
and printed using a commercial QIDI 3D X-Max printer (2018, 
Zhejiang QIDI Technology Co., Ltd, China) with polylactic 
acid (PLA) plastic, a material with a CT number close to that 
of water [12] (Table 1). The design was based on the classic 
lead clamshell used in photon radiotherapy [6] (Figure 1). 
Simulation for two patients (Patient 1 and 2) was performed 
using a Siemens Sensation Open CT scanner (Siemens Medical 
Solutions, Malvern PA), with a Siemens Somaton Definition 
Edge Open CT scanner (Siemens Medical Solutions, Malvern 

Figure 1: 3D Printed clamshells compared to a traditional lead 
clamshell. A) Clear-PLA plastic 3D printed clamshell (white) 
compared to a traditional lead clamshell (blue) B) Solidworks 3D 
CAD schematic of the 3D printed clamshell. 

Table 1: Material and 3D printer specifications and settings

Physical properties of the Clear-PLA 3D printed scrotal clamshell 3D Printer Properties 

Chemical formula of Clear-polylactic acid (PLA) C3H4O2 Brand Zhejiang QIDI Technology Co., Ltd 

Physical density 1.2 g/cm3 Model (year) QIDI 3D X Max (2018)

Electron density compared to water 1.14 Print accuracy 0.05-0.2 mm

Effective Z 4.22 Nozzle diameter 0.4 mm

CT Hounsfield Units (range) 75 ± 20 Software (year) Solidworks 3D CAD pkg. (2018)

Proton stopping power relative to water 1.08 Layer thickness 0.254 mm  (.010 in)

A

B

PA) used for Patient 3. Additional treatment immobilization 
devices included Vac-Lok casts (CIVCO, Orange City, IO) 
and Moldcare support mold (QFIX, Avondale, PA). All 
treatment planning and dose calculations were performed using 
the Varian Eclipse treatment planning system (Varian Medical 
Systems, Palo Alto, CA).

Patient 1 is a 14-year-old male with alveolar/fusion-positive 
rhabdomyosarcoma of the pelvic floor, Group 3, Stage 3 (T2B, 
N1, M0), located at the left peri-rectal/peri-anal region, arising 
from the perineum accompanied by lymphadenopathy. Prior 
to chemotherapy, sperm banking was performed twice. After 
12 weeks of multiagent chemotherapy, external beam 
radiotherapy began week 13. Pencil beam scanning proton 
therapy delivered definitive radiotherapy via posterior beams 
to 4140 cGy (relative biologic effectiveness [RBE]) to the 
involved lymph nodes, and 5040 cGy (RBE) over 28 fractions 
to gross disease. He was initially simulated and treated with 
no clamshell. After 5 treatments, he underwent resimulation 
with a plastic clamshell to reduce dose to the testes. (Figure 2) 
Additional setup devices included a wrapped dry towel placed 
between the legs to support the clamshell and a vacuum bag for 
immobilization. He received his 6th treatment with no clamshell 
as replanning took place, and he began treatment using the 
clamshell on fractions 7-28. Daily setups were performed using 
tattoos and kV imaging, aligning to bony pelvic anatomy.

Patient 2 is a 41-year-old man with relapsed diffuse large 
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B-cell lymphoma (DLBCL), initial Stage IV, who presented 
with worsening pain in the setting of progressive inguinal 
lymphadenopathy while undergoing maintenance rituximab. 
He received “boom-boom” palliative radiotherapy to the left 
inguinal fossa with 400 cGy over 2 fractions using anterior 
wedged pair 10 MV photon beams. Given the target’s proximity 
to the testes, the decision was to use a lead clamshell to shield 
the testes. To avoid artifact and facilitate accurate treatment 
planning, a custom plastic clamshell was used in place of a 
lead clamshell at the time of CT simulation, (Figure 3) with the 
penis taped to the right side, away from the target. Daily setups 
were performed using tattoos for alignment, with kV imaging 
obtained for the first fraction per our institutional protocol.

Patient 3 is a 73-year-old man with relapsed DLBCL, who 
developed progressive disease in the right testis following 
chimeric antigen receptor T-cell (CART) therapy. To reduce 
the risk of testicular relapse after right radical orchiectomy, 
he received 3060 cGy over 17 fractions to the remaining left 

testis using anterior wedged pair 6 MV photon beams. A custom 
plastic half clamshell was used to immobilize the testis during 
simulation and daily treatments (Figure 4). The patient was 
simulated with a slight frog-leg position in a vacuum bag for 
immobilization and a custom blue mold cushion between the 
thighs. The plastic half clamshell was then positioned on the 
blue mold, with the scrotum placed in the clamshell and the 
penis taped superiorly away from the testis. Tattoos were not 
placed; rather, marks were made on the vacuum bag, and daily 
setups utilized kV imaging to bony pelvic anatomy with light 
field alignment as needed.

Results
Compared to traditional lead clamshells, our custom 3D 

printed clamshell (Figure 1) has a proton stopping power ratio 
of 1.08, CT Hounsfield units (HU) ranges from 75 ± 20, and 
does not cause CT imaging artifacts (Table 1). This results in an 
accurate dose calculation throughout the planned treatment 

Figure 2: Patient 1 dose distribution of pencil beam scanning proton treatment with no clamshell (A) and 
with a 3D-printed custom plastic clamshell (B).

A

B
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Figure 3: Patient 2 treatment planning for radiation to the left external iliac and inguinal fossae shown with the 
CT-compatible plastic clamshell (A).

Figure 4: Patient 3 treatment planning for radiation to the right testis status post left orchiectomy, shown with 
the scrotum positioned on top of the CT-compatible plastic half-clamshell (A).
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volume, including the target region and the gonads. This is 
especially critical considering the mobile nature of the testes 
and their sensitivity to low doses of radiation. 

When Patient 1 was initially simulated and treated without 
a plastic clamshell, the proton beam Bragg delivered significant 
dose to the testes (Figure 2). Treatment planning estimates of 
testicular dose yielded a mean of 15.7 Gy (RBE) and a maximum 
of 53.8 Gy (RBE), doses that would threaten infertility. By 
contrast, the plastic clamshell allowed the distal edge of the 
proton beam’s dose distribution to terminate in the proximal 
clamshell and avoid the testes, reducing the mean to 0.2 Gy 
(RBE) and the maximum to 6.8 Gy (RBE) (Supplemental 
Figure 1). Because 6 of 28 fractions were delivered without 
the clamshell, the estimated total delivered doses to the 
testes was a mean of 3.6 Gy over 28 fractions. Although the 
position of the testes changed with the plastic clamshell, the 
maximum total delivered dose would be no higher than 16.8 
Gy over 28 fractions. The patient tolerated this treatment well, 
with maximum acute grade 2 skin toxicity and grade 1 diarrhea, 
which were managed with supportive care and resolved 2 
weeks after completing radiotherapy. He did develop right 
lower extremity lymphedema and diarrhea as late toxicities. 
His lymphedema was managed with physical therapy, and 
neither toxicity was felt to be related to the plastic clamshell. 
He had no late genitourinary toxicity, although he had not yet 
attempted fertility. Scrotal ultrasound at 18 months showed 
morphologically normal testes. At 24 months follow-up, the 
patient had no evidence of disease. 

to provide reproducible daily positioning for conventional 
photon radiotherapy of the left testis (Figure 4). Like patient 
1, the clamshell was used for both simulation and treatment. 
Yet unlike patient 1, the conventional photon radiotherapy 
beams were delivered using a half-clamshell to support and 
immobilize the testis, allowing 95% of the prescription dose 
to cover 99% of the testis. He tolerated treatment well with 
acute mild (grade 1) scrotal radiation dermatitis which quickly 
resolved. Three months after RT completion, PET/CT showed 
complete response. As expected, he developed hypogonadism 
requiring testosterone replacement therapy.

Discussion
Advances in 3D printing have yielded a multitude of novel 

clinical applications in radiation oncology. Between 2012 and 
2019, 103 research works involving 3D printing radiation 
oncology applications were published, the most common 
topics including phantoms for quality assurance programs 
(26%), brachytherapy guides (20%), and custom boluses (17%) 
[13]. Interest in 3D printing is due in part to affordability, 
customization capabilities, and the potential for rapid creation 
of patient specific shielding products. These factors result in 
substantial time and cost savings for radiation oncologists and 
therapists [14,15]. This is the first published report of a 3D printed 
plastic clamshell that can be used for three distinct clinical 
scenarios: facilitating physical separation to improve dosimetry 
and reduce dose to a structure, creating a CT-compatible setup 
device to be used in place of a CT-incompatible setup device at 
the time of treatment, and fabricating a custom setup device for 
both simulation and treatment.

Scattered radiation exposure to the testes must always be 
considered when planning treatment to the male pelvis. The 
simplest approach to limit exposure to the testes specifically is 
to control the radiation field size and target. Spacers can also 
be utilized to physically move the testes out of the radiation 
field. A variety of spacers have been used for anatomic targets 
in the head and neck, abdomen, and pelvis [7,16-22]. Ikawa et 
al. described a 3D printed mouthpiece they fabricated to protect 
the jaw from osteoradionecrosis during carbon ion radiation 
treatment to a tongue base carcinoma [23]. Proton beam 
termination introduces the potential for a spacer to physically 
move the testes sufficiently far from the Bragg peak, and its 
associated distal range uncertainty, to meaningfully reduce 
dose to the testes. In the case of Patient 1, a pediatric patient 
who required proton therapy to the pelvic floor, our 3D-printed 
plastic clamshell positioned the testes beyond the proton beam’s 
distal range, substantially reducing the testicular dose compared 
to setup without the plastic clamshell.

When the target is proximal to the testes proton therapy is 
not available thus a lead clamshell should be used to reduce 
scatter dose to the testes. Originally implemented by Fraass 
et al., the lead clamshell is a two-piece cup that encloses 
the scrotum and reduces the scatter dose to <1% of the target 
dose [6]. The device also promotes reproducible daily setups 
by maintaining a relatively fixed treatment volume for more 
reliable dose estimates and reducing dose to the perineum 
and thighs [24]. A lead clamshell scrotal shield has therefore 
historically been used with photon and electron radiotherapy to 
proximal treatment sites to attenuate both primary and scattered 
radiation to the testes [25]. 
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Patient 2 was simulated with the custom plastic clamshell to 
facilitate accurate treatment planning for a target in the inguinal 
fossa, followed by photon-based treatment using a lead clamshell 
(Figure 3). Inguinal and external iliac lymphadenopathy 
superolateral to the testes were targeted, omitting treatment of 
the inferomedial inguinal fossa. Dose calculations using the 
plastic clamshell at simulation estimated a mean of 0.02 Gy 
and a maximum of 0.06 Gy over 2 fractions, doses that were 
further reduced using the lead clamshell during treatment. 
He tolerated this low-dose treatment without complication or 
notable toxicities.

Patient 3 was simulated with the custom plastic clamshell 

Supplemental Figure 1: Dose volume histogram (DVH) comparing 
testicular proton dose without (squares) vs. with a 3D-printed custom 
plastic clamshell (triangles
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In the modern era of CT image-based treatment planning, 
a key disadvantage of lead clamshells are their introduction of 
imaging artifacts. Metal artifacts are particularly detrimental 
in radiation oncology CT treatment planning, as accurate CT 
estimations are needed for dose calculations, organ at risk 
visualization, and, in the case of proton therapy, stopping 
power calculations [26,27]. While software algorithms can 
correct corrupted projections or dual energy CT can be used 
for simulation, artifacts may still be present [28]. In this case 
dosimetrists must override the artifact signal while the radiation 
oncologist attempts to identify the corrected target volume. This 
process can create uncertainties in the planning target volume 
and dose calculation inaccuracies. The 3D-printed material 
used in this case, polylactic acid (PLA), has been shown not to 
create imaging artifacts, with CT numbers from 55 (at 140 kVp) 
to 70 (at 80 kVp) that are comparable to soft tissue HU values 
[29-31]. This HU range allows our plastic clamshell to be easily 
identified on both CT simulation and daily kV orthogonal setup 
imaging. As demonstrated by Patient 2, the CT compatibility 
of our 3D-printed plastic clamshell allowed it to be used in 
place of a lead clamshell for simulation, with the lead clamshell 
ultimately employed for treatment. 

Finally, Patient 3 demonstrates that our custom 3D-printed 
plastic clamshell can be used as a CT-compatible immobilization 
and setup device when the testes are the radiation target. 
Additionally, the fact that Patient 3 developed only mild 
scrotal dermatitis suggests that this material does not cause a 
clinically significant bolus effect. Although other devices can 
be used for scrotal immobilization, 3D printing using PLA 
allows an optimally fitting, rigid device to be fabricated, with 
highly reproducible daily setups, and with the ability to confirm 
positioning on daily imaging.

Limitations of this work include the small number of 
patients analyzed and the fact that Patients 1 and 2 had not yet 
attempted fertility. Future directions include the development 
of more customized clamshells. For instance, a device with 
increased thickness proximal to the proton beam to increase 
the buffer and position the testes further distal to the beam. 
When treating the testes, a device that conforms more closely 
to the patient’s specific anatomy and fabricated for more rigid 
immobilization may be useful if conformal radiation techniques 
are employed. Finally, although Patient 3 did not develop 
significant dermatitis, future in vivo dosimetry could confirm 
the dose modeling accuracy and the lack of bolus effect with 
PLA-based clamshells.

Conclusion
Advances in 3D printing allow for the development of 

custom patient devices for radiotherapy. Our custom 3D printed 
plastic scrotal clamshell can be used as a physical spacer to 
move the testes away from the distal edge of a proton beam, as 
a CT-compatible plastic replica that can be used in place of a 
lead clamshell at the time of simulation, and as a custom setup 
device for both simulation and treatment of the testes.
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