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The aim of this study was to evaluate the dosimetric characteristics of a semi-customized
tongue displacement device (SCTDD) fabricated using a 3D printer for patients receiving
unilateral head and neck irradiation with intensity-modulated proton therapy (IMPT) and
assess its feasibility as a proton beam stopper compared to a standard mouthpiece (SMP).
Seven consecutive patients, three with tonsil cancer, and four with oral cavity cancer were
included in this retrospective study. Planning computed tomography (CT) images of each
patient were acquired for each device. Both the SCTDD and SMP plans were generated
using a single-field optimized IMPT. The clinically relevant dose-volume parameters for the
organs at risk (OARs), especially the tongue, were compared between the SCTDD and SMP
plans. Additionally, to assess the feasibility of SCTDD as a proton beam stopper, the dose
to the contralateral oral mucosa (COM) was compared with that from sMP use. The use of
scTDD resulted in a statistically significant decrease in the radiation dose to the tongue and
COM compared to sMP. The median mean dose to the tongue was significantly reduced
with SCTDD (18.3 Gy(RBE)) compared to the SMP (22.9 Gy(RBE)) (p � 0.016). The
percentages of tongue volume receiving doses between 15 and 60 Gy(RBE) were
significantly lower with SCTDD. In the COM, SCTDD resulted in a significantly lower
median mean (2.9 Gy(RBE) vs. 7.9 Gy(RBE), p � 0.018) and maximum dose
(39.1 Gy(RBE) vs. 41.6 Gy(RBE), p � 0.018) doses compared to SMP. The SCTDD
effectively decreased the radiation dose to the tongue compared to SMP in patients
undergoing unilateral head and neck irradiation with IMPT and acted as a proton beam
stopper to protect normal tissues located behind the target volume, such as the COM.
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INTRODUCTION

Radiation therapy (RT) is an essential treatment modality for
head and neck squamous cell carcinoma. Precision external-beam
RT techniques, such as intensity-modulated radiation therapy
(IMRT) [1, 2] and intensity-modulated proton therapy (IMPT)
[3–5] can provide highly conformal dose distributions to the
target volume and minimize the dose to the surrounding normal
tissues for head and neck cancers (HNCs). However, dose
reduction to the organs at risk (OARs) near the target remains
a challenge because the planning target volumes (PTVs) are often
very close to or overlap with several OARs, including the
brainstem, spinal cord, optic apparatus, major salivary glands,
pharyngeal musculature, oral tongue, and mucosa of the oral
cavity (OC). Although intensity modulation based on inverse
planning algorithms has contributed greatly to lowering the dose
of the OC around the target, it is still difficult to be free from the
threshold dose of radiation-induced toxicities in both IMRT
and IMPT.

The tongue, a subsite of the OC, plays an important role in
taste, saliva production, speech, and swallowing. Delivery of high-
dose radiation to the OC causes radiation-induced toxicities,
including oral mucositis, taste alterations, xerostomia, and
swallowing dysfunction during or after RT [6–8]. Furthermore,
these can lead to weight loss, which can cause significant
dosimetric changes in target volumes and OARs in IMPT and
poor quality of life after RT [9].

IMPT has a dosimetric advantage over IMRT, owing to the
rapid dose fall-off behind the Bragg peak, it can deliver a highly
conformal dose to the target while reducing the dose to adjacent
OARs [3–5]. However, due to its unique physical properties of
dose deposition, protons are more sensitive to uncertainties than
photons [10]. In particular, in unilateral head and neck (HN) RT
using IMPT, it is not easy to spare the OC including the tongue
because the OC is very close to the target volume. Therefore, even
in unilateral IMPT, it is necessary to separate the tongue from the
target volume to further reduce the dose to the adjacent tongue.

Intraoral devices (IODs) are widely used to minimize setup
uncertainty of the tongue and reduce the dose of the OC and
tongue. In clinical practice, tongue depressors or bite blocks,
mainly those that press the entire tongue, have been commonly
used as IODs in bilateral HN RT [11–13]. However, these
techniques are less effective when applying RT for unilateral
HNCs, especially OC and tonsil cancers. Forced displacement of
the tongue from the target using IODs is an effective and reliable
approach to minimize the radiation dose to the tongue in
unilateral HN RT using either IMRT or IMPT. For this
reason, there is a great need for customized IOD in RT for
HNC because of the anatomical complexity of the HN region.
There have been a few reports regarding the effectiveness of
custom-made mouthpieces as tongue depressors and elevators for
carbon-ion RT [14–16]. However, no studies have investigated
whether 3D-printed semi-customized IODs can be used to
displace the tongue laterally from the target volume in
unilateral HN IMPT. A unique, semi-customized intraoral
tongue displacement device (SCTDD) treated with helical
tomotherapy (HT) was previously developed and showed a

significant decrease in the radiation dose to the tongue
compared with a standard mouthpiece (SMP) in HT for OC
and tonsil cancer [17]. Most HNCs are candidates for IMRT or
IMPT alone or in combination [11]. Most centers use the same
IODs for both proton and photon therapy. Therefore, it is very
important to evaluate the usefulness and dosimetric effect of
IODs in IMPT because proton beams behave completely
differently from megavoltage photon beams [18, 19].

Proton beam ranges are also susceptible to tissue density
heterogeneities, and it is difficult to stop protons within a
specific range inside low-density materials, especially air
cavities [20, 21]. An IOD can be used to effectively displace
the tongue from the target. However, it can alter the anatomical
structure or create air cavities in the OC. In particular, if the PTV
contains or is adjacent to an air cavity in the OC, it may be
difficult to optimize the dose to the target volume while
protecting the tongue and contralateral oral mucosa (COM)
behind the target volume because the proton beam range will
be extended over the target. Consequently, proton beam
overshoot caused by range uncertainty and setup error will
lead to an unnecessary high dose to the tongue and COM
beyond the target volume. Thus, evaluation of the dosimetric
characteristics of IODs is essential for IMPT for HNC.

The aim of this study was to investigate the usefulness and
dosimetric effects of SCTDD in unilateral HN IMPT. For the first
time, we also assessed whether an SCTDD could act as a proton
beam stopper in the OC.

MATERIALS AND METHODS

Patients and Simulation
We designed and developed a unique patient-specific intraoral
device, the scTDD, using a 3D printer (3DP) for use in patients
with unilateral HNC (Figure 1). A detailed description of the
SCTDD has been previously published [17]. Briefly, to reduce the
radiation dose to the tongue, an SCTDD was designed to displace
the tongue to the contralateral side of the target. In terms of
functionality, the scTDD consists of an airway, tongue displacer,
and tongue position verification window. When the patient bites
the scTDD and sticks out his tongue until the tongue tip touches
the tongue position verification window, the tongue is naturally
displaced along the guide groove of the displacer to the
contralateral side of the target (blue dotted arrows in
Figure 1). The patient can breathe comfortably during RT
through the airway, and the radiation therapist can simply
check the reproducibility of the patient’s tongue-tip position
through the verification window during the RT session. The
two connectors were designed to attach and secure to the
thermoplastic immobilization mask to improve the
reproducibility of the patient setup. To ensure that every
patient’s tongue would fit in the device and account for the
variety of jaw-opening dimensions that naturally occur, we
fabricated 16 different sizes of the SCTDD with varying
combinations of thicknesses (5–20 mm, in 5 mm increments)
and lengths (40–70 mm, in 10 mm increments). The scTDD was
printed using a fused deposition modeling (FDM) 3DP (3DISON
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Multi, Rokit, Korea) with a biocompatible 3DP material (Kitchen
and Deco, Rokit, Korea). Printing was performed at an extruder
temperature of 260°C, a layer height of 0.3 mm, and infill of 100%
at a printing speed of 60 mm/s. The manufacturing process using
3DP is quite similar to that reported in previous studies [17, 22].

Following approval from the institutional review board, seven
consecutive patients with histologically proven HN squamous cell
carcinoma, three with tonsil cancer and four with OC cancer, who
underwent unilateral HN RT at a single institution between June
and October of 2016 were included in this study (Table 1). Before
the actual simulation, each patient was able to estimate the
appropriate size of the SCTDD by measuring the distances
between the upper and lower incisors (thickness) and the
length of the OC with their mouths open comfortably. For
adaptation and training, reproducibility and suitability were
judged by confirming that each patient was able to maintain
the posture for approximately 10 min by applying the selected
size of scTDD. This retrospective study generated IMPT plans
using patient data, including planning computed tomography
(CT) and contours of the targets and OARs, which were used in a
previous study [17]. Briefly, all patients were immobilized in the
supine position using individual thermoplastic masks (Aquaplast
RTTM, Q-fix, USA). Two sets of planning CT images were
acquired: one with an SCTDD (CTSCTDD) and one with an

SMP (CTSMP), for each patient, and these images were
transferred to the treatment planning system (TPS, RayStation,
RaySearch Laboratories AB, Sweden).

Proton Planning
The targets and OARs were delineated on CTSCTDD and CTSMP.
In the three patients with tonsil cancer treated with definitive RT,
the gross tumor volume (GTV) and clinical target volume (CTV)
were delineated on both CT image sets, whereas the CTV was
delineated only for the four patients with OC cancer treated with
adjuvant RT. The PTVs (P_GTV and P_CTV) were created by a
3-mm isotropic expansion from the GTV and CTV, respectively,
which were edited in consideration of actual anatomic
boundaries, such as the spinal cord and skin surface.
Furthermore, the following OARs were delineated on both CT
image sets according to internal guidelines based on a reference:
the parotid glands, spinal cord, brain stem, and tongue [23, 24].
Additionally, the COM surface was delineated to assess the
feasibility of the SCTDD as a proton beam stopper. The
planning volume for the spinal cord (p-cord) was generated
by adding a 3-mm margin to the actual spinal cord.

IMPT plans were generated using one or two single-field
optimization beams [4, 25] based on line scanning with a
range shifter (4 cm water equivalent thickness) for both the

FIGURE 1 | Top (A) and bottom (B) views of the three-dimensional model for the semi-customized tongue displacement device (scTDD). The scTDD consists of
airway, tongue displacer and tongue position verification window.

TABLE 1 | Patients’ characteristics.

Patient
number

Gender Age
(years)

Primary
site

Clinical
stage

Histology Aim
of RT

Total dose
[Gy(RBE)]

No. of
fractions

Gantry angles (°) [Couch
angels (°)]

Pt 1 Male 40 Tonsil cT2N2bM0 Squamous Definitive 66.0 33 60°, 160°

Pt 2 Female 46 Oral cavity pT4aN0M0 Squamous Adjuvant 59.4 27 290°

Pt 3 Male 56 Tonsil cT1N2aM0 Squamous Definitive 66.0 33 40°, 80°

Pt 4 Male 64 Tonsil cT2N1M0 Squamous Definitive 59.4 27 300°, 210° [C10°]
Pt 5 Male 54 Oral cavity pT4aN2bM0 Squamous Adjuvant 59.4 27 25°, 70°

Pt 6 Female 60 Oral cavity pT2N1M0 Squamous Adjuvant 59.4 27 25°, 85°

Pt 7 Male 72 Oral cavity pT2N1M0 Squamous Adjuvant 59.4 27 335°, 285° [C10°]

Abbreviations RT, radiation therapy; C, couch.
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SCTDD and SMP (Table 1). The Sumitomo Proton machine
(Sumitomo Proton Therapy System, Sumitomo Heavy
Industries, Ltd.) model was used to create the IMPT plans.
Generally, anterior and posterior oblique beams are employed
to optimize the target dose coverage while minimizing
uncertainties along the beam path by avoiding the beam
passing through the mouth (teeth) and shoulder penetrations.
For this reason, a small couch kick angle (10°) was applied in two
cases. In addition, because we did not use the beam direction
traversed through SCTDD, the stopping power ratio (SPR) of the
mouthpiece in the dose calculation was determined directly from
the CT number using a CT-number-to-SPR conversion table.

All doses were defined in gray (Gy) as the relative biological
effectiveness (RBE), assuming an RBE of 1.1 for protons. The
same target coverage and OAR dose constraints were used for
both plans based on internal guidelines as follows: a total dose of
66 Gy(RBE) and 60 Gy(RBE) were prescribed to 99% of the GTV
and CTV, respectively, in 33 fractions using the simultaneous
integrated boost technique for tonsil cancer. A total dose of
59.4 Gy(RBE) was prescribed to 99% of the CTV in 27
fractions for OC cancer. To achieve the most uniform dose
distribution within the GTV and CTV, 99% of the GTV and
CTV should receive at least 95% of the prescribed dose, and the
volume receiving ≥110% of the prescribed dose should not be
>1 cm3. The mean doses (Dmean) for the parotid glands and
tongue were limited to ≤26 Gy(RBE) and ≤30 Gy(RBE),
respectively, and the maximum dose (Dmax) to the p-cord
and brainstem did not exceed 45 Gy(RBE) and 54 Gy(RBE),
respectively. Robust optimization was performed using GTV
and CTV as the target volumes. The robustness parameters
were setup errors of ±3 mm in three dimensions and range
uncertainties of ±3.5% of the nominal range, considering a
total of 21 different scenarios. For both plans, the same
number of iterations was used during the dose optimization
process. During inverse planning, once the GTV and CTV
constraints were reached, optimization was continued for dose
reduction to the OARs until the iteration limit was reached while
maintaining the GTV and CTV doses. A pencil beam algorithm
was used for the final dose calculation, and the dose calculation
for all IMPT plans was performed on a 2 × 2 × 2 mm3 dose grid
resolution. For a fair dosimetric comparison, all plans were
normalized such that 99% of the GTV and CTV received the
prescribed dose.

Dosimetric Comparison
Dosimetric characteristics were obtained from both plans to
compare the quality of the two plans. For the PTV, the
minimum doses received by 98% (D98), 50% (D50), and 2%
(D2) of the PTVs were compared. The dose homogeneity index
(HI � [D2–D98]/D50) was calculated to assess the uniformity of
the dose distribution within the PTV. AnHI value of 1 is ideal and
indicates a uniform dose distribution within the target. The
following parameters were used for dosimetric comparison of
the OARs: the mean dose (Dmean) of the parotid glands;
maximum point dose (Dmax) of the p-cord and brain stem;
percentage volume receiving 15 Gy(RBE) [V15Gy(RBE)],
30 Gy(RBE) [V30Gy(RBE)], 35 Gy(RBE) [V35Gy(RBE)],

45 Gy(RBE) [V45Gy(RBE)], and 60 Gy(RBE) [V60Gy(RBE)],
and Dmax and Dmean for the tongue. In addition, the doses
to the COM were analyzed as follows: the percentage volumes
receiving 5 Gy(RBE) [V5Gy(RBE)], 10 Gy(RBE) [V10Gy(RBE)],
15 Gy(RBE) [V15Gy(RBE)], 30 Gy(RBE) [V30Gy(RBE)], and
39 Gy(RBE) [V39Gy(RBE)]; and Dmean and Dmax.

Quantitative statistical analysis of SCTDD and SMP data was
performed using the Wilcoxon signed-rank test (SPSS, IBM
Corporation, New York, United States). Statistical significance
was set at p < 0.05.

RESULTS

Proton beams provided good dose distribution, in which a high
dose was focused around the target in both the SMP and SCTDD
plans for all patients (Figure 2). In particular, the Bragg peak was
effective at limiting the dose to the OARs near the target regions
while maintaining the target dose coverage. For the target dose
coverage, there was no significant difference in the D2, D98, and
D50 of all target volumes between the SMP and SCTDD plans (p >
0.05). Furthermore, no significant differences were observed in
the Dmean of the parotid glands [13.9 vs 13.7 Gy(RBE), p �
0.938] and Dmax of the p-cord (14.6 vs. 11.1 Gy(RBE), p � 0.469)
and brain stem [3.0 vs. 3.1 Gy(RBE), p � 0.438] between the two
groups (Supplementary Table S1).

The SCTDD effectively displaced the tongue to the
contralateral side of the PTV, while the SMP depressed the
tongue down without displacement in all patients (Figure 1,
yellow arrows). This led to differences in the dosimetric
characteristics of the tongue, specifically, a reduction in the
volume of the tongue that received high radiation doses (near
the prescribed dose) (Figure 2, red arrow). The median Dmean of
the tongue was significantly reduced with an SCTDD
[18.3 Gy(RBE), interquartile range (IQR): 16.6–23.1] compared
to that with the SMP [22.9 Gy(RBE), IQR: 21.2–25.2] (p � 0.016)
(Table 2). In addition, the median V15Gy(RBE), V30Gy(RBE),
V35Gy(RBE), V45Gy(RBE), and V60Gy(RBE) were significantly
lower with an SCTDD (37.6, 27.4, 24.8, 19.8, and 7.3%,
respectively) compared to those with the SMP (46.1, 36.2, 33.6,
28.2, and 10.3%, respectively) (all p < 0.05). However, no
significant difference in the median Dmax of the tongue was
observed between the SMP [62.0 Gy(RBE), IQR: 61.8–67.3] and
SCTDD [62.2 Gy(RBE), IQR: 61.9–67.4].

An air cavity was formed in the OC as the SMP depressed
the tongue (Figure 3). It extended the proton beam range so
that a low radiation dose reached the COM. In contrast, no air
cavity was created when SCTDD was used. Furthermore, it
played an important role as a proton beam stopper, absorbing
unwanted radiation in the penumbra region. These effects are
well represented in the dosimetric profile of the COM
(Figure 4; Table 3). The median Dmean of the COM was
significantly reduced with SCTDD use [2.9 Gy(RBE), IQR:
2.1–5.0] compared to SMP [7.9 Gy(RBE), IQR: 3.6–8.9] (p �
0.018). SCTDD resulted in a significantly lower maximum dose
to the COM than SMP [39.1 Gy(RBE) vs. 41.6 Gy(RBE), p �
0.018]. Moreover, significant dose reductions were achieved
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for the V5Gy(RBE), V10Gy(RBE), V15Gy(RBE),
V30Gy(RBE), and V39Gy(RBE) with SCTDD (16.3, 10.4, 6.4,
0.5, and 0.0%, respectively) compared to SMP (48.6, 33.8, 14.7,
2.0, and 0.1%, respectively) (all p < 0.05). Patients with OC
cancer, who had larger air pockets in the OC, showed higher
median dose-volume histograms (DVHs) in the COM as well
as higher dose reduction effects using an SCTDD compared to
tonsil cancer patients (Figure 4).

DISCUSSION

Various types of IODs are widely used to minimize setup errors
and reduce the dose to the OC and its subsites [14–16, 26–28].
However, tongue depressor-type IODs are not effective for
lateralized HNC RT. In addition, patient-specific
customization of the IOD is important considering the
presence of various types of OC conditions for HN RT
patients. New types of patient-specific IODs have recently
been reported [14–16, 28]. However, proper creation of a
patient-specific IOD requires skill and sufficient manufacturing
time, and can be difficult in busy clinical settings. To solve these

issues, we developed a unique SCTDD through a semi-
customization process using the same design but with various
sizes. Manufacturing SCTDD has been made possible using 3D
printing technology. The patient only needs to select an SCTDD
that fits his/her oral conditions.

Despite the development of advanced RT techniques,
radiation-induced oral mucositis is one of the most common
obstacles in HNC RT [6, 29]. Furthermore, although the use of
IODs can significantly decrease the tongue and mucosa dose in
patients receiving IMRT for lateralized tumors [17, 30], it is not
clear whether IODs are effective in lowering the OC dose,
including the tongue, in unilateral HN IMPT. Manzar et al.
demonstrated that IMPT resulted in significantly lower doses
to the OC, and improved mucositis, dry mouth, and sticky saliva
in patients treated unilaterally compared with IMRT; however, no
IOD information was provided [31]. Grant et al. reported that the
use of tongue-deviating stents in the unilateral treatment of tonsil
cancer is likely to have no dosimetric benefit for patients receiving
IMPT compared to IMRT [30]. However, through this study, we
were able to confirm that as a unique IOD, an SCTDD was very
effective in reducing the tongue dose in IMPT [Dmean:
22.9 Gy(RBE) to 18.3 Gy(RBE)] compared to the use of SMP.

FIGURE 2 | Axial dose distributions of the SMP (A) and SCTDD (B) in a representative patient. The SCTDD reduced the dose to the tongue by effectively separating
the tongue from the target volume. The yellow arrows indicate the tongue, which was depressed (left) and laterally displaced (right) when using the SMP and SCTDD,
respectively.

TABLE 2 | Comparison of dosimetric characteristics for tongue between the SMP and SCTDD.

Parameters SMP SCTDD p-value

V15Gy(RBE) 46.1% (43.4, 48.9) 37.6% (32.7, 45.7) 0.016a

V30Gy(RBE) 36.2% (33.0, 37.0) 27.4% (25.2, 34.5) 0.016a

V35Gy(RBE) 33.6% (30.4, 34.2) 24.8% (23.0, 31.4) 0.016a

V45Gyy (RBE) 28.2% (25.1, 31.1) 19.8% (19.0, 25.5) 0.016a

V60Gy(RBE) 10.3% (7.3, 17.0) 7.3% (4.7, 14.5) 0.016a

Dmean 22.9 Gy(RBE) (21.2, 25.2) 18.3 Gy(RBE) (16.6, 23.1) 0.016a

Dmax 62.0 Gy(RBE) (61.8, 67.3) 62.2 Gy(RBE) (61.9, 67.4) 0.938

Values are presented as median (IQR Q1, Q3); Abbreviations: IQR, interquartile range; SMP, standard Mouthpiece; SCTDD, semi-customized tongue displacement device; Gy, gray; RBE,
relative biological effectiveness; VDGy(RBE), the percentage of the tongue volume that received D Gy(RBE) or more; Dmean, mean dose; Dmax, maximum dose.
aStatistically significant.
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This difference seems to be due to differences in structure and
principle of operation of the IOD. This is a valuable outcome in
clinical practice because most HNCs are candidates for IMRT or
IMPT, and some patients receive both treatment modalities for
adaptive RT with the same IOD [11].

The development of radiation-induced tongue mucositis is
associated with tongue volumes that receive low-and high-dose
radiation. Musha et al. reported that patients receiving
16.0–73.0 Gy to the tongue were susceptible to grade 2–3 acute
radiation tongue toxicity [32]. Therefore, a decrease in the tongue
volume that receives low-dose radiation may be effective in
preventing tongue mucositis. Our results showed that SCTDD
use led to a statistically significant reduction in the dose to the
tongue in terms of the mean dose, V15Gy(RBE), V30Gy(RBE),
V35Gy(RBE), V45Gy(RBE), and V60Gy(RBE) compared to SMP
use. These results indicate that it is possible to reduce the rate of
grade 0—1 and 2—3 acute radiation tongue mucositis using an
SCTDD.

Radiation-induced oral mucositis was related to a
cumulative radiation dose to the OC between 15 Gy
(V15Gy) and 39 Gy (V39Gy) [32, 33]. In patients using an
SMP, the V15Gy(RBE) and V30Gy(RBE) of the COM were
higher than those using the SCTDD (14.7 vs. 6.4%, and 2.0 vs.
0.5%, respectively). These differences seem to be due to the
presence of air cavities formed by the sMP depressing the
tongue in the OC (Figure 3). That is, more proton beams
reached the COM because the proton beam range was
increased in the air cavity compared to typical tissue with
equivalent water density. In contrast, the use of an scTDD did
not result in the formation of an air cavity, and it worked as a
beam stopper in the OC. Although these values are small, they
are included in the potential risk range for oral mucositis and

may increase when the proton beam overshoots due to range
uncertainty caused by tumor shrinkage, weight loss, or setup
error [34]. Furthermore, if the PTV boundary is too close to the
anatomical boundaries of the air volume in the OC and the air
volume is large [21, 35], a large amount of unnecessary
radiation will be delivered to the contralateral side of the
target, such as the tongue and COM. In addition, there is a
significant increase in RBE >1.1 at the end of the proton beam
range [36, 37]. This can lead to a greater incidence of normal
tissue complications in contralateral oral structures. From this
point of view, SCTDD use may be effective at reducing the dose
to contralateral oral structures because it acts as a proton beam
stopper as well as a displacement device for the tongue by
filling the air volume in the OC.

Prior to the clinical use of in-house IODs in particle therapy
of HNC, it is necessary to conduct several investigations. Most
importantly, the effects of the IOD material on the dose
calculation of the particle beams must be considered. In
CT-based planning, the composition of the IODs is not
properly converted to SPR in the TPS, which can lead to
range errors of particle beams in patients. Therefore, the
validation of the SPR estimate for IODs materials should be
clarified by comparing the converted value with the
measurements [38]. When the incident beam passes
through the IOD, it is recommended that the IODs be
overwritten with the measured SPR value according to the
treatment planning procedure. If it is not available, it would be
useful to use a treatment planning strategy in which the
incident beam does not pass through the IODs. Because we
did not use the beam direction through the IODs in this study,
we did not consider overwriting and correcting the IOD
material with proper Hounsfield units or proton SPR.

FIGURE 3 | Axial dose distributions of the SMP (A) and SCTDD (B) in a patient with oral cavity cancer. The SCTDD acted as a proton beam stopper to protect the
contralateral oral mucosa (green).
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Therefore, although the SPR error of IODs did not affect the
dose calculation of the target, there may be a difference in the
dosimetric results of COM.

Second, because particle therapy is sensitive to patient setup
uncertainty, validation of the positional stability and

reproducibility of IODs during treatment is necessary. To
ensure robust positioning reproducibility, the scTDD design
introduces a connector to the thermoplastic immobilization
mask and a tongue-tip position guide bar with a verification
window. Further studies are needed to evaluate setup
reproducibility by analyzing daily setup images. In addition,
patients should be able to tolerate IODs easily. According to
the results of a previous study [17], sMP could not be applied
because it was difficult to open the jaw sufficiently for patients
with postoperative RT, whereas scTDD with a thickness of 1 cm
and a length of 6.5 cm could be effectively applied to the patient.
As the course of RT progresses, oral mucositis lesions are
extremely painful and may lead to oral discomfort. For this
reason, scTDD requires a rounded corner design with a
smooth surface.

In lateralized cancers such as buccal or retromolar trigone
cancer, the CTV generally does not include the tongue,
considering anatomic boundaries and tumor invasion patterns.
However, with the use of usual tongue depressor-type IODs, it is
often difficult to distinguish the anatomical boundary between
the lateral tongue and buccal mucosa or gingiva. The use of
scTDD helps to identify the anatomical space between the tongue
and the gingiva/buccal mucosa. Clinicians should delineate CTV
considering these changes.

This study has several limitations. First, this was a single-
institution retrospective study including a small number of
patients and is subject to the inherent biases of the study
design. Second, we hypothesized that the tongue depressor was
the standard tongue immobilization device for unilateral HNCs
[39], and this study focused on comparing SCTDD with the
tongue depressor. Although SCTDD is readily applicable to
patients and has advantages as a proton beam stopper,
comparisons with currently commercialized tongue-deviating
IODs were not included in this study. Finally, further study is
needed to assess whether the dosimetric benefits obtained using
SCTDD can also reduce RT-associated acute and late toxicities.

CONCLUSION

We developed a unique SCTDD using 3DP technology, which was
designed to separate the tongue from the target volume. It can be

FIGURE 4 | Median dose-volume histogram (DVH) for the contralateral
oral mucosa with the SMP and SCTDD in all patients (A), patients with oral
cavity cancer (B), and patients with tonsil cancer (C). The bars represent the
first (25%) and third (75%) quartiles for each dose.

TABLE 3 | Comparison of dosimetric characteristics for contralateral oral mucosa between the SMP and SCTDD.

Parameters SMP SCTDD p-value

V5Gy(RBE) 48.6% (30.1, 57.9) 16.3% (14.0, 34.5) 0.018a

V10Gy(RBE) 33.8% (13.4, 36.6) 10.4% (1.9, 14.0) 0.018a

V15Gy(RBE) 14.7% (9.4, 26.2) 6.4% (0.0, 7.8) 0.018a

V30Gy(RBE) 2.0% (0.5, 4.3) 0.5% (0.0, 0.9) 0.028a

V39Gy(RBE) 0.1% (0.0, 0.3) 0.0% (0.0, 0.0) 0.043a

Dmean 7.9 Gy(RBE) (3.6, 8.9) 2.9 Gy(RBE) (2.1, 5.0) 0.018a

Dmax 41.6 Gy(RBE) (35.8, 43.1) 39.1 Gy(RBE) (15.8, 40.5) 0.018a

Values are presented as median (IQR Q1, Q3).
Abbreviations: IQR, interquartile range; SMP, standard Mouthpiece; SCTDD, semi-customized tongue displacement device; Gy, gray; RBE, relative biological effectiveness; VDGy(RBE), the
percentage of the tongue volume that received D Gy(RBE) or more; Dmean, mean dose; Dmax, maximum dose.
aStatistically significant.
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used during unilateral IMPT to reduce the radiation dose to the
tongue and the COM. The SCTDD not only dramatically reduced
the dose to the tongue compared to SMP, but also played a very
important role as a proton beam stopper for the COM by
preventing proton overshoot within the OC. Furthermore, it is
expected to play an important role in minimizing radiation-
induced toxicity of the tongue and oral mucosa in
unilateral IMPT.
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