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A B S T R A C T

Purpose: To compare the dose distributions produced in patients (pts) treated for thymic tumours with spot-
scanning proton beam therapy (PBT) implemented with single-field uniform dose (SFUD), intensity-modulated
radiation therapy (IMRT) and three-dimensional conformal photon-beam based radiotherapy (3D-CRT).
Methods: Twelve pts, treated with 3D-CRT, were included. Alternative IMRT and SFUD plans were constructed.
The IMRT plans were created using a setup with beams incident from 5 to 6 different angles. For the SFUD plans,
a field-specific planning target volume (PTV) was created for each patient and a clinical target volume (CTV)-
based robust optimization was performed. A robustness evaluation was performed for the CTV for all SFUD
plans. A dosimetric evaluation was conducted for the doses to the CTV and organs at risk (OARs) for all plans.
The normal tissue complication probability (NTCP), for different endpoints, was calculated using the Lyman-
Kutcher-Burman (LKB)-model and compared between plans.
Results: SFUD was associated with significantly lower mean doses to the oesophagus, the heart, the left anterior
descending coronary artery (LAD), lungs and breasts compared to 3D-CRT and IMRT. The maximum dose given
to the spinal cord was significantly lower with SFUD. The risks for pneumonitis, esophagitis and myelopathy
were significantly reduced in the SFUD plans.
Conclusions: The present study showed dosimetric advantages of using scanned-beam PBT for the treatment of
thymic tumours, as compared to 3D-CRT and IMRT, especially in regard to lower doses to the oesophagus and
lungs. The risk of toxicity was reduced with SFUD.

1. Introduction

Thymic tumours, i.e. thymoma and thymic carcinoma, derive from
the epithelial cells of the thymus gland. Thymic tumours may be non-
invasive (WHO Type A thymoma) or show loco regional invasive, or
even metastatic traits (WHO Type B thymomas and Type C thymic
carcinomas, respectively) [1]. Thymectomy is the main, and sometimes
definitive, treatment. Patients (pts) with positive surgical margins,
gross residual disease, tumour recurrence or unresectable tumours, may
be treated with radiotherapy (RT), in a neo-/adjuvant, salvage or de-
finitive setting. Prescribed doses depend on the clinical indication, with
lower doses given to pts with minimal or positive surgical margins
(45–60 Gy) and higher doses to patients with gross residual disease or
unresectable tumours (60–70 Gy) [2]. Radiotherapy is often combined
with platinum-based chemotherapy [2].

Due to its location in the anterior mediastinum, the thymus is

closely adjacent to several critical organs, such as heart, lungs, oeso-
phagus and spinal cord. Several studies on RT in thoracic tumours, e.g.
breast cancer, lymphoma, lung-, and oesophageal cancer, have shown a
wide range of acute and long-term toxicities, e.g., pneumonitis, peri-
carditis, esophagitis, myelitis and cardiovascular events [3–6]. As the
long-term survival for many thymoma pts is excellent, avoidance of
severe RT-related side effects is vital.

A small number of studies have shown dosimetric advantages when
using proton beam therapy (PBT) in the treatment of thymic tumours as
compared to photon RT, especially with regard to doses to the organs at
risk (OAR) [7,8]. In the present study, we evaluate the dosimetric- and
NTCP-outcomes for 12 patients treated for thymoma, or thymic carci-
noma, comparing spot-scanning PBT implemented with the single-field
uniform dose (SFUD) technique and photon beam RT performed with
three-dimensional conformal radiotherapy (3D-CRT) and intensity-
modulated radiation therapy (IMRT). Multi-field optimization was not
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used due to uncertainties in the produced dose distributions, caused by
possible organ movement, associated with this method.

2. Material and methods

The Regional Medical Ethics Committee has approved this study.

2.1. Patient, tumour and treatment characteristics

Twelve pts with thymic tumours (eight pts with WHO Type B2-3
thymomas, three pts with WHO Type C thymic carcinomas, and one pt
with an infiltrative thymic tumour, which was not classified according
to WHO, in the pathology report), who received 3D-CRT at our
Institution, were included (Table 1). Ten pts were male, and the median
age was 63.5 years (range: 49–82 years). Thymectomy was performed
in 9 pts, whereas 3 pts were assessed as inoperable, and their histolo-
gical diagnosis was based on biopsy. Six pts were treated with che-
motherapy. RT was performed in a post-operative setting in 8 pts, as
neo adjuvant treatment before surgery in 1pt, and as definitive treat-
ment in 3 pts.

2.2. Set up and structure delineation

All patients underwent a pre-treatment planning CT-scan in a
standardized supine position. An oncologist performed structure deli-
neation on the CT image sets. There was not any gross tumour volume
(GTV) remaining in the post-operative patients. The clinical target vo-
lume (CTV) covered the visible mass on the pre-operative CT image
sets, and included possible residual disease on the post-surgery CT
image sets. An isotropic expansion margin of 0.7 cm was added to the
CTV to create the planning target volume (PTV) used for photon
treatments (the PTV margin was based on recorded values for posi-
tioning uncertainty in this area for fixation on wing board without the
use of a vacuum cushion, at our institution). The volumes of the CTV
and the PTV for the pts included in this study are shown in Table 2. The
delineation of OARs included both lungs excluding the CTV, heart,
spinal cord, oesophagus, left anterior descending coronary artery
(LAD), skin and both breasts (in both male and female pts). The spinal
cord encompassed all the extension along the axially irradiated area.

2.3. Treatment planning

The treatment planning for photon- and proton-beam therapy was
performed on the Eclipse™ treatment planning system (TPS) version
13.7 (Varian Medical Systems, Palo Alto, California). The 3D-CRT

photon plans were prepared with 3 to 5 incident photon beams, (en-
ergies of 6, 15 and 18 MV) delivered by a Varian linear accelerator. The
treatment was delivered 5 days a week in daily fractions between 1.8 Gy
(RBE) (1pt) and 2 Gy (RBE) (11pts), and the total prescribed dose
ranged between 50 and 60 Gy (RBE) (Table 2). The plan objective was
to deliver doses between 95% and 107% of the prescribed dose to the
PTV. The dose-volume constraints used for the OARs were as follow: the
maximum allowed dose given to the spinal cord was set to 48 Gy (RBE),
V20 for the lung(-)CTV should be below 35% of the total lung volume
and the mean dose given to the whole oesophagus should not exceed
45 Gy (RBE). For the heart and the LAD, attempts were made to keep
the dose as low as possible. The dose calculation was made using the
analytical anisotropic algorithm (AAA). The clinical 3D-CRT plans used
for the actual patient treatment were used as reference in the plan
comparison. In addition, photon-based IMRT plans were retrospectively
created for comparisons with the SFUD plans. These plans were also
prepared in Eclipse™ TPS, using 6 MV photon beams produced by a
Varian linear accelerator. Similar plan objectives and OAR constraints
as for the 3D-CRT plans were also used to create the IMRT plans.

The planning for PBT was done using spot-scanning beams with
kinetic energies between 60 and 230MeV generated in an IBA machine
(Ion Beam Applications, S.A., Louvain-La-Neuve, Belgium). The plans
were prepared using the SFUD method. To ensure dose coverage of the
part of the PTV, which was located closer to the patient surface, a range
shifter of water equivalent thickness of 3.5 g/cm2 was used. The
treatment planning constraints used for 3D-CRT planning were also
adopted for the SFUD planning. A two-beam configuration was used for
proton irradiation. The field-specific PTV (fsPTV) tool available in the
Eclipse™ TPS was used to design field-specific PTVs, which were then
used for spot positioning. To reduce dose perturbations caused by
sternal metal clips, the clips were delineated and assigned the same
Hounsfield units as for the adjacent bone [9]. A CTV-based robust op-
timisation was thereafter performed accounting for an isotropic setup
uncertainty of 0.7 cm and a proton range uncertainty of 3.5%. This
resulted in one nominal plan (without perturbations) and 12 simulated
plans with perturbed dose distributions. The dose calculation was done
using the proton convolution superposition algorithm (PSC) and the
optimisation was conducted with the Nonlinear Universal Proton Op-
timizer (NUPO) algorithm, both available in Eclipse™ TPS. To account
for the relative biological effectiveness (RBE) of proton beams, a gen-
eric RBE of 1.1 was assumed [10].

2.4. Plan evaluation

A robustness evaluation of the SFUD plans was performed based on
the robustness criteria set for the CTV: D90≥ 95% for all the simulated
scenarios and D95≥ 95% for at least 10 of the 12 simulated robustness
scenarios; for the spinal cord the V48 Gy (RBE)=0% for all the

Table 1
Patient characteristics.

Pt Sex
(M/F)

Age
(years)

Surgery
(y/n)

Margin Chemotherapy Histology
(WHO)

1 M 76 n – carboplatin/etoposide *

2 F 65 y R1 none B3
3 M 64 y R0 none C
4 M 63 y R1 none B3
5 F 59 y R1 none B2/3
6 M 56 n – cisplatin/docetaxel C
7 M 53 y R0 none B3
8 M 52 y R1 cisplatin/etoposide B2/3
9 M 49 y R1 cisplatin/etoposide B3
10 M 73 n – carboplatin/etoposide B3
11 M 82 y R1 none B2/3
12 M 74 y R0 carboplatin/etoposide C**

* biopsy showed infiltrative thymoma, tumour was not classified according
to WHO.
** biopsy showed thymic cancer, pt received neoadjuvant chemotherapy and

RT, surgical specimen after thymectomy showed no sign of vital tumour.

Table 2
Volumes of the CTV and PTV, the fraction doses and the number of fractions
used for planning with 3D-CRT, IMRT, and SFUD for all patients.

Patient # Fx*. Dose (Gy (RBE)) Number of fxs CTV (cm3) PTV (cm3)

1 2 30 554 834
2 2 28 290 574
3 2 28 318 756
4 2 28 170 400
5 2 28 257 525
6 2 30 305 596
7 2 27 132 451
8 2 28 115 311
9 2 28 153 369
10 1.8 30 80 498
11 2 30 130 351
12 2 25 760 1246

* fx= fraction.
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scenarios. For the 3D-CRT, IMRT and the SFUD plans, the D98 and the
D2 of the CTV were registered. The homogeneity Index [11] was also
calculated for the CTV for all patients and plans. For the OARs, the
dose-volume values obtained in the 3D-CRT and IMRT plans were
compared with the values obtained in the nominal SFUD plans and with
the dosimetric values obtained in the worst-case scenario for the OARs
in the SFUD plans (the scenario representing the highest dose-volume
curve).

2.5. Assessment of NTCP

The assessment of NTCP was done using the Lyman-Kutcher-
Burman (LKB) model shown in Equation (1) [12,13].

∫ ⎜ ⎟= ⎛
⎝

− ⎞
⎠−∞

NTCP
π

x dx1
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t 2
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TD (1)50 is the tolerance dose which leads to 50% complication
probability after uniform whole organ irradiation; v is the fractional
volume irradiated with a uniform dose D, in this study chosen to be the
maximum dose (Dmax) received by the individual OAR; n and m are
model parameters which describe the volume dependence of the NTCP
and the slope of the dose response curve, respectively. To take the non-
homogeneous dose distribution in the OARs into account, the effective-
volume method [12] was used. With this method, the DVH obtained for
an OAR was converted to the equivalent DVH, which would be obtained
after uniform irradiation of an effective volumev of the OAR with a dose
equal to Dmax. The LKB-model parameters used and the biological
endpoints considered in the NTCP calculations are shown in Table 3.
The values of the LQ-model parameter α β/ used for the different OARs
are also presented.

2.6. Statistics

A two-sided Wilcoxon signed-rank test was used to compare dosi-
metric outcomes and the estimated NTCPs between the SFUD plans and
the two photon-based plans (3D-CRT and IMRT) for each patient. A p-
value < 0.05 was considered statistically significant.

3. Results

3.1. Dosimetric comparison

For all pts, the robustness criteria set for the CTV and spinal cord
were met with the SFUD plans. The planning objective for the PTV (3D-
CRT plans) and the constraints for the OARs (3D-CRT and SFUD plans)
were also respected. Typical dose distributions obtained with 3D-CRT
and SFUD plans are shown in Fig. 1, for a representative patient case.
The obtained DVHs for the CTV and the OARs with the 3D-CRT and the
SFUD plans are also presented for this patient (Fig. 2).

For the 3D-CRT, IMRT and the SFUD plans, no significant difference

was observed between the obtained values of the HI: 0.08 (IQR: 0.07 –
0.08), 0.06 (IQR: 0.06 – 0.08) and 0.07 (IQR: 0.06 – 0.08), respectively
(p > 0.05). For the OARs, the nominal SFUD plans were associated
with significantly lower values of the dose-volume metrics for the spinal
cord (Dmax), oesophagus (Dmean and V30), heart (Dmean, V5, V30 and
V45), LAD (Dmean), lung excluding the CTV (Dmean, V5 and V20) and for
the total breast (Dmean), compared to both the 3D-CRT and IMRT
(p < 0.05), see Table 4. There was no significant difference between
the maximum dose given to the oesophagus, LAD, skin and total breast

Table 3
Values of the LKB-model parameters (n, m and TD50), the corresponding endpoints and the LQ-model parameter α β/ for the different OARs studied.

Organ n m TD50 (Gy) Endpoint α β/ (Gy) Sources

Heart 0.636 0.13 50.6 Pericarditis 3 Martel et al. [40].
Oesophagus 0.44 0.32 51.0 Grade 2 or greater acute esophagitis 3 Chapet et al. [41].
Skin 0.38 0.14 39.0 Radiation-induced skin toxicity (RIST) 3 Pastore et al. [42].
Lung 1 0.41 29.9 Symptomatic R. Pneumonitis 3 Semenenko & Li [43].
Spinal cord 0.05 0.175 66.5 Radiation myelitis 0.87* Burman et al. [44].

* Value of the α β/ parameter for the spinal cord was taken from Schultheiss [45].

Fig. 1. Dose distributions in the axial plane for the 3D-CRT (A), IMRT (B) and
SFUD (C) plans in a representative patient (patient #1).
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with the nominal SFUD plans and both the 3D-CRT and the IMRT plans
(p > 0.05), Table 4. For the worst-case scenario of the SFUD plans,
lower or comparable dose-volume values were obtained for all OARs,
when compared to the 3D-CRT or the IMRT plans, except for the
maximum doses given to the oesophagus and to the skin. The maximum
dose given to the oesophagus decreased from a median value of 57.6 Gy
(RBE) with the worst-case scenario SFUD plans, to median values of
53.5 Gy with 3D-CRT (p < 0.05) and 53.6 Gy with IMRT (p < 0.05).
For the skin, a median value of the maximum dose of 51.1 Gy (RBE) was
obtained with the worst-case scenario of the SFUD plans. This value was
reduced to a median value of 46.6 Gy with the 3D-CRT plans
(p < 0.05), while with the IMRT plans no significant difference was
observed (p > 0.05).

A summary of the obtained dosimetric volumes with the 3D-CRT,
IMRT, and the SFUD (nominal and worst-case scenario) plans is pre-
sented in Table 4.

3.2. NTCP comparison

A summary of the calculated NTCP values, obtained with the 3D-
CRT, IMRT and SFUD plans for the different toxicities evaluated, is
shown in Table 5. The nominal SFUD plans were associated with sig-
nificantly lower risk of pneumonitis (median 2.5%), compared to 3D-
CRT (median 9.1%) and IMRT (median 10.8%), p < 0.05. The risk of
myelopathy was reduced from a median value of 0.4% with 3D-CRT to
0% with the nominal SFUD plans (p < 0.05). For the worst-case sce-
nario SFUD plans, significantly lower risk of pneumonitis (median
3.3%) was registered, compared to 3D-CRT (median 9.1%) and IMRT
(median 10.8%), p < 0.05. The risk of myelopathy was also lower with
the worst-case scenario SFUD plans, compared to the 3D-CRT (0% vs.
0.4%), p < 0.05. Lower risk of esophagitis was calculated for the
worst-case scenario SFUD plans (median 4.3%), compared to the IMRT

plans (median 5.8%), p < 0.05. The risks of pericarditis and RT-in-
duced skin toxicity (RIST) were non-existent with all three modalities
(3D-CRT, IMRT, nominal and worst-case scenario of the SFUD plans),
p > 0.05.

4. Discussion

In the present study, we demonstrate dosimetric advantages of using
SFUD delivered with scanned proton beams in the treatment of thymic
tumours, as compared to photon 3D-CRT and IMRT. The probability of
observing different toxicities was also evaluated for the three treatment
modalities. A good CTV dose-coverage was obtained with both the
SFUD plans and the clinically used photon plans. The dose-volume
values for several OARs were significantly lower with the SFUD plans,
than in the corresponding 3D-CRT and IMRT plans. This resulted in
lower estimated NTCPs with SFUD for the lung, spinal cord, and oe-
sophagus.

In general, the dose reductions with the SFUD plans were observed
for the mean doses given to most of the OARs, while there were no
differences in maximum doses, except for the spinal cord. This fact was
observed as the integral doses with PBT can be expected to be lower.
However, the maximum doses, in particular for the OARs located in
close proximity of the target volumes, will be of comparable values as
for the photon plans. Similar findings were observed in comparative
studies of photon- and proton-RT for liver targets [14,15] where the
potential dose-reduction with proton-beams was evident in the low and
intermediate dose ranges.

In our study, doses to the lungs and oesophagus were significantly
reduced in favour of SFUD, which correlated to clinically significant
relative reductions in NTCP for pneumonitis and esophagitis.
Minimizing exposure to lung and oesophagus seems important since
complications in these OARs appear to be quite common. A recent study

Fig. 2. DVHs calculated for the 3D-CRT, IMRT and SFUD plans. Upper panel: comparison of 3D-CRT plans (full lines) vs. IMRT plans (dash-dotted lines) vs. nominal
SFUD plans (dashed lines); lower panel: uncertainty DVHs for all the simulated scenarios of the SFUD plan. Data is for patient #1.
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has reported up to 25% Grade 3–4 esophagitis and 12.5% Grade 3–4
pneumonitis, in patients treated with definitive concurrent chemor-
adiotherapy for locally advanced thymic tumours [16].

For OARs with a parallel organisation, such as the lungs and breasts,
it is probably most important to avoid high mean doses, while in OARs
which are serially organized, e.g., oesophagus and spinal cord, avoid-
ance of high maximum doses is more important [17]. The heart, be-
cause of its complex organisation, with both parallel and serially or-
ganized sub units, is more difficult to assess in this regard. For this
reason, it is probably preferable to present additional DVH-parameters
for this particular OAR. It is a well-known fact that incidental irradia-
tion of the heart increases the subsequent risk of coronary heart disease
and cardiac death [18,19]. It is not known, however, if this is mainly
due to damage to the myocardial microvasculature or the larger cor-
onary arteries, e.g., LAD. Darby et al. conducted a population-based
study on cardiovascular events in more than 2000 women, who had
been treated with RT for breast cancer [20]. In this study, the mean
dose given to the heart was better correlated to cardiovascular events
than the mean dose to LAD, suggesting that it is after all more important
to lower total exposure to the entire heart, than to particular subunits,
e.g., coronary arteries. In our study, the mean dose to the heart was
reduced by more than 80%. Although some suggestions have been
made regarding constraints for LAD, [21], most publications on RT,
which includes heart exposure, do not report such values. In our study
we did not include any constraints for the LAD.

Dose-surface maps (DSM), generated from dose distribution data,
may improve our understanding of which parts of different OARs that
are more sensitive for toxicity, and whether high maximum or high
mean doses are most important for a particular area. So far DSM-ana-
lysis are mostly used in pelvic irradiation [22–24] but should in future
studies also be used in thoracic radiotherapy, and for comparison of
different treatment modalities.

A small number of treatment studies have demonstrated PBT as a
feasible alternative to photon RT in the treatment of thymic tumours.
Parikh et al. compared dosimetric differences between passive scat-
tering PBT and alternative IMRT-plans in 4 pts treated with adjuvant
PBT for thymomas [7]. Target coverage was adequate, and the mean
doses given to heart, lung, oesophagus, and breast were significantly
lower in the PBT-plans. Short-term follow-up (FU) showed minimal
acute toxicities (Grade 1–2 dermatitis). Vogel et al. used double scat-
tering (DS-) PBT as adjuvant, salvage or definitive treatment in 27 pts
with thymic tumours [8]. PTV-coverage was excellent and doses to
OARs, such as lung, heart, LAD, oesophagus, and skin appeared to be
low, although no comparison to alternative photon plans were pre-
sented. A medium 2-year FU showed low rates of toxicity and 100%
local control. Furthermore, a few case reports have also been published
demonstrating lower doses to OARs using PBT as an alternative to
photon RT [25,26].

Several studies comparing PBT to 3D-CRT and IMRT for different
thoracic tumours have demonstrated dosimetric advantages in favor of
PBT. Hoppe et al [27] compared planned doses to several cardiac

subunits, for the 3 modalities, for 13 pts with mediastinal Hodgkins
lymphoma. Mean doses to all major cardiac subunits were reduced with
PBT, as compared to 3D-CRT and IMRT. Ling et al [28] compared doses
to several OARs for 10 pts with oesophageal cancer, for the 3 mod-
alities. The results demonstrate a significant benefit of PBT, in regard to
lower doses to several OARs, especially heart and lungs. Also for lung
cancer treatment, a few studies have shown dosimetric advantages with
PBT, as compared to both 3D-CRT and IMRT [29,30]. The results of
these studies are in accordance with our results.

In the studies comparing photon- and proton-RT for thymic cancer
[7,8], the proton plans were performed using the DS approach, in which
the proton range and setup uncertainties were considered through the
use of adequate compensators and apertures. As the scanned-proton
SFUD was implemented in our study, these proton-specific uncertainties
were taken into account in a more sophisticated manner. The im-
portance of implementing strategies to achieve plan robustness in PBT
has been highlighted [31–33]. In our study, the planning for PBT was
performed using the fsPTV, which has been shown to achieve robust
plans in the presence of proton-specific uncertainties [34]. Further-
more, a robust optimization was also performed to account for setup
and range uncertainties, which resulted in more realistic and robust
proton plans. This was observed when comparing the obtained dose-
volume values and the NTCPs obtained with the photon plans, with the
values calculated for the worst-case scenario of the SFUD plans for the
OARs. The worst-case scenario of the SFUD plans resulted in similar or
improved plans for most of the OARs, compared to both the 3D-CRT
and IMRT plans (Tables 4 and 5).

The delivery of PBT to thoracic tumours with scanned beams de-
mands that approaches to mitigate organ motion are also implemented.
Organ motion, when using scanned proton beams, is the source of the
interplay effect, loss of sharpness of the dose gradients and dose de-
formation due to density changes along the beam path. The impact of
organ motion on the quality of the dose distributions produced by
scanned proton beams has been extensively discussed in the study by,
e.g., Bert and Durante [35], and can result in under-dosage of the target
volume and over-dosage of the OARs surrounding the target volume.
This would ultimately lead to the reduction of the dosimetric ad-
vantages (and the advantages in terms of NTCP reduction) of the proton
beams. The plans used in our study were prepared on static CT image
sets, disregarding the effects of organ motion for the SFUD plans.
However, the use of robust optimisation has been shown to con-
siderably improve the plan quality in the presence of organ motion
[36,37]. Motion mitigation strategies such as the use of image-gui-
dance, motion control through gating, and possibly in the future
tracking, will further improve the safety in the delivery of treatments
with scanned proton beams.

In RT of thoracic and mediastinal tumours, not only acute and late
toxicities are of interest, but also the risk of RT-induced secondary
malignant neoplasms (SMN), since long-term survival in many patients
with thymomas is to be expected. Some of the OARs of interest are also
prone to cancer development, e.g., lung, oesophagus, breast, and skin.

Table 5
Median NTCP values obtained with 3D-CRT, IMRT and SFUD plans.

OAR Endpoint NTCP (%) [median value and IQR]

3D-CRT IMRT SFUD

Nominal plans Worst-case scenario

Heart Pericarditis 0 0 0‡,† 0‡,†

Lung Pneumonitis 9.1 (6.0–13.1) 10.8 (8.7–14.2) 2.5 (2.0–4.3) 3.3 (2.8–5.3)
Spinal Cord Myelopathy 0.4 (0–1.2) 0 0 0
Oesophagus Esophagitis 7.1 (1.7–14.5) 5.8 (3.5–12.4) 1.5 (0.1–2.9) ‡,† 4.3 (1.0–10.3)‡

Skin RIST 0 0 0‡,† 0‡,†

‡,† p > 0.05; otherwise p < 0.05. The pairwise comparison was done between the SFUD plans and the photon plans (‡3D-CT and †IMRT plans).
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Vogel et al. assessed the risk of SMNs following adjuvant DS-PBT as
compared to IMRT in 10 pts with stage II thymoma [38]. The calculated
risk of SMNs in lung, esophagus, breast, skin, and stomach was sig-
nificantly lower in DS-PBT as compared to IMRT. The comparison of the
expected risk for SMN between 3D-CRT, IMRT, and SFUD, for the pa-
tients included in the present report, is part of our future study. The use
of spot-scanning PBT, which, due to lower production of secondary
neutrons and better target dose-conformity compared to DS-PBT, may
have the potential to further reduce the risk of SMNs [39].

5. Conclusion

The present study confirms the dosimetric advantage of using PBT
in the treatment of thymic tumours, as compared to 3D-CRT and IMRT,
in regard to lower doses to OARs, and in reducing the risk of toxicity,
especially to the lung and oesophagus. Randomized, prospective stu-
dies, comparing PBT with photon radiotherapy, should be performed to
confirm PBT as a feasible alternative in the treatment of thymic tu-
mours.
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