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Background and purpose: Intensity-modulated proton therapy (IMPT) offers dose/volume advantages for naso-
pharyngeal cancer (NPC), however is complex, time-consuming, and the Bragg-peak’s broad lateral penumbra
can compromise target coverage near critical structures. Transmission proton beams (TBs) may mitigate this,
while fully automated planning can ensure high-quality plans with reduced planning times. This study aimed to
evaluate the added value of TBs in robust, fully automated IMPT (autoIMPT) planning for NPC, and bench-
marking these against manually generated clinical IMPT plans.

Materials and Methods: Twenty-four NPC patients previously treated with IMPT with 70.00 Gy(RBE) to the pri-
mary tumor and 54.25 Gy(RBE) to the elective volumes were included. AutoIMPT- and autoIMPT+TB plans were
generated by Erasmus-iCycle, using the same 6-beam configuration and clinical constraints. Dose/volume-based
comparison to clinical plans was performed for target coverage, OAR doses, and normal tissue complication
probabilities (NTCP).

Results: Voxel-wise (vw) minimum target D98% of automated plans was similar or improved compared to clinical
plans, especially in cases with compromised target coverage. In serial OARs, significant dose reductions were
observed, especially in brainstem and optical system. Dose reductions to serial OARs were more pronounced in
the autoIMPT+TB plans, up to 22.5 Gy for vw-maximum optical nerve D0.03cm®. Similarly, dose reductions in
most parallel OARs were observed (—13.2 Gy in pituitary Dmean). NTCP for dysphagia remained equal; xero-
stomia NTCP was significantly lower in the automated plans.

Conclusions: Fully automated IMPT and IMPT+TB plans achieved similar or improved robust target coverage and
OAR sparing compared to clinical plans. Incorporation of TBs to IMPT showed similar target coverage and
enhanced dose reductions in serial OARs.

1. Introduction distal edge penumbra [3]. Also, at lower energies used for superficial

dose deposition, and with the addition of range shifters, the lateral

Radiation therapy is a standard curative treatment option for naso-
pharyngeal cancer (NPC) patients, with concomitant chemotherapy for
advanced stages. Intensity modulated proton therapy (IMPT) is
increasingly adopted as a treatment modality for NPC, due to its po-
tential to further reduce acute and late toxicity [1,2].

In IMPT, beams have a characteristic sharp distal dose fall off, the
Bragg peak, which is generally placed inside the tumor target, resulting
in minimal dose beyond the target. However, proton beams have a
relatively large lateral penumbra at larger depths as compared to its
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penumbra of a proton beam is wider [4]. While for NPC patients the
steep distal dose fall off in IMPT allows for more optimal target coverage
with reduced dose to surrounding organs at risk (OARs) as compared to
photons [5,6], the lateral penumbra width may negatively impact the
dose distribution in the lateral direction. The latter is especially relevant
at the boundaries of the tumor with serial OARs, where in some cases
target coverage concessions are necessary to prevent exceedance of dose
constraints to serial OARs, i.e. the brainstem and optic system.

A solution for this may be the incorporation of shoot-through proton
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Table 1
Patient and tumor characteristics.
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Test patients (n = 21) Tuning patients (n = 3)

Age (years) Median (range)

Sex (n) Female
Male
CTV7000 volume (cms) Median (range)

CTV5425 volume (cm®) Median (range)
T-stage (n) T1

T2

T3

T4
N-stage (n) NO

N1

N2

N3

48 62

(18-78) (48-73)

7 —

14 3

156.9 110.1
(27.3-408.7) (52.5-114.3)
385.1 360.6
(256.6-565.3) (333.7-524.7)
9 1

6 1

5 1

1 _

1 1

5 2

11 —

4 _

beams, or so-called transmission beams (TBs) which are single, high-
energy beams which shoot-through the patient. With this technique,
the Bragg peak locations end up behind the patient, and the tissue will be
irradiated with the part of the beam proximal to the Bragg peak. Ad-
vantages of TB proton therapy are sharp lateral penumbras, increased
robustness in the beam direction due to less sensitivity to density
changes, and no increase in linear energy transfer (LET) in the trajec-
tory. However, despite the possible advantages of TB plans, research on
this subject is limited. In proton FLASH, TB have been used [7-9]. Only
one head-and-neck study by van Marlen et al.[10] shown that 10-beam
TB plans deliver similar quality plans as 3-beam IMPT plans. Never-
theless, a drawback of using TBs alone is the increased exposure of
healthy tissues beyond the target, and does not fully leverage the de-
grees of freedom for dose shaping. Therefore the combination of IMPT
with TB is particularly relevant, as transmission beams may enhance
target coverage and OAR sparing due to their sharper lateral penumbras.

There is increasing interest in automation in radiotherapy planning,
aiming to improve consistency, efficiency, and plan quality while
reducing the time and expertise required for manual planning [11,12].
In proton therapy, several automated planning techniques have been
developed, including knowledge- based planning [13], hierarchical
optimization [14], scripting [15], deep learning [16], and multi-criterial
optimization (MCO) [17-19]. The latter is implemented in our in-house
planning system as ‘SISS-MCO’ for fully automated robust IMPT plan-
ning, which, by design, yields Pareto-optimal plans [20,21].

Previously, a planning strategy for hypo- and oropharynx IMPT was
developed using this approach, resulting in superior plan quality as
compared to clinical IMPT plans [19]. However, in NPC, conflicting dose
constraints between serial OARs and targets can occur, requiring the
development of a dedicated planning strategy.

The aim of this study was twofold: (1) to evaluate the added value of
incorporating transmission beams (TB) into robust IMPT planning for
NPC patients, and (2) to validate fully automated robust IMPT planning
for NPC patients. To this purpose, fully automated robust IMPT (auto-
IMPT) plans and fully automated transmission beams plans in combi-
nation with IMPT (autoIMPT+TB) were generated for NPC patients and
benchmarked to manually generated clinical IMPT plans. To our
knowledge, this is the first dose/volume-based comparison of automated
IMPT and IMPT+TB plans for NPC patients with clinical IMPT plans
reported in the literature.

2. Methods and materials
2.1. Patients

All 24 patients with NPC, clinically treated in HollandPTC with
primary IMPT at a Varian ProBeam unit (Varian Medical Systems, Palo

Alto, CA) between March 2019 and March 2024, were retrospectively
included. All patients gave informed consent for the retrospective use of
their clinical data. Patients were planned with curative intent and irra-
diated with 70.00 Gy (relative biological effectiveness (RBE) = 1.1) to
the primary Clinical Target Volume (CTV7000), and 54.25 Gy (RBE) to
the bilateral elective CTVs (CTV5425) in 35 fractions. Patient and tumor
characteristics are shown in Table 1.

2.2. Clinical IMPT planning

The clinical IMPT plans were manually generated by an experienced
treatment planner in the clinical treatment planning system (RayStation
v10B, RaySearch Laboratories AB, Stockholm, Sweden) in accordance
with the clinical treatment planning goals (Table S1, Supplementary
Material). CTVs and OARs were delineated on a CT with slice thickness
of 2x2x2mm>. The plans were created with a 6-beam configuration;
B1:50°, B2:100°, B3:160°, B4:200°, B5:260°, B6:310°, with a 3 cm range
shifter for beams B2-B5. For B2 and B5, a couch rotation of respectively
340° and 20° was applied. Avoidance volumes were created to prevent
spots passing through the shoulders, sinuses, and dental fillings. Addi-
tionally, caudal from the parotids, the CTV5425 was split into a left- and
right part and only allowed to be irradiated with B1-B3 or B4-B6
respectively, to prevent unnecessary irradiation by traversing healthy
tissues. The maximum beam contribution was limited to 47.0 Gy per
beam. Plans were robustly optimized for 21 scenarios with 3 mm
isotropic setup uncertainty and + 3% range uncertainty[22]. In some
cases, to prevent exceedance of constraints to critical OARs, target
coverage concessions were made in consultation with the treating
physician. Doses were computed with Monte Carlo dose engine on a
3x3x3mm°® dose grid with 1.0% statistical uncertainty.

2.3. Automated IMPT and IMPT+TB planning

The autoIMPT and autoIMPT+TB plans were generated using ‘SISS-
MCO’ (sparsity-induced spot selection with multi-criterial optimiza-
tion), implemented in the Erasmus-iCycle system for robust IMPT
planning[18,19]. The same CT with delineations, 6-beam configuration,
and constraints as used clinically was applied. The SISS-MCO framework
for IMPT was extended to enable the incorporation of TBs to IMPT
planning [23]. Briefly, all selected IMPT spots are duplicated, with their
energies replaced by 244 MeV with no range shifters. During the MCO,
the optimizer subsequently selects the spots to include in the final plan,
see Kong et al. [23].

A nasopharynx specific planning strategy (‘wish-list’) was developed
for the purpose of this study (Table S2 in the Supplementary Material).
Of the 24 included NPC patients, three were randomly selected for the
iterative tuning of the wish-list, in accordance with the clinical protocol.
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Table 2
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Dose/volume metrics (median and range) for the CTVs and OARs and the predicted NTCPs for the clinical, automated IMPT- and IMPT + TB plans, with outcome of the

Wilcoxon-signed rank test.

Metric Clinical plan  autoIMPT plan p-value autoIMPT+TB p-value p-value
median median (autoIMPT- plan (autoIMPT+TB- (autoIMPT+TB-
(min-max) (min-max) Clinical) median (min-max) Clinical) autoIMPT)
CTV7000 Dogoy=950% (66.5 [Gy])  69.0 (65.3-69.4) 68.3 (66.9-68.8) .04* 68.2 (66.8-68.7) .02% .01*
vw-min Dogo>949, (65.8 65.9 (60.8-67.1) 65.9 (62.2-66.3) .64 65.9 (62.3-66.3) .61 .93
[GyD
Daoy<1070% (74.9 [Gy])  73.9 (72.9-74.8) 73.6 (72.7-74.1) .03* 73.6 (73.1-74.0) .04* .99
Conformity index 0.60 (0.46-0.67) 0.65 (0.60-0.73) <.001* 0.65 (0.60-0.73) .00* .22
CTV5425 Dogoso0s0 (51.5 [Gy])  53.8 (53.3-55.1) 54.1 (53.1-56.1) .00* 54.2 (53.0-56.2) .02% 13
vw-min Dogoy>049, (51.0  51.1 (50.4-52.0) 51.4 (50.3-53.0) .31 51.3 (50.1-52.8) .39 .02*
[GyD
Conformity index 0.49 (0.39-0.62) 0.56 (0.49-0.64) <.001* 0.56 (0.49-0.65) <.001* .02*
Brainstem Core Dg g3ems [Gy] 33.3 (11.1-53.6) 23.5 (3.9-57.0) .00* 19.4 (3.5-57.6) <.001* 13
vw-max Core D g3¢m3 [Gy] 46.1 (20.0-59.1) 37.6 (12.9-59.8) .00* 36.1 (10.1-59.7) <.001* .00*
Surface Do ggeme [Gy] ~ 43.2 (17.0-58.2)  31.2 (7.9-62.1) <.001* 28.1 (7.8-62.0) <.001* .04*
vw-max Surface 54.4 (26.8-64.0) 47.8 (20.3-64.1) <.001* 45.5 (19.0-64.1) <.001* <.001*
Do 03ems [GY]
Spinal cord Core Dg 3¢m3 [Gy] 15.7 (6.6-32.2)  10.2 (4.5-33.9) .05* 10.1 (3.9-36.1) .02% .5
vw-max Core Dy g3ems [Gy] 24.0 (96.8-46.9) 14.1 (6.9-41.4) .00% 14.0 (6.5-45.1) .00* .99
Surface Dg g3ems [GY] 21.5(7.8-46.6)  12.9 (4.5-4.2) .00* 12.9 (6.1-44.4) .00* .19
vw-max Surface 27.5 (12.7-59.6) 17.2 (9.6-51.6) <.001* 15.7 (8.3-54.2) <.001* .99
Do 03ems [GY]
Optic chiasm Do 03cm? [GY] 7.6 (1.5-55.3) 0.5 (0-57.4) <.001* 0.2 (0-57.7) <.001* .00*
vw-max Dy g3ems [GY] 13.4 (2.8-59.1) 2.0 (0-59.7) <.001* 1.0 (0-59.6) <.001* .00*
Optic nerve left Do o3em? [GY] 25.4 (1.0-70.1) 6.7 (1-57.8) <.001* 3.9 (0-58.2) <.001* .00%
vw-max Do gzems [Gy] ~ 35.9 (1.9-71.1)  18.4 (5-60.0) <.001* 13.5 (0-60.3) <.001* .00%
Optic nerve right Do 03em? [GY] 25.6 (0.7-57.2) 7.2 (0-53.7) .00* 4.4 (0-53.9) <.001* .01*
vw-max Dy g3ems [GY] 35.0 (1.1-59.2)  17.4 (1-57.6) .00* 12.5 (0-56.5) <.001* .00*
Eye left Dimean [GY] 1.0 (0.2-11.2) 0.1 (0-11.2) .00% 0 (0-9.5) .00* .09
Eye right Dean [Gy] 0.6 (0.2-8.8) 0 (0-19.6) .01* 0 (0-17.8) .02% .29
Lens left Do.03em? [GY] 0.9 (0.2-9.2) 0 (0-4.7) <.001* 0 (0-7.4) <.001* .41
vw-max Do ggene [Gy] 1.9 (0.3-11.8) 0 (0-9.6) <.001* 0 (0-8.9) <.001* .08*
Lens right Do.03cm? [GY] 0.4 (0.2-9.0) 0 (0-19.3) .01* 0 (0-17.8) .04* .53
vw-max Dy g3ems [GY] 0.5 (0.2-9.7) 0 (0-18.9) .01* 0 (0-18.6) .01* 46
Brain-CTV7000 Do.03em? [GY] 67.0 (36.1-76.5) 63.4 (30.2-69.2) <.001* 63.1 (30.2-69.2) <.001* .64
vw-max Dsz.ps [Gy] 58.5 (27.1-71.3) 56.0 (24.9-68.8) <.001* 56.3 (25.3-68.9) .00* .18
Viogy [em®] 120 (43-382) 110 (26-357) <.001* 105 (22-371) .00* .05%
Pituitary Dmean [GY] 19.8 (2.3-62.1)  11.0 (0-65.0) .00* 6.6 (0-65.0) .00* .00*
Cochlea contra Dimean [GY] 9.4 (1.6-32.7) 7.1 (0.7-41.4) .07 4.8 (0.9-36.0) .02* .00*
Cochlea ipsi Dean [GY] 23.0 (6.0-69.1) 14.9 (1.9-67.0) .01* 11.4 (2.1-64.9) .00* .02*
Parotid contra Dmean [GY] 17.4 (6.5-37.5)  15.8 (6.1-34.9) .01* 16.5 (5.8-33.4) <.001* .00*
Parotid ipsi Dimean [GY] 31.5(13.3-48.4) 27.0 (12.4-46.2) .00* 26.6 (11.1-45.5) .00* .00*
SMG contra Dean [Gy] 28.6 (16.4-61.3) 27.8 (17.0-60.3) .59 27.0 (17.7-60.8) .59 .05
SMG ipsi Dmean [Gy] 42.5 (20.0-64.6) 36.6 (19.0-63.7) .14 35.0 (18.4-63.7) .02% .00*
Oral cavity Dimean [GY] 11.2 (3.4-24.7) 11.4 (4.6-22.8) 77 12.7 (4.9-22.3) .26 .02*
PCM superior Dean [GY] 55.9 (44.9-68.6) 54.8 (44.1-67.0) .01* 54.6 (44.1-66.9) .01* .57
PCM medius Dmean [GY] 32.1 (20.4-44.0) 33.2(23.0-44.2) .00* 32.8 (23.3-43.8) .03* .06
PCM inferior Dinean [GY] 9.1 (2.3-22.4)  10.6 (4.1-23.6) 13 9.7 (3.2-24.9) .48 1
Cricopharyngeal Dmean [GY] 7.6 (0-18.1) 7.6 (0-15.6) .03* 6.1 (0-14.1) .00* .05%
inlet
Larynx Dmean [GY] 10.0 (2.2-25.4) 9.0 (3.6-27.5) 74 9.5 (2.6-27.6) .82 .23
Mandible Dy, [Gy] 60.0 (32.3-69.9) 57.4 (31.8-67.4) .00% 56.0 (35.7-67.1) .01* .96
vw-max Doy, [Gy] 66.3 (40.4-71.8) 63.8 (42.8-69.0) .00* 63.4 (44.8-69.1) .01* .52
Body-CTVs Vagy [em®] 3915 3597 <.001* 3703 (2956-5172) .08 <.001*
(2960-7523) (2790-4965)
Vsgy [em®] 3287 2966 <.001* 3094 (2350-4359) <.001* <.001*
(2476-6075) (2275-4255)
Dmean [GY] 6.1 (2.7-9.3) 5.5 (2.1-8.6) .00* 5.6 (2.2-8.8) .03* <.001*
NTCP Xerostomia Grade > 2 [%] 35.5 (23.3-53.7) 34.2 (22.6-52.2) .00% 32.4 (22.1-52.0) <.001* <.001*
Grade > 3 [%] 9.3 (5.8-16.4) 8.9 (5.6-15.7) <.001* 8.4 (5.5-15.6) <.001* <.001*
NTCP Dysphagia Grade > 2 [%] 7.2 (4.0-11.7) 7.2 (4.3-11.2) .69 7.4 (4.1-11.1) .67 91
Grade > 3 [%] 0.7 (0.4-2.0) 0.8 (0.4-1.9) .39 0.8 (0.4-1.9) 42 .66

* Metrics are provided for nominal plans, unless stated otherwise by ‘vw-min’ or ‘vw-max’. SMG=Submandibular gland, PCM=Pharyngeal constrictor muscle.

During this process, plans were evaluated, and the wish-list was updated
whenever further improvements were considered feasible, see the ap-
pendix of Heijmen et al. [24] for further details.

The nasopharynx specific wish-list was applied to the remaining 21
‘test’ patients for the automated generation of IMPT- and IMPT+TB
plans. Doses were computed with the Astroid dose algorithm [25],
which was configured for the Varian ProBeam clinical beam character-
istics [17].

2.4. Plan evaluations and comparisons

The automated plans were evaluated based on the clinical treatment
planning goals (Table 2) and compared to the manually generated
clinical IMPT plans. Target coverage D98% to the CTVs was reported in
the nominal dose and in the voxel-wise minimum (vw-min) dose. Con-
formity indexes of the CTVs for the 95% isodose were calculated [26].
For the serial OARs, D0.03cm or D2% were evaluated for the nominal
dose and voxel-wise maximum (vw-max) dose. Vw-min and vw-max
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dose distributions were constructed from 28 scenarios with 3 mm setup
error and +3% range uncertainty, the same as in clinical plan evalua-
tions [27]. The mean dose (Dmean) to the parallel OARs was computed
from the nominal plans. The V5Gy to the body excluding all CTVs (Body-
CTVs) was reported to access the overall dose to the surrounding tissues.
The maximum dose per beam was also evaluated. Normal tissue
complication probability (NTCP) for xerostomia- and dysphagia (grade
> 2 and grade > 3) were calculated, according to the National Indication
Protocol Proton Therapy version 2.2, see appendix Table A3 [28]. Wil-
coxon signed rank tests were performed to assess statistical significance
of observed differences between automated and clinical plans (p <
0.05).

3. Results

Fig. 1 shows a typical nominal dose distributions for one patient. The
autoIMPT plan was similar to the clinical plan, with a steeper dose fall-
off from the CTV. The autoIMPT+TB plan demonstrated enhanced
lateral dose fall-off, resulting in lower brainstem dose, as shown in the
dose difference maps (Supplementary Material, Fig. S1). Across all pa-
tients, the average contribution of the TBs to the IMPT+TB plans
(number of TB spots/total number of IMPT+TB spots) was 14% (range
10-17%).

For both CTVs, no statistically significant differences in the median
vw-min D98% were found between the automated and clinical plans
(Table 2). For the vw-min dose, the D98%>94% goal was not achieved
for 6 patients in the clinical plans for CTV7000, whereas in the autoIMPT
plan the coverage was improved for 4 of these patients, resulting in 16/
21 patients with sufficient D98% vw-min for CTV7000, as shown in
Fig. 2. For CTV5425, the D98%>94% the vw-min dose was fulfilled in
19/21 patients in the autoIMPT plans, similar to the clinical plans, and
for 18/21 patients in the autoIMPT+TB plans.

In all serial OARs, population median dose reductions in the auto-
mated plans were statistically significant (p < 0.05) as compared to

autoIMPT

Clinical
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clinical plans, for both the nominal and vw-max dose distributions
(Table 2). Additional dose reductions in the autoIMPT+TB plans were
observed as compared to the autoIMPT plans, statistically significant for
the brainstem and optic system (last column Table 2) and dose re-
ductions for individual patients results are shown in Fig. 3. Similar re-
ductions in nominal serial OAR doses were observed (Supplementary
Material, Fig. S2).

For all parallel OARs except the PCM medius, mean dose reductions
were statistically significant (Table 2) and Supplementary Material
Fig. S3 show Dmean reductions in individual patients. This is also re-
flected in the NTCP calculation for dysphagia which remained equal to
that of the clinical plans, whereas for xerostomia statistically significant
NTCP reduction was obtained in the autoIMPT (—1.3%. grade > 2, and
—0.4%. for grade > 3) and autoIMPT+TB plans (—3.1%. grade > 2, and
—0.9%. for grade > 3). The maximum dose per beam contribution was
similar to clinical plans (Supplementary Material, Table A4).

4. Discussion

This study is to our knowledge the first that validates fully automated
IMPT plan generation and automated IMPT plans in combination with
transmission beams for NPC patients. Overall, the automated plans
showed an advantage over the clinical IMPT plans in terms of dose/
volume-based parameters, without hands-on planning time. It was hy-
pothesized that combining IMPT and TB optimization would maximize
the benefits of IMPT’s steep distal dose fall-off and TB’s small lateral
penumbra. Indeed, we observed that in the autoIMPT+TB plans sparing
in most serial OARs was more pronounced as compared to the autoIMPT
plans.

In cases where clinical IMPT plans required target coverage con-
cessions, automated plans improved coverage in most patients, although
the inclusion of TBs did not yield further enhancement and, in some
cases, slightly reduced coverage. This may be caused by the steeper
lateral dose fall off of TBs, which could have contributed to less

Fig. 1. Transversal CT slices with typical dose distributions of the clinical, autoIMPT, autoIMPT+TB, and the TB-only contribution (11% of the total spots for this
patient) to the autoIMPT+TB plan, for one patient (patient 11). Delineations: green=CTV7000, dark blue=CTV5425, light blue=brainstem, yellow=oral cavity,
pink=parotids. In the automated plans, the brainstem and parotids receive less dose. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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robustness in that direction as compared to IMPT. The slight increase in
the oral cavity Dmean in the autoIMPT+TB plans can be explained by
the shoot through dose originating from the TBs.

In the patients with a clinical target coverage underdosage, serial
OAR constraints were limiting factors (Fig. 3). Automated plans ach-
ieved improved target coverage while maintaining these constraints,
enabled by Erasmus-iCycle’s multi-criterial optimization, where priori-
tized objectives are sequentially optimized without violating con-
straints. The prioritization in our developed wish-list is in line with the
international guidelines as described in Lee et al. [29], and as applied in
our clinical protocol. For patient 21, the vw-min D98% for CTV5425 was
lower than in the clinical plan, likely because the automated plan
adhered to the left optic nerve constraint, whereas this was exceeded in
the clinical plan. Unlike our method, the clinical planning system lacks
hard constraints, and manual iterative adjustments on objective weights
are required, which may not result in the optimal plan, is time-
consuming, and depends on the planner’s expertise. Once clinical con-
straints are met, the planners will stop optimizing the plan further,
whereas Erasmus-iCycle continues optimizing, further reducing OAR
doses where possible. This resulted in the obtained additional sparing in
the serial OARs in the automated plans, mostly at levels already far
below the clinical constraints, but can be of clinical relevance in cases
where future reirradiation is necessary. Furthermore, in case anatomical
deformations occur during treatment [30], fully automated planning
can be used to anticipate on these changes without hands-on planning
time [31].

To be able to make a fair assessment of the added value of TB to
IMPT, the same wish-list and beam configuration for the automated
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generation of IMPT-+TB plans was used as for automatic generation of
IMPT plans. To prevent undesirable beam broadening of the TBs, the
range shifter was not used for the TB part in the autoIMPT~+TB plans. For
clinical practice, this might result in prolonged delivery times, however,
this was outside the scope of our study. In addition, for TBs, an energy of
244 MeV was used, the highest energy currently commissioned in our
institute. It would be interesting whether using higher TB energies will
result in even smaller lateral penumbras to achieve high plan quality.
Kong et al. reported the total plan generation time for IMPT+TB was on
average 1.5 times longer than for IMPT [23].

Our results are in accordance to our previous study where fully
automated IMPT plans were generated for oropharyngeal cancer cases,
with similar target coverage and significantly improved OAR sparing
compared to clinical IMPT planning[19]. Van Bruggen et al.[16] have
used deep learning IMPT planning for oropharyngeal patients and
Delaney et al.[13] used knowledge based planning for HNC cancer cases,
non-NPC specific, both studies reported similar plan quality to clinical
IMPT plans. Nevertheless, unlike to our approach, their methods depend
heavily on the quality of the manually plans used as input.

However, Erasmus-iCycle for IMPT is currently not integrated yet in
a clinical proton treatment planning system. Clinical implementation
requires regulatory approval under the EU Medical Device Regulation
(MDR), a process previously completed successfully for Erasmus-iCycle
in photon therapy and brachytherapy [32].

There is an earlier study investigating joint TB-IMPT planning, but in
the field of FLASH [33]. In three lung cases they found comparable CTV
coverage, but higher OAR doses than in IMPT. Another study examined
FLASH dose rates using TB alone in seven lung cancer patients, reporting

675 «
X
665 | . " X é g L’:
-] MY = A - =
* %) B—g5—8 =
= 55 —a— W g Rt o= &
) ]
< 64.5 *
E g o
3 635
x
& 625 |
e ' ]
615 |
X
60'5 x } } } } } } } } } }
— o~ (22} < wn (o) ~ 0 (o)} o - (o'} m < un w ~ o] [=)] o —
e - - - - - e - - — — i i i i i — — i o~ o~
c c f=4 c c c c f= c - - - - - - - - - - - -
Q [ [ [} () () () [ [ c c c c c c c c c c = c
=] =t fat Hat Pt =] =] =] f=t @ @ K] K] o K] K] K] K] K] K K]
gl&jeE & E&E|E & E &R B E|R| 8 B B| 8 & B &8
o o [« o o o o [« [« [« a a
CTV7000
X Clinical O autoIMPT autolMPT+TB Objective
53.0 o
525
>
© 520 X
= p 8 O X 8 X X B x
g - - o X
: 515 @] o
g X o 8 g8 8 @
o X X
5 swo | O * K—K—X x m § X @ o
a
50.5 % X o
o
500 } } } } } } } } }
— o (22} < wn (e} ~ o] ()] o — o~ (a2} < wn w ~ o] [=)] o —
- ey ey ey - - - - - - - - - - i Ll - - - o~ o~
[ c [ c c [ c c c Ed Ed Ed - - - - - - - - -
Q [ [ ] () () Q [ [ c c c c [ o c c c c c c
5|5 |55 |65 5|65 5|65 ¢ 0|0 ¢|d| 0 O 0| O|T| O O
gl &&|E &L &R BB B| 8 B B| 8 & B &8
o o a a a a [ o o a a a
CTV5425
X Clinical O autoIMPT autoIMPT+TB Objective

Fig. 2. For all test patients, Dggy, vw-min for CTV7000 (above) and CTV5425 (below) for the clinical, autoIMPT and autoIMPT+TB plans.



in Radiation Oncology 35 (2025) 100831

aging

Physics and Im

M. Huiskes et al.

Serial OARs vw-max Dy o33 [Gy] and for Brain-CTV D, 3 [Gy]

70.0

B Tz usned *x @ Tzuaneq ® Tz 3uaned D T2 usged
x D | ozausned % o | oz uaped 0z waned % [ 0ziuaned
) | graveneg x oo | srauoned * 6T waned % OO0 | 67 uoneq

% @ | graueneg % oo | stwesed » [ 81 uaned 1 81 waned
2 | craweneg x oano | crauoneg *a (T waned O %o | 47 woneq
* m | orauened % | oriwened %0 9T uaneq %3 9T waned
3o 1 GT juaued ¥ o0 ] ST uaned * ST uaned * AMM ST uaned
* | pravened % 00 | pravened * vT aned % [ viwened
%) | erauseg % | erausped * ] eravened % 0o | erwene
*x D zrwoney B O e % o o 21 aned oo | 22 woneq
% 0o 1T uaned .M_ x D Trwoned g % O Travaned m * co | trwene 3
H [ orwenea & o¢ | orausneg m x @ | orauseq m xa | ot woneq m
" | swonea x @ | woneq x o [ gwones © | 8 waneg
) in x 0o i ) inn 0 | Lwaneg
* m I ca | gwened % [ ewened . % oo | 91woneg
x | sawaned x @ | woneg % 00 swames & X [ swaned
x D Towones % oo | vwews § x Qs § % O viwened
% o IET" Bo | cwema 8 sewoned 2 8 € woned
o/ | T 3 e
¢ zauaneq oo x Zawaneq Zauaneq g o< Z1waneq
x | raened M X | Twened m ﬂ x Do | Twemed N * oo | tauoneg
7 2 T = 1 g I
s s =
i < 1 ] 1 g 1
L0 L0 I 1
¢ 3 TZuaned I~ xo0O TZ wusned I x TzZuaued o * G T wsued
* o | ozawaneq W * o | ozwenes M *x 0 | oz auaeq . % @ 0zwened
XD [etwenea o x ca  |etwemes o a | 6rausneq m % 0o | etwene
* (1] | sravened 3 * oo | stawoned g * a | sraweneq o * 5 8T Judlied
i L £ | it 17
B JARUCREN m x onO | rwoneg m B JARUCREN 3 o 11 sned
% o | orwened * 00 | otiuened *x @ BT >ch 97 wened
*00 | stauoneg %o O | stwened *xm Tormoma % D | sTasned
*x OO | praveneg s 0 | vriwened ) | prauseq x | o1 108084
o® | erawoneg o %x 0O | eriened o a | erauaneq * oo | e woned
T 5 T 3 e — o
x 71 uaned M_ [=7%e) 21 uaneg m_ ] 71 uaned m % oo 21 waned .Nw,
a o I i x m I m i) | trausneq m xO o | 11 woneq m
B BT oo x | oravenes & = | orauaneq *0 | orausneq
* a | gawened % OO0 | sauaned 0 | 6auoneq * m | swened
a | gauageg x @ | gavoned ) | sauaeq 3 | gavoned
0 | Laweneg x O o | £2woneg o | £2uoneg B | £ wened
%00 | sausneg ] | g1uoneg ] | sauaneq * oo | 9w
* 0o | sweed % O | sweue | sauaneq % O O |swned
X m | pawoneg <o | pwesed | pavoneq % 00| vwsped
x | cwened Do | cwened ox | £auaeq ¢ € uaed
o | zaweneg oo x | zawoneg % 0 | zauoneq > | 23uoneg
¥ @O 1 T juaued ED 1 T3uaned »* @ 1 Tuaned * oo 1 T uaned
s o o o o 9o o © o °o o o o 9o o s 92 © © o 9 o 9 s o9 o o o o o o
8 8 & &8 ] 8 =° R 8 2 S 2 5 S < R 8 8 8 &8 & &g =° g & ! & & & g =°

O autolMPT+TB  ——Constraint

O autoIMPT

X Clinical

Fig. 3. For all test patients, Do g3cms in the serial OARs and D3cms in the Brain-CTV in the vw-max dose for the clinical, autoIMPT and autoIMPT+TB plans. The grey

line represents the constraint (*objective for Brain-CTV).



M. Huiskes et al.

inferior plan quality compared to IMPT [34]. Similarly, a study on he-
patocellular carcinoma found TB-only plans to be suboptimal [7]. Unlike
our IMPT+TB approach, these studies utilized TBs alone, limiting dose-
shaping capabilities as in IMPT+TB and potentially compromising plan
quality. Amstutz et al.[35] investigated combined proton—photon ther-
apy for HNC, highlighting that the photon component was primarily
employed to enhance dose gradients near critical structures, due to the
sharper lateral penumbra. However, our IMPT+TB approach offers ad-
vantages by reduced planning complexity and logistical demands using
a single-modality workflow.

Notably, in cases of target underdosage in autoIMPT, incorporating
TBs with the current configuration and beam setup did not enhance
coverage, and the additional serial OAR sparing may not be clinically
relevant, limiting its benefits. Optimizing TB angles or increasing TB
numbers, particularly parallel to target-OAR borders, may be necessary
to maximize the benefit of the smaller lateral penumbras of TBs. Van
Marlen et al.[10] already showed for a 10-beam TB only plan, similar
OAR doses were achieved as in clinical 3-field IMPT plan for HNC. In
addition, Fracchiolla et al.[36] demonstrated that clinically introduced
proton arc therapy reduces doses to the brainstem and parallel OARs in
HNC compared to 6-beam IMPT.

Currently, proton arc therapy is not supported in our treatment
planning system, which prevents a direct comparison with IMPT+TB in
this study. Nevertheless, future studies should evaluate the additional
potential benefits of incorporating TBs into proton arc therapy.
Combining the spatial freedom of arc delivery with the sharper lateral
penumbras of TBs may further improve dose conformity and OAR
sparing, whether through TB-only arc or a hybrid approach combining
proton arc and TBs.

A limitation of our study is that LET calculations were not performed.
Currently, in the clinically HNC IMPT plans, LET is not calculated and
LET calculation is not yet implemented in Erasmus-iCycle. However, this
should be performed in the future. In proton therapy, there are concerns
about the increased radiobiological effect, caused by increased LET to-
ward the distal edge of the Bragg peak, reaching maximum at the falloff
region [37]. Luhr et al.[38] recommends to perform LET calculations,
and use them in combination with dose for assessing clinical relevance.
Even so, we expect lower LET in the TB part for the autoIMPT+TB plans
of our study, since the end of the Bragg peak, where LET increase con-
cerns are, is located outside of the patients.

In conclusion, fully automated robust IMPT and IMPT+TB plans can
be generated with similar or improved target coverage and OAR dose
compared to clinical manually created plans, especially for those NPC
patients where concession to target coverage was needed in the clinical
plan. The addition of the transmission beams to IMPT showed similar
target coverage and enhanced dose reductions in serial OARs further.
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