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A B S T R A C T

Background and purpose: Combined photon intensity-modulated radiotherapy (IMRT) and sequential dose-es-
calated carbon ion beam therapy (IBT) is a technically advanced treatment option for head and neck malig-
nancies. We proposed and evaluated an integrated planning strategy as opposed to an established and largely
separated planning workflow.
Materials and methods: Ten patients with representative malignancies of the head and neck region underwent
combined carbon-photon radiotherapy (RT) in our facilities. Clinical plans were created according to the se-
parated workflow with independent optimization stages for both modalities. Experimental plans incorporated
the existing carbon IBT dose distribution into the optimization stage of a step-and-shoot photon IMRT (bias dose
planning).
Results: Cumulative dose distributions showed statistically significant differences between the two planning
strategies and were predominantly in favor of the integrated approach. As such, target irradiation was generally
maintained or even improved in a subset of metrics, while normal tissue sparing was widely enhanced; for
instance, in the ipsilateral temporal lobe with median Dmean of −16% (p < 0.001). Maximum doses D1% (with
adjustment for different fractionation) fell below thresholds for toxicity risk in a minority of instances, where
they were previously exceeded. Integral dose did not differ significantly.
Conclusions: Our findings indicate that combination planning of carbon-photon RT for head and neck malig-
nancies may benefit from a proposed bias dose method, yielding favorable dose distribution characteristics and a
streamlined planning workflow with fewer plan revisions. Further research is necessary to validate these ob-
servations in terms of robustness and their potential for higher tumor control.

1. Introduction

Head and neck malignancies comprise a heterogeneous group of
epithelial cancers, predominantly located in the orbital region as well as
the upper aerodigestive tract. With an estimated global incidence of
710.000 cases and 360.000 deaths every year (thyroid cancer ex-
cluded), they represent a critical cause of cancer-related mortality [1].
Treatment concepts differ considerably depending on tumor site and

stage, and may require multidisciplinary collaboration between sur-
geons, medical oncologists, and radiation oncologists. Radiotherapy
(RT) is a frequent option for neoadjuvant, adjuvant, or definitive
treatment and continues to be the subject of extensive research. In
addition to traditional RT modalities, heavy ion-beam radiotherapy

(IBT) has recently been brought to clinical maturity. A small number of
specialized institutions have since investigated the potential of mixed-
beam radiotherapy regimens that conjoin photon intensity-modulated
radiotherapy (IMRT) and a sequential dose-escalated heavy ion boost
using the C12 isotope [2–5]. Compared to a unimodal carbon treat-
ment, combined carbon-photon RT reduces sensitivity to geometrical
variances in the presence of steep dose gradients, either due to patient
misalignment or interfractional changes in anatomy, thereby securing
treatment effectiveness. At the same time, it leverages the superior
capabilities of carbon over photon irradiation in the sparing of organs at
risk (OARs). The studies above have positively attested to these com-
plementary characteristics, and also asserted their clinical relevance in
the form of higher locoregional control (LC) rates than those of
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unimodal photon regimens: Schulz-Ertner et al., for instance, found that
for locally advanced ACCs, a combination of carbon IBT and stereo-
tactic photon RT (applied as fractionated stereotactic radiotherapy
(FSRT) or IMRT) showed higher LC rates after four years than stereo-
tactic photon RT alone (78% vs. 25%, although not statistically sig-
nificant at p = 0.08) [5]. Jensen et al. also observed higher LC rates
after five years for the combined RT group in a comparable study (60%
vs. 40%, p = 0.03) [4].
As far as has been published, the planning process for this type of

combined RT involves unimodal treatment simulations in different
therapy planning systems (TPS). A subset of the aforementioned studies
evaluated cumulative dose distributions at the end of the planning stage
via an RBE (Relative Biological Effectiveness) model for approximate
photon-equivalent doses of the carbon irradiation. Nonetheless, there
were no intermittent calculations during the iterative optimization
process itself. In such separated planning strategies, insufficiencies in
the cumulative dose distribution can only be acted upon by re-planning
at least one modality, a time-consuming task that may require multiple
repetitions. An alternative integrated planning strategy, which would
include continuous dose summations already during the optimization
stage of the subsequently planned modality (bias dose planning), could
potentially improve upon this workflow.
Current research on combination planning is generally focused on

simultaneous optimization (hybrid optimization): Popple et al. demon-
strated this technique for a photon-only setup of sequential IMRT [6],
while Krämer et al. used a particle-only setup of carbon and proton
beams [7]. Gao as well as Unkelbach et al. published works on si-
multaneous optimization for proton–photon [8,9], Mueller et al. for
electron-photon [10], and Kueng et al. for proton–photon-electron
treatments [11]. Given that bias dose planning is an existing feature of
certain commercial TPS, its clinical implementation would not require
extensive software engineering. Yet it has the ability to resolve specific
shortcomings in current carbon-photon planning, especially the incon-
venient handling of OAR tolerance doses across both plans, until si-
multaneous optimization becomes clinically feasible in the future. The
goal of this study was therefore to assess an integrated strategy based
on bias dose planning as outlined above, using cases of head and neck
malignancies for which separately planned carbon-photon RT had
previously been performed at our facilities.

2. Materials and methods

2.1. Ethics approval and consent

This retrospective study was approved by the institutional review
board and conducted in accordance with the Declaration of Helsinki.
The need for written informed consent was waived.

2.2. Patient cohort

We selected ten patients with malignancies of the head and neck
region who underwent consecutive carbon-photon RT at our institution
between November 2011 and September 2012, and who we considered
a representative patient population. The male to female ratio was 7:3.
Mean age at the time of RT was 51 years (range: 29–74 years). All cases
were primary tumors, comprising eight adenocarcinomas of the orbital,
sinonasal, palate, and parotid regions, four of which were adenoid
cystic carcinomas (ACC), as well as one undifferentiated malignant
orbital salivary gland tumor and one sinonasal mucosal melanoma. The
predominant treatment setting was adjuvant RT, complemented by one
case of definitive RT. All patients underwent computed tomography
(CT) with native and contrast-enhanced series for treatment planning.
Individually fitted thermoplastic head masks with shoulder fixation
were used for immobilization. Additional information on the patient
cohort is compiled in Supplementary Table S1.

2.3. Planning and setup details for carbon IBT

IBT treatments were inversely planned in Syngo RT Planning
(VB10A and VB10B, Siemens AG, Germany). Field configurations
varied between one to four horizontal C12 beams positioned at different
angles to deliver carbon ions via the active raster-scanning technique.
Optimization modes included intensity-modulated particle therapy and
single beam optimization. The first iteration of the Local Effect Model
(LEM 1) was used for RBE calculation and carbon doses subsequently
quantified in GyE (Gray Equivalents). The clinical target volume
(CTVboost) involved the macroscopic tumor and/or tumor bed (median
volume: 153 cm3, range: 60–245 cm3), and was complemented by a
planning target volume (PTV) with an isotropic margin of 3 mm.
Median doses to CTVboost were normalized to deliver 24 GyE in 8
fractions of 3 GyE, while aiming for coverage by the 95% isodose line.
Image guidance was performed via daily orthogonal x-ray images.

2.4. Planning and setup details for photon IMRT

The clinical IMRT treatments were inversely planned in
TomoTherapy PlanningStation (4.0.3.28 to 4.2.0.87, Accuray, USA) for
helical tomotherapy (HT-IMRT) using a TomoHD treatment machine.
The structure sets from the previously planned IBT were reutilized.
Beam energies were set to 6 MV and longitudinal field widths defined in
the range of 1.0–2.5 cm, with a uniform pitch of 0.43. Intensity mod-
ulation factors were planned in the range of 2.4–2.8, resulting in actual
factors of 1.57 to 2.33. The clinical target volume (CTVelective) in-
cluded CTVboost as well as local growth patterns (median volume:
303 cm3, range: 106–459 cm3), again supplemented by an isotropic
3 mm PTV expansion. Plans were normalized to deliver a median dose
of 50 Gray (Gy) to CTVelective in 25 fractions of 2 Gy, aiming for
coverage by the 90% isodose line. OAR maximum doses were manually
summated from carbon IBT and photon IMRT to ensure that even in a
“worst-case scenario” of spatially coinciding maxima, no tolerance
thresholds would be violated.
In our experimental integrated planning strategy, we employed

RayStation (4.0.3.4 to 4.5.0.19; RaySearch Laboratories, Sweden) ca-
librated to an Artiste treatment machine (Siemens AG, Germany) for
inverse planning of step-and-shoot IMRT (segmental multileaf colli-
mation IMRT; SMLC-IMRT). The effective carbon dose distributions
were imported into RayStation following limited metadata modifica-
tion, and specified as “background doses” (bias doses) for the new
SMLC-IMRT plans, allowing for beam positioning and dose optimiza-
tion in consideration of the carbon dose matrix. A coplanar nine-beam
star shot configuration with beam energies of 6 MV and a maximum of
150 segments was chosen consistently for all treatment plans.
Replicating the originally prescribed doses, the SMLC-IMRT plans were
normalized to median cumulative doses of 74 GyE to CTVboost and 50
GyE to the exclusive volume of CTVelective (Fig. 1). The planning
process was not blinded to the dose/volume parameters of the clinical
combination plans, which were also imported into the TPS, to allow
addressing of previous weak spots. RayStation utilizes three-dimen-
sional collapsed cone convolution algorithms to compute final dose
distributions, as does TomoTherapy PlanningStation. Image guidance
was performed via daily megavoltage cone beam CT in both IMRT
settings.

2.5. Comparison of cumulative dose distributions

A selection of dosimetric parameters was read from the cumulative
dose distributions originating from both planning approaches via the
scripting interface of RayStation (Supplementary Table S2). Additional
derived metrics included integral doses to subject volumes (ID), as well
as homogeneity and conformity indices for target volumes (HI and CI,
for metric definitions see Supplementary material). ID assessment was
omitted in one instance due to an additional CTV in the original plans
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targeting the lymphatic pathways (case #10). OARs were partially ex-
cluded in a subset of cases due to tumor infiltration or following sur-
gical resection. Paired OARs were categorized as contralateral if greater
than or equal to two thirds of the two clinical target volumes were
located on the opposite side; otherwise, both organs were designated
ipsilateral. Statistical testing was conducted in MATLAB (9.2; Math-
Works, USA), using a two-sided Wilcoxon matched-pair signed-rank test
with a significance threshold of α = 0.05.
For a case-by-case comparison oriented towards radiobiological

risk, additional cumulative dose distributions were calculated based on
equivalent doses at 2 Gy(E) per fraction (EQD2) [12]. This was ac-
complished through an in-house software, which applied the linear-
quadratic model (LQM) to each dose bin Di of the carbon dose dis-
tributions according to the equation

=
+

+
EQD 2 D

2GyEi i

D
n

i

thus yielding the desired isoeffective carbon dose distributions in 2
GyE fractions (where n is the number of fractions and α/β is assumed to
be 3). Threshold values for toxicity risks were adopted from organ-
specific QUANTEC papers and Emami et al. [13] for 1.8–2.0 Gy per daily
fraction, with units changed to GyE without further adjustment, and
evaluated as D1% (Supplementary Table S3). The retina was assessed as
the posterior segment of the eyeball rather than delineated separately.

3. Results

3.1. Target volumes

The median DVH plots showed that for the integrated planning
strategy, both the CTVboost and the CTVelective curves had moved
slightly further towards their respective prescription isodoses of 74 GyE
and 50 GyE (Fig. 2a). These differences also became evident in the
majority of conformity and homogeneity indices: CIboost (median 0.95
for the integrated strategy vs. 0.87 for the separated strategy,
p = 0.002, Fig. 3 shows a case example) as well as HIboost (median 0.94
vs. 0.93, p = 0.03) and HIelective (median 0.68 vs. 0.66, p = 0.047)
demonstrated statistically significant gains, meanwhile CIelective did not
achieve statistical significance (median 0.34 vs. 0.30, p = 0.2). Cov-
erages presented statistically significant differences only for CTVelec-
tive, as was evident from a moderate increase in Cov95% (median 98.8
vs. 98.3, p = 0.002). For additional results cf. Table 1.

3.2. Organs at risk and integral doses

Structures of the CNS showed statistically significant reductions in
all median, mean and maximum dose parameters gathered for evalua-
tion. The largest decreases involved the cranial aspect of the spinal cord
(median −37%, p = 0.002 for Dmean, Fig. 2f), as well as the con-
tralateral temporal lobe (median −35%, p = 0.03 for Dmean, Fig. 2d).
Of the ten instances where EQD2-adjusted D1% to the ipsilateral tem-
poral lobe ranged above the toxicity risk threshold of 60 GyE in the
clinical plans, two instances were moved below this value in the ex-
perimental plans (cases #1 and #8, Fig. 4).
Structures of the optical system (strictly speaking also belonging to

the CNS) demonstrated statistically significant overall reductions in all
median and mean dose values. Notably relevant in the context of their
serial architecture, the optic nerves experienced lower near-maximum
doses D1% when employing the integrated strategy (median −2%,
p = 0.03 for ipsilateral and −25%, p = 0.03 for contralateral,
Fig. 2gh). Maximum dose D1% to the optic chiasm did not show sta-
tistical significance (Fig. 2i). Of the seven instances where EQD2-ad-
justed D1% to the ipsilateral retina ranged above the threshold of 50
GyE in the clinical plans, two instances were moved below this level in
the experimental plans (cases #5 and #8), as was the one instance
where D1% to the ipsilateral optical nerve previously crossed the
threshold of 55 GyE (case #6, Fig. 4).
The parotid glands profited from the integrated planning strategy in

the evaluation of Dmean (median −14%, p = 0.001 for ipsilateral and
−25%, p = 0.03 for contralateral, Supplementary Fig. S1). EQD2-ad-
justed bilateral mean dose was reduced in all instances; in the one in-
stance where the clinical plan exceeded the threshold of 25 GyE for an
elevated risk of grade 4 xerostomia, the integrated planning strategy
yielded a reduced dose of 18 GyE (case #10, Fig. 4).
Decreases in integral dose were observed in seven instances

(median −37%). For the remaining two instances, the integrated
strategy resulted in increases of +16% and +2% (cases #01 and #06).
Overall, the changes did not achieve statistical significance
(median −12% for n = 9, p = 0.07). For additional results cf. Table 2.

4. Discussion

In this paper, we presented comparative data on plan quality for
carbon-photon RT, generated using two distinct planning approaches
with different levels of inter-modality dependence. To our knowledge,
this is the first study to investigate carbon-photon bias dose planning in
this manner. The results showed statistically significant differences for
target irradiation and normal tissue sparing, which were predominantly
in favor of the closer integrated approach.

Fig. 1. The final dose distributions of carbon IBT and photon IMRT were added to obtain cumulative bimodal dose distributions (using the LEM for photon-equivalent
dose calculation). Images show identical axial planes. (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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Previously published studies on carbon-photon RT already achieved
positive results over other treatment forms, with respect to plan quality
as well as clinical outcomes, via independent planning of both mod-
alities (in some instances complemented by the evaluation of cumula-
tive dose distributions as verification) [2–5]. For our study, we decided
to optimize the photon plans on top of the carbon plans. A reverse
approach could have exploited the versatility and high precision of
heavy ion delivery for adapting to a background dose, yet, when this
study was conducted, a TPS with this capability was not commercially
available. However, given that carbon IBT with active raster scanning
achieves exceptional homogeneity of target dose deposition, our sub-
sequent planning of photon IMRT did not have to flexibly compensate
for preexisting inhomogeneities in target regions.

Our results confirm that the cumulative dose distributions did
benefit from the integrated planning approach, mainly by improved
conformity to the boost volume as well as organ sparing. This is in
addition to the streamlined and cost-effective workflow that an in-
tegrated planning strategy provides. These observations can in part be
analogized to those made recently in the comparison of sequential and
simultaneous integrated boost techniques in IMRT [14]. Further re-
search as well as clinical application will be assisted by a new gen-
eration of TPS with built-in support for combination planning of
carbon-photon RT, as this will obviate the need for data modification.
Finally, the highest level of integration will be achieved in the form of
simultaneous optimization. This technique has already been effectively
demonstrated for a variety of modality combinations as laid out in the

Fig. 2. Cumulative dose-volume histograms for carbon-photon RT. Median data of the patient cohort (n = 10) was used for both clinical target volumes and OARs.
The abscissa displays the volume in %. The ordinate displays the dose in GyE. Black marks the clinical separated planning strategy. Red marks the experimental integrated
planning strategy. (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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Fig. 3. Case example of an adenoid adenocarcinoma in the right parotid gland (case #07). The target volumes measured 245 cm3 for CTVboost and 459/220 cm3 for
CTVelective (inclusive/exclusive volumes). The integrated planning strategy resulted in improved sparing of the right visual pathway (a) and the right temporal lobe
(b). The conformities of the 74 and 50 GyE isodoses to the target volumes were maintained and, in some areas, improved (CIboost 0.95 for the integrated strategy vs.
0.90 for the separated strategy, CIelective 0.38 vs. 0.39). Images from cranial to caudal. Arrows indicate adverse (red) and favorable (green) dose distribution characteristics.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Results for CTVs: Parameters of the cumulative dose distributions that emerged from the separated and the integrated planning strategy. Values for CTVelective are
based on exclusive volumes. Bold denotes statistical significance at level p < 0.05.

Volume (n) Parameter Separated Strategy Median (IQR) Integrated Strategy Median (IQR) ΔMedian (%) p

CTVboost (10) D99% 63.2 (10.2) 63.6 (12.0) +0.3 (+1%) 0.1
D98% 66.9 (7.9) 69.1 (7.4) +2.2 (+3%) 0.006
D50% 74.0 (0.3) 74.0 (0.1) ± 0.0 0.5
D2% 76.5 (0.8) 76.0 (0.5) −0.6 (−1%) 0.004
D1% 76.8 (0.7) 76.5 (0.7) −0.4 (± 0%) 0.004
Cov100% 50.2 (10.4) 50.2 (2.7) ± 0.0 0.9
Cov95% 95.8 (4.6) 96.8 (5.1) +1.0 (+1%) 0.6
CIboost 0.87 (0.07) 0.95 (0.04) +0.08 (+9%) 0.002
HIboost 0.93 (0.03) 0.94 (0.04) +0.01 (+1%) 0.03

CTVelective (10) D99% 46.2 (1.5) 46.9 (1.6) +0.7 (+2%) 0.002
D98% 47.8 (2.0) 48.3 (1.5) +0.6 (+1%) 0.04
D50% 64.0 (8.0) 57.1 (5.0) −6.9 (−11%) 0.01
D2% 74.8 (0.6) 74.0 (0.6) −0.9 (−1%) 0.002
D1% 75.3 (0.6) 74.5 (0.5) −0.8 (−1%) 0.002
Cov100% 89.8 (11.6) 92.7 (6.9) +3.0 (+3%) 0.2
Cov95% 98.3 (1.6) 98.8 (1.8) +0.5 (+1%) 0.002
CIelective 0.30 (0.12) 0.34 (0.10) +0.02 (+3%) 0.2
HIelective 0.66 (0.02) 0.68 (0.03) +0.04 (+14%) 0.047
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introduction, and it will most likely be realized for carbon-photon
planning as well in the near future. Inferring from the aforementioned
studies, notably those by Gao as well as Unkelbach et al. for proto-
n–photon combinations of intensity-modulated proton therapy (IMPT)
and IMRT [8,9], this holds potential of further improvements in plan
quality.

In this study, we used the LEM for predicting the RBE value of a
high-LET (linear energy transfer) heavy ion radiation. The authors of
the model argue that within the center of the charged particle track,
i.e., on a local nanometer level, the spatial dose distribution becomes
homogenous and may be approximated to that of a low-LET photon
radiation [15]. Other RBE models have also been postulated, such as

Fig. 4. A case-by-case comparison between both planning strategies, oriented towards radiobiological risk. Individual values are based on EQD2-adjusted cumulative
dose distributions (with an α-β-ratio of 3). Threshold values and their clinical endpoints are listed in Supplementary Table S3.

Table 2
Results for OARs: Parameters of the cumulative dose distributions that emerged from the separated and the integrated planning strategy. Bold denotes statistical
significance at level p < 0.05.

Volume (n) Parameter Separated Strategy Median (IQR) Integrated Strategy Median (IQR) ΔMedian (%) p

Temporal lobe
ipsilat. (14)

Dmean 20.4 (3.1) 17.1 (2.2) −3.3 (−16%) <0.001
D1% 65.4 (8.8) 60.9 (12.5) −4.5 (−7%) <0.001

Temporal lobe
contralat. (6)

Dmean 8.4 (7.4) 5.5 (6.1) −2.9 (−35%) 0.03
D1% 19.9 (17.6) 14.4 (14.3) −5.5 (−28%) 0.03

Brainstem (10) D50% 15.8 (8.4) 13.8 (12.4) −2.0 (−13%) 0.002
D1% 35.3 (18.7) 30.4 (21.9) −4.9 (−14%) 0.01

Spinal cord (10) Dmean 8.1 (5.1) 5.1 (5.4) −3.0 (−37%) 0.002
D1% 22.5 (7.7) 18.2 (11.4) −4.2 (−19%) 0.004

Posterior eyeball
ipsilat. (14)

Dmean 23.9 (20.3) 20.2 (20.8) −3.6 (−15%) 0.005
D1% 49.8 (35.8) 44.9 (40.0) −4.8 (−10%) 0.06

Posterior eyeball
contralat. (6)

Dmean 6.8 (8.4) 5.1 (5.9) −1.7 (−25%) 0.03
D1% 12.9 (15.6) 10.3 (14.0) −2.6 (−20%) 0.03

Optic nerve
ipsilat. (14)

D50% 28.3 (24.4) 26.2 (23.5) −2.1 (−8%) <0.001
D1% 46.5 (23.3) 45.8 (38.1) −0.7 (−2%) 0.03

Optic nerve
contralat. (6)

D50% 11.5 (17.2) 7.3 (14.5) −4.3 (−37%) 0.03
D1% 14.9 (29.3) 11.2 (25.8) −3.7 (−25%) 0.03

Optic chiasm (9) D50% 21.0 (19.5) 18.3 (16.0) −2.8 (−13%) 0.01
D1% 42.0 (28.7) 41.5 (32.6) −0.5 (−1%) 0.055

Parotid gland ipsilat. (11) Dmean 23.8 (5.8) 20.5 (11.1) −3.3 (−14%) 0.001
Parotid gland contralat. (6) Dmean 6.7 (1.3) 5.1 (1.4) −1.7 (−25%) 0.03
Subject volume (9) ID 61.0 (19.2) 53.4 (27.7) −7.6 (−12%) 0.07
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the Microdosimetric Kinetic Model [16]. Among the diverse benefits of
these radiobiological models is that their application facilitates the
conceptualization and management of a combined RT regimen with
elements from both LET domains. Although the conceptual basis of the
LEM has been criticized [17,18], its usage – and, by extension, the
formulation of a cumulative bimodal dose – conforms to the routine
clinical workflow established at our institution, which this study aims
to reproduce, and is therefore used analogously. This reasoning also
extends to the comparison of toxicity risks, in which we referenced dose
threshold values that were originally determined on the basis of low-
LET photon radiation; a practice that is still under debate and not of
general validity.
The experimental IMRT plans were based on the SMLC technique,

while the clinical IMRT plans belonged to an HT setup. This represents
a conceptual weakness of our study, which was conducted before a TPS
with support for combination planning including HT-IMRT was made
available. Chen et al. found statistically significant advantages in con-
formity, homogeneity, and normal tissue sparing for HT-IMRT over a
nine-beam star shot SMLC-IMRT in the treatment of nasopharyngeal
carcinomas [19]. Van Vulpen et al. observed similar differences in their
study on oropharyngeal carcinomas, although they did question the
clinical relevance of the primarily minor performance gains, as did Chen
et al. in another study on head and neck cancers [20,21]. These pub-
lications attest to a potential (dosimetric) superiority of HT-IRMT over
SMLC-IMRT, and suggest that the positive results of our planning
strategy are most likely not attributable to the use of a different IMRT
setup. Jensen et al. also used both techniques interchangeably in studies
on carbon-photon RT [22,23].
While not reaching statistical significance in this study, the pro-

posed planning strategy showed potential to lessen integral doses,
thereby potentiating a previously observed feature of combined carbon
IBT and photon IMRT, when compared against a unimodal IMRT [24].
The risk of secondary malignancies had already been estimated in the
1980s to reach up to 23% for an eight-year period after RT of the neck
region [25]. Although certainly reduced with current technologies,
normal tissue radiation exposure remains relevant, especially in the
context of increased life expectancies.
In conclusion, our findings indicate that combination planning of

carbon-photon RT via a bias dose method may translate into favorable
dose distribution characteristics, compared to independent optimiza-
tion of the two modalities, in the treatment of head and neck malig-
nancies. Additionally, our method streamlined the planning workflow
by anticipating potential plan revisions. As they originate from a proof-
of-principle study, the observed dosimetric improvements are yet the-
oretical. It remains the subject of follow-up studies, whether or not they
can be validated in an in-depth review of robustness and contribute to a
higher tumor control.
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