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Abstract

Background: Proton beam therapy is promising for the treatment of head and neck cancer (HNC), but it is sensitive to
uncertainties in patient positioning and particle range. Studies have shown that the planning target volume (PTV)
concept may not be sufficient to ensure robustness of the target coverage. A few planning studies have considered
irradiation of unilateral HNC targets with protons, but they have only taken into account the dose on the nominal plan,
without considering anatomy changes occurring during the treatment course.

Methods: Four pencil beam scanning (PBS) proton therapy plans were calculated for 8 HNC patients with unilateral
target volumes: single-field (SFO) and multi-field optimized (MFO) plans, either using the PTV concept or clinical target
volume (CTV)-based robust optimization. The dose was recalculated on computed tomography (CT) scans acquired
during the treatment course. Doses to target volumes and organs at risk (OARs) were compared for the nominal plans,
cumulative doses considering anatomical changes, and additional setup and range errors in each fraction. If required,
the treatment plan was adapted, and the dose was compared with the non-adapted plan.

Results: All nominal plans fulfilled the clinical specifications for target coverage, but significantly higher doses on the
ipsilateral parotid gland were found for both SFO approaches. MFO PTV-based plans had the lowest robustness against
range and setup errors. During the treatment course, the influence of the anatomical variation on the dose has shown
to be patient specific, mostly independent of the chosen planning approach. Nine plans in four patients required
adaptation, which led to a significant improvement of the target coverage and a slight reduction in the OAR dose in
comparison to the cumulative dose without adaptation.

Conclusions: The use of robust MFO optimization is recommended for ensuring plan robustness and reduced doses
in the ipsilateral parotid gland. Anatomical changes occurring during the treatment course might degrade the target
coverage and increase the dose in the OARs, independent of the chosen planning approach. For some patients, a plan
adaptation may be required.
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Background

Radiation therapy for head and neck cancer (HNC) is
one of the pillars of treatment, being a definitive
(possibly combined with chemotherapy) or adjuvant
(after surgery, possibly combined with chemotherapy)
treatment option. Due to the complexity of the target
volumes and the surrounding organs at risk (OAR), the
treatment planning process is particularly challenging. In
general, radiation therapy is delivered using high-energy
photons. However, nowadays particle beam therapy, in
particular proton beam irradiation, is increasingly being
introduced in clinical practice [1]. Intensity modulated
proton therapy (IMPT) was shown to be promising for
the treatment of HNC in terms of high dose conformity,
with reduced dose to the normal tissue in comparison
with photon therapy [2-5].

Due to the physical characteristics of dose deposition,
protons are more sensitive to uncertainties than pho-
tons. These uncertainties can arise from changes in the
patient anatomy throughout the treatment course, by
e.g. tumor shrinkage, different cavity filling or weight
loss, from daily variations in patient setup, from uncer-
tainties in the proton range due to the conversion of
computed tomography (CT) numbers to stopping power
ratios [6, 7] and due to uncertainties in the beam deliv-
ery system. The optimization method of pencil beam
scanning (PBS) proton therapy plans can be single-field
(SFO) or multi-field optimization (MFO). In SFO, the
spot positions and weights of each proton field are opti-
mized individually, so the resultant dose distribution by
each field is uniform over the target volume. In MFO,
the spots from all the fields are optimized together, gen-
erating highly conformal dose distributions. Unlike SFO,
the dose from individual MFO fields can be relatively in-
homogeneous [8, 9].

Previous studies have shown that the conventional plan-
ning target volume (PTV) concept is not sufficient for
providing robustness in target coverage in proton therapy
[6, 10, 11], although SFO plans plus PTV margins could
provide enough robustness [8]. Different optimization
methods have been investigated to optimize plans which
are robust against setup and range uncertainties [12—-14],
and some of them are already available in commercial
treatment planning systems (TPS). Such robust plans are
generated based on the clinical target volume (CTV) and
take certain scenarios of setup errors and proton range
uncertainties into account.

Unilateral HNC targets are an indication for proton
beam therapy in our institution in case of re-irradiation
or subtypes of salivary tumors, such as adenoidcystic
carcinoma. Although unilateral HNC targets might not
be as challenging as bilateral targets, the chosen beam
direction and configuration, which is patient dependent,
as well as different dose distribution and proximity to
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organs at risk, can influence the plan robustness and
might indicate a different strategy for robust planning.
For example, van der Voort et al. [15] have shown that
unilateral cases seem to be intrinsically less robust than
bilateral cases using a minimax worst-case scenario
optimization. Different PBS proton planning studies can
be found in literature for bilateral HNC targets, but only
a few of them consider unilateral targets [16—18]. How-
ever, in these studies the authors have only taken the
dose distribution on the initial planning CT into account
without considering anatomical changes that may occur
during the treatment course. The aim of this study was
therefore to compare SFO and MFO PBS proton plans
in combination with robust optimization for unilateral
HNC targets in terms of, e.g. target coverage, dose
reduction to the OARs, and to assess the robustness to
range and setup uncertainties as well as to anatomical
changes.

Methods

Patient data

Eight subsequent patients with unilateral head and neck
tumors, treated with double scattering proton therapy at
the University Proton Therapy Dresden were selected
(Table 1). Each dataset consisted of a planning CT
(pCT) and several control CTs (cCT) (median: 6, range:
3-13) acquired during the course of treatment using an
in-room dual energy CT on-rails. For both, planning and
cCTs, pseudo-monoenergetic CT data sets (79 keV) were
reconstructed from dual-energy CT scans (80 kVp/140
kVp) [7].

CTVs and OARs spinal cord, brainstem, parotid gland,
larynx, oral mucosa, pharyngeal constrictor muscles and
esophageal inlet muscle were contoured on the pCT by
an experienced radiation oncologist. A high-risk CTV
including primary tumor, surgical cavity and potentially
metastatic lymph nodes was expanded by the elective
lymph nodes to generate a low-risk CTV. The pCT was
registered with each cCT, the contours were transferred
using a deformable registration algorithm [19], reviewed
and if necessary corrected by the same radiation
oncologist.

Treatment planning
The PTVs were generated for non-robust optimized
plans by isotropic expansion of the CTVs by 5 mm to
account for setup and range uncertainties [11]. The pre-
scribed doses were 50.3 Gy(RBE) to the low-risk and
68 Gy(RBE) to the high-risk CTV, delivered by simultan-
eous integrated boost (SIB) in 34 fractions.

Four PBS proton plans were generated for each
patient:
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Table 1 Patient characteristics, volume of CTVs and details on imaging for verification

Patient  Primary tumor site Gender  Clinical/ No.of CTV/cm?
?&trcgfa%igal TS Lowrisk High-risk

1 Mucoepidermoid carcinoma of left parotid gland F pTITNOMO 6 159.7 (150.5-158.7) 171 (155-17.8)
2 Adenoidcystic carcinoma of right parotid gland M pT1 NOMO 13 923  (87.7-963) 445 (423-464)
3 Small salivary glands of oral cavity M 71 N2b MO 5 2182 (199.9-211.2) 559 (50.3-53.3)
4 Lateral border of tongue F T1T N2b MO 11 798  (79.0-83.9) 160 (162-17.1)
5 Right tonsil M pT2 N2b MO 11 1502 (136.2-157.0) 432 (39.2-455)
6 Maxillary sinus M rcT2NT MO 5 1349 (1303-1415) 288 (24.2-27.7)
7 Adenoidcystic carcinoma of left parotid gland M pT4a NO MO 3 2460 (2384-2426) 937 (87.9-91.7)
8 Recurrent adenoidcystic carcinoma of right submandibular gland M rpT2NOMO 6 787  (78.1-81.9) 225 (23.1-240)

Abbreviations: F Female, M Male, cCT Control CTs, CTV Clinical target volume
CTV values: pCT (range in cCTs)

— Conventional SFO and MFO plans with PTV
concept, i.e. using the PTVs as target volumes
(SFOpry, MFOprv).

— Robust optimized SFO and MFO plans (SFOgp,
MFOggp), using the CTVs as target volumes and
accounting 3 mm for setup uncertainty and 3.5% for
range uncertainty, as used in our institution,
considering in total 21 different scenarios in the
minimax approach [6, 13]. Objective functions related
to the target volumes were selected for robust
optimization [20].

The plans were calculated and analyzed in RayStation
v4.99 (RaySearch Laboratories AB, Stockholm, Sweden),
considering a relative biological effectiveness (RBE) of
1.1. Two or three beams were used with the same con-
figuration for the four different plans, avoiding entering
through risk structures and inhomogeneity regions,
with gantry angles between 15°-40° for the first beam,
70°-80° for the second beam and 160°-170° for the third
beam, with couch rotations between 0°-20°. An IBA
universal nozzle beam, with a pencil beam spot size
sigma ranging from 8 mm (100 MeV) to 4 mm
(220 MeV) was used for the calculations. The spot dis-
tance was calculated automatically by the TPS. More-
over, a calculation dose grid of 3x3x3 mm? and a range
shifter of 7.5 cm water equivalent thickness were con-
sidered. An additional transitional intermediate volume
between low-risk and high-risk region of 10 mm
margin was created [15] for the SIB dose gradient.

The four plans were optimized to deliver the
prescribed dose to the target volumes (Dggy =95%
and D, <107% of the prescribed dose, where Dogo
and D,y are the minimum doses to 98% and 2% of
the target volume, respectively), while sparing the
clinical OARs following the institutional protocol:
spinal cord: maximum dose (Dpa) <45 Gy,
brainstem: D, < 54 Gy and parotid gland: median dose

(Dmedian) <26 Gy. The remaining OARs were considered
for dose reporting.

Nominal plan robustness against setup and range
uncertainty

For evaluating the plan robustness on the pCT, per-
turbed doses with random setup uncertainties and fixed
range uncertainty values of -3.5%, 0% and 3.5% were
generated. For each treatment fraction, a random num-
ber was drawn from a Gaussian distribution with mean
p =0 mm and standard deviation ¢ = 2.5 mm [21, 22] for
the isocenter shift in each cardinal direction (x, y, z). For
each range uncertainty (-3.5% / 0% / 3.5%), 34 single-
fraction doses with different random setup uncertainties
were calculated on the pCT and summed to generate a
new perturbed integral-treatment dose, which takes into
account the random variation of the setup error in each
fraction. This procedure was repeated 10 times for each
range uncertainty scenario as displayed in Fig. 1, result-
ing in 30 cumulated perturbed doses considering only
the anatomy from the pCT (Dpycr). The dose-volume
histograms (DVH) from the 30 results were plotted as
DVH bands [23] for visual comparison.

Doses on control CTs

The four nominal plans per patient were recalculated in
each cCT, in order to evaluate the influence of the ana-
tomical changes on the dose distributions. For compar-
ing the approximated delivered dose with the nominal
plan, cumulative doses (D.cr) were calculated by
deforming [19] and summing the fraction doses from
the ¢CTs on the pCT.

The plan robustness against setup and range errors in-
cluding the anatomical changes was evaluated following
the procedure as for the nominal plan. Again, 30 cumu-
lative perturbed doses (D.ct) were generated, each with
the same range error and 34 random setup errors, but
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Fig. 1 Generation of 30 randomly perturbed dose distributions for the whole treatment course of 34 fractions

J

using the different cCTs for the respective fraction dose
calculations.

Plan adaptation

An adaptive planning strategy was applied to compen-
sate for anatomy-related discrepancies between nominal
and fraction doses. Each fraction dose recalculated in
the ¢cCTs was compared with the nominal plan, consid-
ering the Dggy, for low- and high-risk CTV and Dy, for
high-risk CTV as dose parameters. Whenever a worsen-
ing of >5 percentage points between planned and unper-
turbed fraction dose was found [24], an adapted plan
using the cCT of the respective fraction was calculated.
Same beam configurations and objective functions as in
the original plan were used.

A cumulative dose (Dcct, adapt) Was calculated as the
sum of the fraction doses from the initial plan before
adaptation plus the fraction doses with adapted plan. For
practical purposes, the adaptation was considered to be
initiated at the third fraction after the control CT with in-
sufficient dose parameters to simulate a clinical scenario
with required QA procedures for the new plan. This new

adapted cumulative dose D.ct, adapt Was compared with
the cumulative doses without adaptation D.cr.

Statistical analysis

One-way analysis of variance (ANOVA) followed by
post-hoc  two-sample independent f-tests  were
performed in SPSS (IBM Corporation, New York, USA)
to find significant differences in dose parameters be-
tween the four nominal plans, including Bonferroni cor-
rection for multiple testing. Paired t-tests were used to
determine significant differences between the planned
dose D,ct, the cumulative dose D ct, and the adapted
cumulative dose Dcct, adapr. TWwo-sided tests were
performed and p-values <0.05 were considered to be
significant.

Results

Evaluation of nominal plans

Dose distributions for an exemplary patient are shown
in Fig. 2. For all patients, target coverage was similar for
the four plans, fulfilling the specification (Doggy;:
96.9-100.5% for the low-risk CTV, 97.4-100.8% for the

Fig. 2 Dose distributions for an example patient, in transversal (top) and coronal (bottom) view. The high-risk CTV is contoured in light red, the
low-risk CTV in dark red, the ipsilateral parotid gland in light blue and the spinal cord (in the transversal view only) in yellow. The yellow dashed
line indicates the location of the transversal view
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high-risk CTV), but being slightly lower for the robust
optimized plans, as displayed in Fig. 3. Regarding hot
spots, Dag <107% was met by the four plans in the
high-risk CTV (103.6-106.3%). D, values higher than
107% can be found in the low-risk CTV due to the dose
gradient for the SIB treatment, and were therefore not
evaluated.

The doses to the OARs were similar for all planning
strategies (Fig. 3). The near-maximum doses to the spinal
cord (D 0.36-12.05 Gy(RBE)) and brainstem (Djc:
0.01-6.17 Gy(RBE)) were far below the clinical con-
straints. For the ipsilateral parotid (only contoured in five
patients due to surgical removal in the others), higher me-
dian doses were found in both SFO approaches. This dose
increase was statistically significant for the SFOpry plans
(ANOVA: p=0.005 MFOpry vs. SFOptv: p=0.026,
MFOggp, vs. SFOpty: p = 0.006). The contralateral parotid
was completely spared in all cases (Dpedian:
0-0.1 Gy(RBE)). For the mean dose in the larynx, oral mu-
cosa, constrictor muscles and esophageal inlet muscle, the
doses between the four planning approaches were similar.
Integral doses to the normal tissue [25] presented no dif-
ferences between the different plans (mean values aver-
aged over patient cohort: 36.47-37.84 Gy « Liter, standard
deviation: 9.70-10.79 Gy » Liter). The 30 perturbed cumu-
lated doses l_)pCT resulted in wider DVH bands for the
CTVs in the case of MFOpry plans, while the other 3
planning approaches showed a smaller and comparable
band width (Fig. 4a). A high dose tail in the low-risk CTV
can be observed in the PTV approaches, due to the PTV
margin expansion used for both CTVs. An additional
patient example can be found in Additional File 1: Fig.
Sla, possessing wider DVH bands for both CT'Vs.

Evaluation of control CTs
The differences between the cumulative doses consider-
ing the anatomical variations in the control CTs (D.ct)
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Comparing the differences D.ct — Dpcr, high discrepan-
cies on the target doses were observed for the MFOprty
plan in one case, in which the hotspot dose in the high-
risk CTV was increased by up to 5.5%.However, when
analyzing the whole patient cohort, these variations were
not statistically significant, compared to the other three
plan approaches. The Dggo, showed no significant differ-
ences in the low-risk CTV, whereas for the high-risk
CTV the SFOgg}, plans revealed a significant Dogy, reduc-
tion in the D.ct of 0.78% (p=0.012). Regarding the
OARs, individual cases presented higher cumulative
doses than the planned ones (e.g. up to 8 Gy in larynx
Dypean for MFOpry and SFOpry plans in one patient).
Table 3 shows target volume changes from the pCT to
the last cCT. For some patients, volume shrinkage in
both targets are observed (e.g. patient 3 and 5), whereas
for other patients slight increase was found (e.g. patient
4 and 6).

When evaluating the robustness against setup and
range errors while considering the anatomical changes
(Dccr), again the MFOpry plans show wider bands in
the CTV region as can be seen in Fig. 4b for the
high-risk CTV. An additional patient example can be
found in Additional File 1: Fig. S1b, possessing wider
DVH bands for both CTVs.

Plan adaptation evaluation

Nine plans from 4 patients required plan adaptation, as
summarized in Table 4. Four PTV-based plans and 5
robustly optimized plans needed adaptation.

Table 5 compares for the 9 adapted cases the differ-
ences between the nominal plan D,cr, the cumulative
dose D.ct and the cumulative adapted dose Dccr, adapt-
The target coverage in the cumulative dose was im-
proved after adaptation (p=0.013 for Dggy(low-risk
CTV), p=0.017 for Dggy(high-risk CTV)). The mean
dose to the larynx was reduced in the adapted plans,

with the initial anatomy (Dpcr) are presented in Table 2.  whereas the other OARs showed no major
N
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Fig. 3 Dose statistics from the 8 patients for target volumes (left) and organs at risk (right) in the nominal plans
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Fig. 4 DVHs from the four planning approaches MFOpty, MFOgop, SFOpry and SFOgqy, (top to bottom) for the low- (blue) and high-risk CTV (red) of an
example patient who received plan adaptation for 3 plans after the 5th and 23th fraction. The DVH from the nominal plan (solid line, shown in all plots
for orientation) is complemented by the DVH bands from the 30 perturbed cumulative doses for robustness analysis considering the initial plan and
(a) the nominal anatomy (Eﬁg), and (b) anatomy in the control CTs (Dcr). DVH from the unperturbed cumulative dose considering the anatomical
changes and additional plan adaptation (c) are indicated by dashed and dotted lines. (*) indicates the fraction number of the control CT when the
adaptation demand was found

improvement, except in individual cases (e.g. mean dose
of the esophageal inlet muscle reduced by 9.6 Gy for pa-
tient 3 in the adapted MFOpty plan). Fig. 4c includes
DVHs of Dccr, adapt for an example patient.

Discussion

We compared four different PBS proton therapy
approaches for HNC patients with unilateral target vol-
umes, SFO and MFO with and without robust
optimization. Furthermore, we studied the influence of
anatomical changes on the dose distributions, and ap-
plied plan adaptation when needed.

The PTV-based non-robust and the CTV-based robust
approaches fulfilled the target coverage requirements in
the nominal plan. The near maximum doses to spinal
cord and brainstem were below the clinical constrains
due to the unilateral target location, which allowed for

an increased dose sparing compared to bilateral targets.
However, both SFO plans gave significantly higher
median doses to the ipsilateral parotid than the MFO
approaches. This can be explained by the reduced de-
grees of freedom in the field modulation in comparison
with MFO, an issue already investigated for bilateral
HNC targets [8]. The contralateral parotid gland was
completely spared due to the chosen beam configur-
ation, which reduces the risk of severe xerostomia [26].
The plan optimization did not focus on dose to the lar-
ynx, oral mucosa, constrictor muscles and esophageal in-
let, but dose values for these organs were similar for the
different planning approaches and the DVH values were
close to or below the recommended constraints for re-
ducing the risk of larynx edema and dysphagia [27]. The
5 mm PTV margin expansion was chosen from our ex-
perience in photon therapy. We hesitated to reduce this
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Table 2 Median (range) of differences between the cumulated dose considering the anatomy in the control CTs, D7, and the nominal
plan dose D,cr. A positive number indicates a higher value of D.¢. Significant differences (paired t-test, p < 0.05) are marked by*

ROI Parameter MFOpmy MFOgob SFOpty SFOrob

Low-risk CTV

ADggy / PP —0.09 0.16 0 0.05
(-3.62-0.58) (-0.58-0.58) (—-4.14-0.76) (=2.70-0.32)

High-risk CTV

ADggy, / PP 0.15 -053 -0.18 -0.78*
(—=1.03-1.94) (=341-0.16) (=2.50-0.16) (=265 — -0.21)

AD»y / pp 0.18 —031*% —046* —0.63*
(-0.29-5.51) (—0.88 — —0.06) (<091 = -0.13) (=094 — -0.34)

Spinal Cord

AD; / Gy 0.57 0.61 046 0.59%
(=1.21-1.15) (—0.82-1.04) (=0.72-0.99) (-0.80-1.22)

Brainstem

AD; ./ Gy 061 0.13 0.15 0.17
(-0.82-1.04) (=0.14-1.80) (-0.24-1.14) (=0.17-1.39)

Parotid Ipsilateral

ADypedian / Gy 0.66 0.04 -0.31 -034
(-0.02-2.39) (=1.66-1.78) (=2.02-1.34) (=2.66-1.34)

Larynx

ADhean / Gy 1.21 0.89 1.21 09
(=1.37-8.58) (—=1.28-6.60) (=1.51-8.86) (=1.29-6.97)

Oral Mucosa

ADpyean / Gy —-0.05 0.02 0.01 0.06
(-0.48-1.79) (=0.20-1.61) (=0.72-1.72) (=0.71-1.54)

Constrictor Muscles

ADryean / Gy 0.1 =01 0.05 0.05
(—2.05-2.83) (=2.09-2.35) (=2.45-4.16) (=2.24-291)

Esophageal inlet

ADpyean / Gy 0.57 044 0.57 05
(=1.67-7.84) (=1.20-5.23) (=1.64-8.15) (=1.28-553)

Abbreviations: pp. Percentage points, Dgggs Minimum dose to the 98% of the target volume, D54, Minimum dose to the 2% of the target volume, Dyeq, Mean dose,

Dmedian Median dose

margin for non-robust planning. If we would choose a
smaller margin, the median doses in the ipsilateral par-
otid gland could be reduced. However, as already men-
tioned, due to the field modulation in SFO the parotid
doses might still exceed the clinical objectives.

The MFOpty plans showed reduced robustness
against uncertainties, while the other 3 approaches pro-
vided sufficient robustness on target coverage. Due to
their characteristics in dose deposition, MFOpry plans
are more sensitive to uncertainties in both patient setup
and proton range than SFOpry and robustly optimized
plans. Therefore they bear the risk to deliver a dose in-
ferior to the prescribed one to the targets and OARs
(see Additional File 2: Fig. S1). Beam direction and

configuration might also influence the robustness of the
plans. We chose two or three beams simulating a realis-
tic clinical scenario. Some studies have found no signifi-
cant differences in CTV coverage and plan robustness
when the beam number is increased for bilateral HNC
targets [28, 29].

When considering the anatomical changes during the
treatment course, for individual cases, it was found that
a lower dose than the planned dose might be delivered
to the CTVs. These differences were independent of the
planning approach, showing that both SFO and MFO
techniques are sensitive to anatomical changes, being
the same for PTV-based and robust approaches. The
same conclusion can be drawn for the dose to the OARs,
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Table 3 Difference in cm® between target volume in planning
CT and last control CT. Positive (negative) values correspond to
volume reduction (increase). Patients who underwent plan
adaptation are marked by*

Patient Volume change (cm®)
Low-risk CTV High-risk CTV

1 8.11 -0.03

2 3.98 219

3% 18.25 5.54

4 -197 -0.94

5% 7.79 227

6* -6.60 4.46

7 761 5.76

8 -3.23 -141

where the highest dose changes were found for PTV-
based plans, especially for the larynx, constrictor mus-
cles and esophagus inlet muscle. Furthermore, the target
volume changes and the need of adaptation were patient
dependent: patient 3 presented in both targets volume
shrinkage, whereas for patient 6, which also underwent
into adaptation, presented a slight increase of the low-
risk CTV and a moderate shrinkage of the high-risk
CTV. For a detailed conclusion, the size of the patient
cohort is not sufficient. When considering a worst case
scenario including anatomical changes (see Additional
File 2: Fig. S2), the doses to the OARs could be highly
increased, and the target coverage reduced as well, in
comparison to a worst case scenario only considering
setup and range uncertainties. The influence of anatom-
ical changes could not be sufficiently estimated by the
plan robustness evaluation in the planning CT, which
explains why both PTV-based and robust-based plans
underwent adaptation with a comparable frequency.

In 7 of the 9 cases with plan adaptation, the delivery
of the adapted plan started within the last 10 fractions

Table 4 Overview of adapted plans, the respective adaptation
criteria and the fraction number of the control CT in which the
adaptation demand was found

Patient Plan Adaptation criteria Fraction

2 MFOgop ADogy, (low-risk CTV) 24
SFORob ADggy, (low-risk CTV) 24

3 MFOpry AD,q, (high-risk CTV) 6
SFOprv ADogy, (low-risk CTV) 23
SFORob ADoggy; (low-risk CTV) 23

5 MFOpry ADyq, (high-risk CTV) 17

6 MFOgop ADoggy, (high-risk CTV) 25
SFOp1v ADoggy, (high-risk CTV) 25
SFORob ADoggy, (high-risk CTV) 25
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Table 5 Median (range) of the dosimetric difference between the
estimated delivered dose by the nominal (D), the cumulative
(Decp) and adapted plan (Decr. adape) for the investigated 9 cases.
A positive number indicates a higher value for D . Significant
differences (paired t-test, p < 0.05) are marked by *

ROl Parameter Decr = Dper Dect = Decr, adapt

CTV Low-risk

ADggy, / PP —0.76* —0.52*
(—4.14-042) (=2.76 - —0.14)

CTV High-risk

ADogy, / pp —1.15% -0.6%
(—341-0.25) (—2.22-0.25)

ADsy, / pp -0.34 037
(-0.94-551) (-0.13-6.74)

Spinal Cord

AD; . / Gy 043 -0.15
(—-0.82-1.14) (—=0.22-0.79)

Brainstem

AD / Gy 0.74* 022
(—-024-1.8) (=0.19-1.07)

Parotid Ipsilateral

AD,egian / Gy 0 —0.26
(—266-1.78) (-1.16-0.73)

Larynx

AD,ean / Gy 6.39* 169*
(-151-8.86) (—-0.87-9.05)

Oral Mucosa

AD pean / Gy -0.2 -023
(-=0.72-1.79) (—-0.66-2.29)

Constrictor Muscles

ADrean / Gy 0.66 0.22
(—245-4.16) (—0.86-4.26)

Esophagus

ADrean / Gy 0 013
(-1.64-8.15) (—-0.93-9.61)

Abbreviations: pp. Percentage points, Dggg; Minimum dose to the 98% of the
target volume, Do, Minimum dose to the 2% of the target volume, D,eqn Mean
dose, Dpedian Median dose

of the treatment. The adaptation was necessary due to
an underdosage in the low- or high-risk CTV, except
for two MFOpry plans, where the criterion was an
overdose in the CTV high-risk. The cumulated dose
from the adapted plans Dccr, adapt improved the target
coverage, but they did not improve the OAR dose in
comparison to the cumulative doses without adaptation
D ct, except for the larynx. The quite small, but par-
tially significant improvements can be found because in
most cases the number of fractions with adapted plan
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was small, but the cumulative doses for the whole treat-
ment were considered for the analysis. For bilateral
HNC targets, Kurz et al. [30] did not find a significant
difference in the target coverage between the recalcu-
lated dose in the control CT and the adapted plan, but
the adaptation showed a reduction of overdosage (Dyy)
in the target volume. However, Géra et al. [31] found a
large improvement in the target coverage with the gen-
eration of adapted MFOprvy plans on a biweekly basis,
whereas the OAR dose limits were not exceeded, even
without adaptation. The difference between both stud-
ies might be explained because Kurz et al. optimized
their adapted plan in a cone-beam CT (CBCT)-based
virtual CT. It is known that proton dose calculations on
CBCT-based images have limitations in accuracy due to
several reasons [32, 33]. Hence, the CBCT-based adap-
tation might therefore not be as optimal as an adapta-
tion planned directly on a control CT, as done by Géra
et al. Besides, a strong case-dependency in bilateral
HNC targets could be responsible for non-consistent
results in the literature. In this work, the adaptation
procedure was applied when a difference of >5 percent-
age points between planned and a single fraction dose
was found. Probably in some cases the adaptation
might also be necessary if many consecutive fractions
show inferior target coverage, although each difference
with the planned dose remains lower than 5 percentage
points. Adaptation criteria considering the deviations of
the tracked accumulated dose from the planned dose
may be able to detect a reduction in the target coverage
earlier than comparing it with the individual fraction
doses. In the present study, only dose deviations in the
target volumes were considered, but variations in the
OARs dose parameters during the treatment course
should be taken into account as well.

All the evaluations including calculation of SFO and
MFO plans in combination with robust optimization,
dose calculation in additional CTs, dose deformation
and dose accumulation were performed in a commercial
TPS, which means that the evaluation tools could be
easily translated into clinical routine.

Conclusions

The four PBS planning approaches showed adequate tar-
get coverage on the nominal plan for unilateral HNC.
For ensuring plan robustness and reduced median doses
in the ipsilateral parotid gland, MFOg,, is recom-
mended. Both PTV-based and robust optimized plans
were sensitive to anatomical changes for individual
cases, leading to inferior target coverage and higher
OARs dose, and requiring plan adaptation. None of the
4 planning approaches presented a clear superiority con-
cerning the need of plan adaptation.
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