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SFUD strategies with one or two posterior proton beams and three target coverage strategies are com-
pared with IMRT and tested for robustness towards anatomical changes by recalculation on surveillance
CTs during treatment. We find posterior beam SFUD combining PTV coverage with robust optimization
increases robustness towards anatomical changes compared to IMRT.
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The current standard treatment for oesophageal cancer patients
is concomitant chemotherapy and radiotherapy (RT) [1], if possible
followed by surgery [2], irradiating large parts of lungs and heart
causing toxicity [3,4]. Dose to these organs at risk (OARs) can be
reduced using proton therapy (PT) [5-8]. The hypothesis that dose
reduction translates to reduced complication rates is supported by
several small non-randomized studies showing lower cardiac and
pulmonary complication rates for PT [9-13].

While the planned dose of PT is promising, dose deterioration
due to respiration and interfractional anatomical changes could
undermine the potential benefit. Anatomical changes can be large
and the dosimetric impact has not been quantified. The changes
include interfractional diaphragm baseline shifts [14,15], mediasti-
nal deformation [14,15] and gastric filling [16]. Since proton dose
distributions are more sensitive to density changes due to their
finite range [17,18], the dose deterioration could be more severe,
making PT treatment unacceptable due to high risk of under-
dosage. For simulated interfractional setup-errors, much smaller
than the anatomical changes observed during RT [14-16], Warren
et al. [6] found dose deterioration for PT.
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The impact of respiration on the target motion is primarily
observed in the inferior-superior direction and is on the mm scale
[19]. It has been investigated in detail for lung cancer where larger
respiratory amplitudes combined with large density changes
between the target and the surrounding tissue increases the
impact of respiration [20]. For oesophageal PT, choosing posterior
beam angles can minimize target dose deviations due to respira-
tory motion by avoiding entrance through the diaphragm [21].

This study develops a single field uniform dose (SFUD) PT strat-
egy with optimal use of field directions and robust optimization
(RO) and validates it for real interfractional anatomical changes
occurring during RT.

Material and methods

Patient data

This study includes 26 consecutive patients with central or
distal oesophageal or gastro-oesophageal junction (GEJ) cancer
(five central, six distal and 15 central/distal tumours). Pre-
operative RT (41.4 Gy/23 fractions) [2] was administered to 22
patients. Definitive RT (50 Gy/25 fractions) was administered to 4
patients. Concomitant chemotherapy was administered in both
groups. Carboplatin/paclitaxel in the pre-operative group and
cisplatin/fluorouracil in the definitive group. For details on target
definition and margins, see Supplementary.
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IMRT planning and treatment

All patients were treated with 5-8 IMRT fields covering the PTV
with a homogeneous dose (95-107%). Treatment planning was
performed in Eclipse 11 (Varian Medical Systems) using the AAA
algorithm and optimized to minimize OAR dose always complying
with clinical constraints (see Supplementary).

Retrospective SFUD planning

Proton treatment plans were generated retrospectively in
Eclipse 13.7 using a pencil beam algorithm. Energy layer spacing
was fixed at 3.5 MeV and the spot size (o) in air at isocentre was
between 4 mm (240 MeV) and 6 mm (70 MeV). All PT plans were
optimized with a SFUD algorithm complying with the same OAR
constraints as the IMRT plans. SFUD was chosen because full Inten-
sity Modulated Proton Therapy (IMPT) gave no significant decrease
in OAR dose, while SFUD has been shown to improve robustness
compared to full IMPT. To account for planning and treatment-
related uncertainties, three target coverage strategies were investi-
gated: Homogeneous coverage of the PTV as used in photon plan-
ning (SFUDpry), RO to the CTV while neglecting the PTV (SFUDgog)
and finally RO to the CTV while covering the PTV (SFUDptvros). RO
accounted for 3 mm isocentre shifts and 3% density uncertainty.
The RO was implemented using minimax in Eclipse 13.7 [22,23].

Two SFUD field configurations were tested. A single posterior-
anterior (PA) field (1f-SFUD) and two oblique PA fields separated
by 30 degrees (2f-SFUD). Only posterior beams were chosen to
minimize dose deterioration due to respiration [21] combined with
the hypothesis that they are more robust towards interfractional
changes of the diaphragm. In total, six plans were optimized for
all patients: lf—SFUDpT\/, 1f—SFUDROB, 1f—SFUDm‘\/ROB, 2f—SFUDpTv,
2f-SFUDgog, and 2f-SFUDpryrop. NO objectives were put on OARs
as all normal tissue constraints were readily fulfilled.

Impact of interfractional anatomical changes

For all patients, an additional surveillance CT-scan (s-CT) was
acquired at approximately fraction 10 and used for recalculation
of both IMRT and SFUD plans. Target and all OARs were re-
delineated on all sCTs by an experienced radiation oncologist.
The percentage of the CTV receiving 95% of the prescribed dose
(Vosy) and the dose to OARs were compared for all plans between
pCT and sCT and used as a measure of plan robustness towards
anatomical changes. All anatomical changes observed between
pCT and sCT were found to be systematic as they also appeared
on the daily CBCT-scans for at least three consecutive fractions
(see Supplementary). The dose calculated on sCT can therefore be
used as a surrogate for persistent dose deterioration during RT.

Results

For all SFUD and IMRT plans at least 99.5% of the CTV volume
was covered with 95% of the dose for all patients. Dose to all OARs
except skin were significantly lower for the SFUD plans compared
to the IMRT plans (see Supplementary). For the SFUD planning
strategies, 1f- and 2f-SFUD plans delivered nearly identical doses
to heart and liver, while the dose to lungs and kidneys was slightly
larger for the 2f-SFUD plans. For both 1f- and 2f-SFUD plans, the
three optimization strategies resulted only in small differences in
OAR doses.

The 26 patients were divided into groups based on a visual com-
parison of pCT and sCT. Deformations of the CTV or mediastinum
above 5 mm and diaphragm baseline shifts above 10 mm on sCT
were noted as anatomical changes. For the diaphragm baseline
shift seen on sCT, it was verified by comparison of the p4D-CT

and the s4D-CT that the observed change was due to a shift in
the mean position of the diaphragm and not a change in the respi-
ratory motion pattern. Three groups were made based on interfrac-
tional changes:

e Group A: Patients without anatomical changes (13 pts).

e Group B: Patients experiencing deformations of the medi-
astinum and target (7 pts).

e Group C: Patients experiencing changes in the diaphragm posi-
tion combined with target deformations and eventually medi-
astinal deformations (6 pts).

For group A, recalculation of IMRT and all SFUD plans on sCT
resulted in V95%cry > 99.5% maintaining full target coverage. For
group B, under-dosage of the CTV was observed, see box plot in
Fig. 1 (panel a). The multi-field IMRT plans handled target defor-
mation quite well maintaining V95%crv > 98.3% for all patients.
The robustness of SFUD plans depended on the number of fields
and optimization strategy. For the patient with the largest decrease
in target overage, the V95%cry dropped to between 93.4% (1f-
SFUDgog) and 97.9% (2f-SFUDprvrog). For the remaining six patients
in the group, V95%crv exceeded 95% for all patients in all SFUD
plans (data underlying Fig. 1). In group B, 2f-SFUD was slightly
more robust than 1f-SFUD, while no difference was seen for group
C. However, the three SFUD optimization strategies affect robust-
ness. For SFUD plans robustly optimized to CTV and covering PTV
(SFUDprvrop), target coverage was almost as good as for IMRT,
maintaining V95%cty > 97.9% for all patients. On the contrary, SFUD
plans robust optimized to the CTV but discarding the PTV, had the
largest decreases in V95%cty, both in median dose decrease and
outliers.

For patients with diaphragm-position changes and target defor-
mations (group C) more severe under-dosage was observed for
IMRT plans. A box plot for this group is displayed in Fig. 1, panel
b. For all patients in group C, the decrease in coverage was larger
for the IMRT plan than for the SFUD plans. For one patient, recalcu-
lation of the IMRT plan on s-CT yielded a V95%cry coverage as low
as 65.3%. In this patient, the diaphragm baseline moved 1.7 cm cra-
nially and target deformations were seen as shown in Fig. 2. The
SFUD showed only slight under-dosage. For the SFUD plans, the
maximum decrease in V95%cry ranged from 88.8% (1f-SFUDgog)
to 92.7 (2f-SFUDpry). Assuming a threshold of V95%cty > 98%, only
one of the IMRT plans fulfilled this requirement, while all but one
2f-SFUDprvros plans did. As for group B, comparison of the SFUD
plans in terms of robustness showed no difference between one-
and two-posterior-field plans, while SFUDpryrop plans seem more
robust than the other target coverage strategies.

Discussion

The current study illustrates the impact of beam angle selection
on SFUD plan robustness. Anatomical changes occured in 50% of
the patients and were separated in two groups. For Group B
patients, experiencing deformation of the mediastinum and target,
only small decreases in target coverage were observed. For group C
patients, experiencing changes in diaphragm position as well as
target deformation, larger decrease in target coverage was
observed, especially for IMRT. All but one IMRT plan would have
required replanning (assumed adaption threshold V95%cty > 98%),
while this would only be necessary for one of the patients if the
2f-SFUDprvrop plan was chosen. These results could be explained
by the posterior beam arrangement, which avoids entrance
through the diaphragm and is therefore not as succeptible to
diaphragmatic positional changes as a 5-8 beam IMRT plan. Fur-
ther, our findings substantiate the results by Zeng et al. [13],
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Fig. 1. Boxplot of the CTV coverage for IMRT and SFUD plans for all patients in group B (a) and group C (b). The box shows the range between 1st and 3rd inter quartile ranges,
the vertical line in the middle indicates the median value and the whiskers range from minimum to maximum value. Note the change in scale between the two plots.

who reported that none of their 13 SFUD patients required adapta- the change in diaphragm position is not due to a change in
tion. However, the criteria used to make this judgment were not respiratory motion, but a real systematic interfractional deviation
reported and can thus not be compared. It is important to note that in the position of the diaphragm. As shown by Jin et al. the
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Fig. 2. Example of patient with anatomical changes. (a) Overlay of pCT and sCT with the diaphragm moved more cranially on the sCT. The CTV delineated on the pCT (pink)
and the associated PTV (blue) is shown. The CTV on the sCT is shown in red. (b) Recalculation of IMRT on sCT: Dose distribution in dose colorwash for doses above 95% of the
prescribed dose. (c) Recalculation of 1f-SFUDpryrop on sCT: Dose distribution in dose colorwash for doses above 95% of the prescribed dose. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

interfractional variability of the respiratory amplitude and
trajectory is limited, while interfractional shifts can be large [24].
Warren et al. evaluated the robustness of SFUD plans for a three
beam arrangement (two lateral oblique and one anterior) for rigid
setup-errors. They found a higher risk of target under-dosage for
SFUD than VMAT [6]. This is opposite to the findings in the current
study, and may be explained by the beam arrangement rather than
the use of real anatomical changes in our study compared to rigid
setup-errors in the study by Warren et al. [6]. In order to test this
hypothesis, SFUD plans with one posterior and one lateral beam
were created for selected patients (data not shown) and recalcu-
lated on the sCT. For this beam arrangement, the robustness for
anatomical changes was worse than or similar to IMRT plans. Thus,
the current study illustrates the importance of beam angle selec-
tion on plan robustness to anatomical changes.

With reference to the current discussion/trend to discard the
PTV concept for PT, RO including rigid setup-errors and density
uncertainty was tested. When the PTV was discarded and RO to
the CTV solely used (SFUDgeg), robustness towards anatomical
changes decreased compared to the combination of a PTV with
RO (SFUDpryros). Since only rigid shifts are implemented in the
applied RO, it is reasonable to assume that this difference is caused
by the anatomical deformations. Including also this type of uncer-
tainty into RO could improve the robustness of PT even further. In
this study we found that SFUDpryrog plans required minimal
replanning compared to the other planning strategies. This
demonstrates that the impact of anatomical deformations can be

compensated sufficiently by a margin. The normal tissue toxicity
is rather similar between the SFUDgog and SFUDpryrop plans, show-
ing only minor increased dose for SFUDpryrop. Our results suggest,
that the optimal RO strategy should include either realistic defor-
mations or a combination of margins and RO to account for the
deformations frequently observed in oesophageal cancer.

The current study investigated the uncertainties introduced by
interfractional changes during treatment of oesophageal tumours.
Before clinical introduction, full evaluation of the uncertainties in
planning and delivering SFUD should be performed. In this study
we did not consider the effect of respiratory motion but compared
doses between the midventilation phase of pCT and sCT to find the
effect of interfractional anatomical changes. The respiratory
motion of the GTV-T was in mean (SD) 2(1)mm left-right and
anterior-posterior, and 6(2) mm inferior-superior in concordance
with the results from Jin et al. [24], where respiratory motion of
fiducial markers were measured for 24 patients. As for the inter-
fractional changes the dose deterioration due to respiration is
highly dependent on the field directions. Yu et al. investigated dose
deterioration for varying IMPT field directions and found that it
was minimal for posterior beams due to avoidance of entrance
through the diaphragm [21]. RO accounting for respiratory motion
reduced the dose deterioration. For the patient with largest respi-
ratory amplitude (10 mm inferior-superior) in the current study,
SFUDprvrop Was recalculated on all phases of the 4D-CT revealing
maintenance of V95%cry = 100% throughout the respiratory cycle.
For lung cancer patients where the tumour is surrounded by
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low-density tissue and the respiratory amplitudes are generally
larger, the dose deterioration observed is larger and different respi-
ratory motion management strategies can be applied [7,20,25,26].
These techniques are not necessary for the vast majority of
oesophageal cancer patients treated with posterior beams.

Comparison of PT and IMRT in terms of doses to OARs depends
on field directions and target coverage strategies. In this study,
SFUD plans were chosen to achieve optimal robustness towards
anatomical changes, and compared to IMRT, SFUD reduced the
mean heart dose to 54% and the mean lung dose to 28%, which is
larger than most previous PT study findings [5, 6, 8, 13, Supple-
mentary]. This shows that the conservative optimization strategy
(SFUD with no dose constraint) meets the expectations of OAR
sparing for PT.

In conclusion, robust SFUD plans with posterior field directions
secured a high robustness towards anatomical changes. The best
robustness was achieved with RO to the CTV in combination with
a PTV. The robust SFUD plans maintain a significant sparing of dose
to normal tissue compared to IMRT.
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