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SUMMARY AND GENERAL DISCUSSION

In this thesis a comprehensive and accurate evaluation of 
the treatment of moving targets with pencil beam scanned 
proton therapy (PBS-PT) has been conducted. Patient data 
(sample of the patient population who would benefit from 
this technology), representative simulations of planning 
deviations upon the treatment delivery, clinically approved 
delineations and treatment plans, and machine specific data 
were used in order to find an optimal clinical planning proto-
col for targets affected by motion. For the proton community, 
this investigation is valuable to gain confidence with these 
challenging treatments, which are currently not widely 
clinically performed. This work is especially applicable for 
PBS-PT facilities aiming to start with these moving indica-
tions. Therefore, this thesis has a clear clinical implemen-
tation focus. The definition of an optimal clinical planning 
protocol for thoracic tumours (lung and oesophageal cancer 
patients) within certain limitations of motion has been suc-
cessfully developed and was implemented in the University 
Medical Center Groningen (UMCG) Proton Therapy Center 
(GPTC). The next steps of this research will consist on a 
similar analysis for lung and oesophageal cancer patients, 
among others, with a bigger motion amplitude (≥ 5 mm [1,2]), 
aiming on further increasing the patient population affected 
by motion able to benefit from PBS-PT.

EVALUATION OF PBS-PT FOR MOVING 
TARGETS

The robustness evaluation method used in this thesis con-
siders the dosimetric effects of geometrical uncertainties 
together with range uncertainties in a fractionated treat-
ment, by including a systematic and random error (the 
latest being fraction specific). A fractionated treatment is 
referred as a treatment scenario. To limit computational 
power, sparse sampling is used, i.e. only a limited number 
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of well-chosen physically realisable worst-case scenarios 
are considered [3,4]. However, these error scenarios are 
designed from known probability distributions and sampled 
at a 90 % confidence level, as in the CTV-PTV (clinical target 
volume – planning target volume) margin recipe [5]. Specif-
ically for target coverage, these scenario doses are combined 
to worst-case doses, as proposed by Harrington et al. [6,7]. 
To avoid bias of the plan evaluation results of robustly op-
timised plans, all robustness evaluations conducted in this 
work encompass scenarios different than those constructed 
for the optimisation algorithm. 

Since we started with a robustness evaluation script ini-
tially only considering setup and range errors (3D) [4], quite 
some time was spent on further developing and fine-tuning 
this in-house robustness evaluation script at the begin-
ning of this thesis. This was done to achieve a compromise 
between the accuracy of the scenario based method and 
calculation time, to enable an efficient use in clinical routine. 
To particularly evaluate the treatment plan robustness of 
moving targets, the 3D robustness evaluation method was 
extended to a 4D robustness evaluation method (4DREM) 
(Chapter 2) [8]. The following uncertainties are evaluated by 
the 4DREM in addition to setup and range errors considered 
by the 3D robustness evaluation: machine errors, anatomy 
changes, breathing motion, and interplay effects. As de-
scribed by Meijers et al. [9], machine errors in this work were 
modelled retrospectively, by interpretation of acquired plan 
delivery log files, obtained from specific PBS-PT machines. 
As referred along this thesis, plenty of work has been done 
on robustness evaluation tools for moving targets [10–20]. 
However, due to the high complexity of implementation, 
most of the already released tools do not consider the com-
bined effect of all uncertainties, but instead assess the impact 
of isolated uncertainties, or the combination of a limited 
number of uncertainties. Also, the inherent uncertainty 
smoothing effect of treatment fractionation is usually not 
considered. The only similarly complete tool to ours was 
developed recently by Souris et al. [21]. This method does not 
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consider machine errors. However, it simulates breathing 
motion variability (both in period and amplitude), which 
our work currently lacks.

In Chapter 5 of this thesis, the 4DREM is used to assess 
plans of non-small cell lung cancer (NSCLC) patients. For 
this work, log files obtained in dry run plan deliveries from 
two different PBS-PT facilities provided by the same vendor: 
Proteus®Plus (PPlus) [22] and Proteus®One (POne) [23] 
(IBA, Louvain-la-Neuve, Belgium) were interpreted. To our 
knowledge, this is the first study conducted to compare the 
effectiveness of the delivery structure of these machines, 
especially by the quantification of robustness for target 
coverage and organs-at-risk (OARs) dose statistics. This 
work is relevant for all proton facilities worldwide using 
IBA equipment and aiming on treating moving targets. For 
the lung cancer patients included in our study, PPlus and 
POne proved comparable target coverage robustness and 
OARs dose sparing. The field delivery time difference was on 
average 10.1 s higher for POne than for PPlus, if no rescan-
ning is applied for PPlus. As proton accelerator, PPlus has 
an isochronous cyclotron [24] and POne a synchrocyclotron 
[25,26]. Other commercial synchrocyclotron (also pulsing 
at milliseconds rate, as IBA’s synchrocyclotron) comes from 
Mevion (Mevion Medical Systems, Littleton, Massachusetts, 
USA). There are not that many synchrocyclotrons in the 
world, most designs are based on isochronous cyclotrons 
instead. Zhang et al. [27] performed a comprehensive study 
comparing the robustness and motion mitigation perfor-
mance between cyclotron and synchrotron based PBS-PT 
systems from Varian (Varian Medical Systems, Palo Alto, 
California, USA) for liver tumours with irregular motions 
greater than 10 mm. They found that re-gating (rescanning 
+ gating) mitigates motion effects completely. Additionally, 
the advantage of cyclotron-based systems with variable beam 
current was demonstrated since nearly constant treatment 
times were achieved, regardless of the prescribed dose. 

As described in Chapter 5, in PPlus, non-or scaled res-
canning can be applied, while POne involves intrinsic 
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‘rescanning’ due to its pulsed delivery. Previous studies have 
performed investigations of target homogeneity and treat-
ment delivery times for different types of scaled rescanning 
(layered and volumetric) [28,29]. Scaled rescanning helped 
recovering dose homogeneity (for motions up to 10 mm), and 
particularly, layered rescanning proved to be the method of 
choice for slower energy changing systems.

DEFORMABLE IMAGE REGISTRATION (DIR) 
IN THE CLINICAL WORKFLOW OF PBS-PT 
FOR MOVING TARGETS

4D PBS-PT relies on 4D imaging and DIR and is affected by 
uncertainties of the latter. The DIR analysis performed in 
this thesis concentrated on the uncertainties inherent to the 
application of these algorithms. There is already substantial 
work performed on the analysis of the geometric uncertainty 
provided by DIR for moving targets [30–32]. Our main con-
cern was the reliability of dose distributions obtained for 
moving targets, relying for its generation on DIR, as also 
previously explored [33–36]. However, our investigation 
had a clinical focus for the treatment of moving targets with 
PBS-PT, which is a technique especially dosimetrically sen-
sitive to geometric variations. Additionally, attention was 
given to the application of different commercially available 
DIR algorithms (present in different treatment planning 
systems [TPSs] or in medical imaging software). Zhang et al. 
[37] assessed the dosimetric ambiguity provided by two DIR 
approaches for PBS-PT in 4DCTs of liver cancer patients. In 
this work, however, the quantification of the DIR dosimetric 
accuracy was not possible due to the lack of a ground truth 
(GT) 4D dose distribution.

Both DIR projects of this thesis (Chapter 3 and Chapter 6) 
were carried out within an international collaboration be-
tween the GPTC and the proton centre of the Paul Scherrer 
Institut (PSI) in Switzerland. In both studies, seven different 
DIR methods were investigated. The aim for both projects was 
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to find recommendations for the proton therapy community 
in how to interpret PBS-PT dose distributions relaying on DIR 
methods for moving targets. Regarding the interpretation 
of individual single-field uniform dose (SFUD) planned 4D 
dose distributions for liver cancer patients in free-breathing 
(Chapter 3), the ideal procedure, in our opinion, would be to 
use an error bar. Such error bars could be generated by dose 
calculations depending on several different DIR algorithms 
for the same indication. The lack of geometric and dosimetric 
DIR accuracy demonstrated and quantified in Chapter 3 in-
dicates the necessity of clinical DIR quality assurance. How-
ever, multiple-field treatment plans and/or the application 
of rescanning (five times layered rescanning) demonstrated 
to reduce the impact of DIR induced dosimetric errors.

The concept of a complementary analysis to Chapter 3, 
using the same data, is shown in Fig. 1. Here the mean and 
standard deviation (SD) dose distributions of the six 4D 
dose distributions obtained using different DIR (mean(DIR) 
and SD(DIR)) were computed. Then, the corresponding 
dose-volume histogram (DVH) curves were compared. As 
can be seen by the CTV DVHs in blue and orange, a clear 
difference between the GT and the mean(DIR) is verified 
for this example. If the result of the application of DIR 
methods would be completely accurate, and no differences 
between different DIR methods would exist, these lines 
should match. The mean(DIR) dose distribution was used to 
subsequently calculate the systematic error and the SD(DIR) 
dose distribution the random error.

The DIR induced systematic error was quantified by the 
absolute difference between GT and mean(DIR) dose dis-
tribution in terms of target coverage and homogeneity 
(V95(CTV) and D5-D95(CTV) respectively) (Table 1). The larg-
est overall V95(CTV) and D5-D95(CTV) errors were verified for 
single fields with single scan (5.01 ± 3.56 % and 5.40 ± 2.62 % 
respectively). When using three fields and rescanning, these 
differences can be substantially decreased to 1.59 ± 1.30 % 
(V95(CTV)) and 1.50 ± 0.93 % (D5-D95(CTV)). The random error 
gives the extent of potential variation between different DIR 
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algorithms and was quantified by the mean of the SD(DIR) 
dose distribution within the CTV and CTV + 1 cm (Table 1). 
For single fields with single scan, the highest random error 
within the CTV + 1 cm was verified (went up to 2.55 ± 0.77 %). 
However, if applying three fields and rescanning, this error 
goes down to 1.53 ± 0.47 %.

Table 1 Systematic and random errors induced by DIR in liver 4D 
PBS-PT planned dose distributions. These overall errors are calcu-
lated by the mean ± SD of the individual errors given by all nine 
4DCT-MRI data sets (three patient geometries and three motion 
amplitudes combined) with respect to plan configuration (one field 
/ three fields) and rescanning strategy used (single scan / rescanning 
[five times layered rescanning]).

        Systematic error Random error 

        Absolute difference between GT 
 SD(DIR) dose distribution 

        and mean(DIR) dose distribution

        (mean ± SD) (mean ± SD) 

Number       V95(CTV) D5 - D95(CTV) Mean(CTV) Mean(CTV + 1 cm) 

of fields   Scanning   [%] [%] [%] [%]

1 field
  Single scan   5.01 ± 3.56 5.40 ± 2.62 2.06 ± 0.83 2.55 ± 0.77

  Rescanning   3.12 ± 2.25 2.61 ± 1.67 1.19 ± 0.50 1.90 ± 0.62

3 fields
  Single scan   4.50 ± 4.65 3.00 ± 1.44 1.27 ± 0.45 1.89 ± 0.53 

  Rescanning   1.59 ± 1.30 1.50 ± 0.93 0.77 ± 0.28 1.53 ± 0.47 

By this complementary analysis, we established that geo-
metric errors induced by motions estimated from 4D im-
aging using DIRs can introduce pronounced systematic and 
random errors in 4D dose calculations. These errors proved 
to influence the clinical evaluation of PBS-PT plans for liver 
tumours. Additionally, multiple-field plans and/or using 
motion mitigation techniques such as rescanning helped to 
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decrease the systematic and random errors resulting from 
DIR for 4D dose distributions.

Chapter 6 focuses on the assessment of the dosimetric 
impact of inter-fraction variability for NSCLC patients under 
deep inspiration breath-hold (DIBH) [38,39] planned with 
intensity-modulated proton therapy (IMPT) [40]. The dosi-
metric uncertainties by using several different DIR methods 
in the warped fraction dose and planned dose accumulations 
of repeated DIBH CTs (acquired throughout the treatment) 
to a reference planning CT are quantified for these patients. 
DVHs of PTV, CTV, ipsilateral lung, heart, and spinal cord 
were assessed. The dose degradation caused by anatomical 
changes proved larger than the uncertainty introduced by 
different DIRs. However, variations obtained between dif-
ferent DIR methods were still prominent for the fraction 
and accumulated treatment doses. The mean obtained by 
the use of multiple DIR algorithms reduced this uncertainty, 
and therefore is a promising strategy in clinical practice for 
a correct interpretation of the inter-fraction anatomical 
changes occurring during treatment.

DEFINITION OF THE CLINICAL PLANNING 
PROTOCOL FOR THE TREATMENT OF 
THORACIC INDICATIONS WITH PBS-PT AT 
THE GPTC

The steps towards the IMPT planning protocol for lung and 
oesophageal cancer patients in our centre were within the 
scope of Chapter 4. For twenty patients, 4D robust optimisa-
tion did not show any gain relative to 3D robust optimisation. 
This group of lung and oesophagus cases included in our 
analysis were randomly selected from a patient cohort of a 
dedicated clinical trial including forty patients affected by 
motion. Subsequently, thorough 4DCT image quality inspec-
tion was performed, and only major-artefact-free phases 
were used. If artefacts from all phases of a 4DCT were highly 
susceptible for DIR performance or dose calculation accuracy, 
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the patient was replaced (by another one from the original 
group). The final patient group of this study showed limited 
CTV motion. Particularly, the CTV motion amplitudes of 
these patients reached up to 5.7 ± 1.3 mm and 9.1 ± 1.5 mm for 
lung and oesophageal cancer patients, respectively. These 
motion characteristics are representative for the majority 
of thoracic indications we receive for our photon clinic at 
the UMCG. However, the motion was reported based on the 
whole CTV and the different parts of this volume (CTV of 
primary tumour and CTV of [multiple] pathological lymph 
nodes) were not individually quantified. Additionally, since 
repeated CTs were available for these patients, the analysis 
of target drifts can still be done to evaluate the behaviour of 
the CTV (baseline shifts) throughout the weeks of treatment.

For the start-up of thoracic treatments in the GPTC, we 
inspect carefully case-by-case the motion behaviour within 
different regions of the CTV in the planning 4DCTs. It was 
decided to first consider patients with limited motion (gen-
erally with mean CTV motion of less than 5.0 mm) to gain 
experience [41,42]. We generally believe that the clinical 
introduction of PBS-PT treatments for indications affected 
by motion should be a step-wise process, following com-
prehensive planning studies for patient groups with specific 
motion characteristics.

Before the accomplishment of the PBS-PT planning pro-
tocol for the lung and oesophagus cases included in our 
study, we had already some pre-made clinical choices due to 
optimal methods found in previous literature, such as IMPT 
robust optimisation and the application of five times lay-
ered rescanning as motion mitigation technique in the plan 
delivery [18,28,29,43]. However, still many different IMPT 
optimisation techniques were explored during the execution 
of this thesis. In 3D robust optimisation, not applying any 
target density override, and the override of different struc-
tures (CTV or gross tumour volume [GTV] override), were 
planning options evaluated. Within the scope of ‘4D’ robust 
optimisation, the possibility of the use of two averaged CTs 
(one with the application of target override and the other 
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one without) was also considered. Additionally, different 
matching strategies for the rigid registrations performed 
between planning and repeated 4DCTs were assessed.

Specifically for the ten oesophageal cancer patients in-
cluded in Chapter 4, an extensive analysis was done to 
investigate diaphragm override in the IMPT treatment 
planning process. Diaphragm override methods have pre-
viously been described by Lin et al. [44] for oesophageal 
cancer, Cummings et al. [45] for lung cancer, and Boimel 
et al. [46] for pancreatic and stomach malignancies. In this 
complementary study to Chapter 4, the diaphragm override 
planning approach was evaluated in a clinical routine, in 
terms of its impact on planning efficiency, plan quality and 
plan robustness throughout the weeks of treatment. 

The diaphragm structure (both left and right sides) was 
delineated in the averaged CTs of the available 4DCTs (tak-
ing into account all phases), for all the oesophageal cancer 
patients. The diaphragm amplitude measured in week 0 
(planning CT) showed differences of up to 0.9 cm from the 
mean amplitude, calculated from all repeated CT amplitude 
measurements (Fig. 2). The SD of the mean ranged from 
0.14 cm to 0.39 cm, when taking all patients and both dia-
phragm sides into account. 

It was shown in Chapter 4 that anatomical changes due to 
diaphragm baseline shifts compromise the robustness of the 
created 3D robust optimised plans throughout the treatment 
course (patient 19). Therefore, we also used this data to quan-
tify the offset (by measuring the distance to a fixed point) in 
both sides of the diaphragm for patient 9 (patient 9 in this 
analysis corresponds to patient 19 in Chapter 4) (Fig. 3). The 
diaphragm density override for patient 9 did not improve the 
plan robustness. Only replanning in week 1 was a solution 
for reaching adequate robustness, which motivates the need 
of repeated imaging.

The diaphragm override approach for IMPT planning did 
not prove to be a method that should be implemented for 
every patient as a default step in the planning process. While 
it helped getting rid of hotspots in the left diaphragm region, 
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the hotspots it created on the right side made the planning 
process more difficult (Fig. 4). Only in one patient the plan-
ning process was faster due to the implementation of this 
override. Furthermore, the delineation of the diaphragm 
structure is rather time intensive. Thus, there are not enough 
benefits seen in this study to justify an implementation of 
the diaphragm density override in the day-to-day workflow 
in our clinic.

Fig. 2. Diaphragm amplitude (left and right sides) for all oesopha-
geal cancer patients. The mean amplitude from all weeks is shown 
as a blue bar for every patient. The black bars show the SD of the 
mean and the red dots represent the diaphragm amplitude from 
the planning CT in week 0.
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FUTURE PERSPECTIVES

A possible extension of the work presented in Chapter 3 
would be the application of the developed DIR evaluation 
methodology to 4DCT-MRI data sets of other moving indica-
tions, such as lung cancer patients. Furthermore, within the 
ongoing collaboration with PSI, we plan to extend Chapter 6 
to obtain more insights on DIR biases on adaptive PBS-PT 
regimes. The follow-up paper is still in the planning status, 
and so no final design is established yet. In summary, the GTV, 
CTV, oesophagus, spinal cord, trachea, ipsilateral and contra-
lateral lung, and heart will be drawn by a radiation oncologist 
in the planning and repeated CTs. Then the initial plans are 
re-optimised on these new contours. The deformation vector 
fields (DVFs) obtained from the different DIRs are used to 
warp those same structures from the planning CT and the 

Fig. 4. A: Diaphragm override region (delineated in red), in which 
density override is applied in the averaged CT for a sample oesoph-
ageal cancer patient. B: Voxel-wise worst-case maximum dose dis-
tributions resultant from the 3D robustness evaluation for patient 1 
with and without the diaphragm density override (WDO and NDO 
respectively). The diaphragm override region is delineated in red, 
and the beam setup is shown in orange.
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resulted warped structures are also used for re-optimisation/
adaption. Then each fraction is evaluated on the newly de-
lineated contours. With this study, the idea is to be able to 
validate the warped contours from different DIR (in terms of 
geometric uncertainties), and ultimately conclude if adaption 
is still beneficial by using deformed contours by DIR.

For Chapter 2, Chapter 4, and Chapter 5 unique exten-
sive patient data sets (with repeated 4DCTs) with clinically 
meaningful information (delineations and treatment plans) 
were utilised. Additionally, the Monte Carlo dose engine was 
used in these chapters to account for the impact of density 
heterogeneities [47,48]. However, there are still plenty of 
questions to answer that we aim to look into, such as dif-
ferent treatment planning optimisation techniques. The 
trade-off between the optimisation objectives of different 
OARs (heart / lung) is already being explored by our team. 
The 4D robust optimisation method used in this work is the 
standard one implemented in RayStation [49]. This is quite 
a simple method, when compared to the more sophisticated 
one developed by Engwall et al. [50]. This method, besides 
incorporating in the optimisation process the organ motion, 
it also includes the delivery time structure.

In my personal opinion, the tools developed and used 
along this work are also suited to define optimal clinical 
protocols for PBS-PT treatments of other moving targets 
with similar motion characteristics as the ones included in 
this thesis. Top-notch optimisation and evaluation methods 
will continue to be developed, but this usually comes with 
the cost of time for the clinical workflow. Naturally, accurate 
patient positioning and repeated volumetric imaging are 
still mandatory. The multidisciplinary team of treatment 
planners, radiation oncologists, and medical physicists 
should be involved throughout all steps of the treatment 
course. I believe that for the treatment of moving targets 
with PBS-PT, a personalised treatment concept should 
never be abandoned. This means that patient positioning 
protocol, or beam arrangement selection, for instance, 
should be carefully analysed case-by-case by the whole 
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team. Furthermore, during the course of treatment, a 
daily adaptive treatment approach would ultimately be 
the most optimal and safe choice. For this purpose, the 
implementation of 4DCBCT imaging in our proton clinic 
is currently being explored. For this personalised treatment 
to be feasible however, automation is the key, both within 
each of the individual steps of the clinical workflow, and 
in their linkage.

The first lung cancer patient was treated in the GPTC in 
September 2019. Up until January 2020, we already treated 
twelve lung cancer patients. Another seven lung cases, be-
sides anticipated to benefit from PBS-PT, were not treated 
with protons since their motion exceeded the defined re-
strictions. Until now, no oesophageal cancer patients started 
to be treated, but we plan to introduce this indication in our 
proton centre by summer of 2020.

All the tools mentioned and investigated for the treatment 
of moving targets with PBS-PT are being applied in the clinic, 
or will be in a near future. The research performed here 
will now concentrate on other moving indications as well, 
such as lymphoma. Particularly, the 4DREM developed in 
this thesis has also already been used for 4D treatment plan 
evaluation for paediatric abdominal tumours [51]. For all 
moving indications in the GPTC, prior to the start of the 
treatment, robustness plan evaluations are employed. For the 
first patients, the 4DREM is also being used. Additionally, 
4D fraction-wise treatment quality control [9] is performed, 
from which plan adaptation decisions can efficiently be 
made. We will refine and automatize our methodology to 
assess motion for the moving targets treated at the GPTC. 
Beam-angle specific motion analysis (by quantifying the 
motion extent perpendicular to the beam) can give insights 
into which angles might be affected most / least by motion 
in terms of robustness [41,52].

After the completion of this thesis, the main effort for 
the next year will be in the clinical implementation of the 
tools developed here, but from now on focusing on PBS-PT 
for patients with higher motion amplitudes than the ones 
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investigated here. We will now focus on obtaining repeated 
4DCT images for patients with extended motion amplitudes. 
Like this, by applying the tools developed along this thesis, 
we can evaluate if our planning protocol is suitable also 
for these patients, or if any protocol amendments (e.g. 4D 
robust optimisation instead of 3D robust optimisation) will 
be necessary. In case 4D robust optimisation shows to be 
necessary for these patients, for the sake of time within clin-
ical workflow, we aim to investigate the reliability in using 
limited number of phases (such as only the extreme phases) 
in the optimisation process. This would pronouncedly de-
crease the optimisation time within the planning process, 
and also avoid the additional task of delineating the CTV in 
all 4DCT phases by the radiation oncologist.

One of our main upcoming projects is the investigation of 
the feasibility, reproducibility, and ability of active motion 
management techniques, such as breathing control systems: 
Continuous positive airway pressure (CPAP), bi-level positive 
airway pressure (BiPAP), and mechanical ventilation [53]. 
We want to evaluate if these techniques limit / regularise 
the motion for patients with tumours moving more than 
1 cm, and if indeed they would have an impact on the dose 
distributions. Additionally, many other motion mitigation 
techniques would be interesting to be explored, together or 
not with breathing control systems, such as gating [27] or 
tracking [54].

Most importantly, with our gained experience along these 
years, in the GPTC we aim to be a proton centre specialised in 
the treatment of moving targets, and so a referral centre for 
all moving indications that can benefit with PBS-PT, without 
any restrictions. Nevertheless, we will keep continuously 
exploring and evaluating less conservative, more conformal 
planning strategies, in order to increase even further the 
potential clinical benefit of PBS-PT for moving targets.



177

[1] Tsunashima Y. Verification of 
the clinical implementation of 
the respiratory gated beam de-
livery technique with synchro-
tron-based proton irradiation. 
2012.

[2] Jakobi A, Perrin R, Knopf A, 
Richter C. Feasibility of proton 
pencil beam scanning treatment 
of free-breathing lung cancer 
patients. Acta Oncol (Madr) 
2018;57:203–10.

[3] Fredriksson A, Forsgren A, Hår-
demark B. Minimax optimization 
for handling range and setup 
uncertainties in proton therapy. 
Med Phys 2011;38:1672–84.

[4] Korevaar EW, Habraken SJM, 
Scandurra D, Kierkels RGJ, 
Unipan M, Eenink MGC, et al. 
Practical robustness evaluation 
in radiotherapy – A photon and 
proton-proof alternative to PTV-
based plan evaluation. Radiother 
Oncol 2019.

[5] Van Herk M, Remeijer P, Rasch C, 
Lebesque J V. The probability of 
correct target dosage: Dose-pop-
ulation histograms for deriving 
treatment margins in radiother-
apy. Int J Radiat Oncol Biol Phys 
2000;47:1121–35.

[6] Harrington D, Liu W, Park P, 
Mohan R. SU-E-T-551: PTV is 
the worst-case of CTV in pho-
ton therapy. Med Phys 2014 
2014;41:354–354.

[7] Harrington D, Wong WW, Liu 
W, Schild SE, Vora S. SU-E-T-642: 

PTV Is the Voxel-Wise Worst-
Case of CTV in Prostate Photon 
Therapy. Med Phys 2015;42:3484.

[8] Ribeiro C, Meijers A, Korevaar E, 
Muijs C, Both S, Langendijk J, et 
al. Comprehensive 4D robust-
ness evaluation for pencil beam 
scanned proton plans. Radiother 
Oncol 2019;136:185–9.

[9] Meijers A, Jakobi A, Stutzer K, 
Guterres Marmitt G, Both S, Lan-
gendijk JA, et al. Log file-based 
dose reconstruction and accu-
mulation for 4D adaptive pencil 
beam scanned proton therapy 
in a clinical treatment planning 
system: Implementation and 
proof-of-concept. Med Phys 
2019;46:1140–9.

[10] Knopf AC, Hong TS, Lomax A. 
Scanned proton radiotherapy for 
mobile targets - The effectiveness 
of re-scanning in the context of 
different treatment planning ap-
proaches and for different motion 
characteristics. Phys Med Biol 
2011;56:7257–71.

[11] Li H, Zhang X, Park P, Liu W, 
Chang J, Liao Z, et al. Robust 
optimization in intensity-mod-
ulated proton therapy to account 
for anatomy changes in lung 
cancer patients. Radiother Oncol 
2015;114:367–372.

[12] Liu C, Sio T, Deng W, Shan J, Dan-
iels T, Rule W, et al. Small‐spot 
intensity‐modulated proton ther-
apy and volumetric‐modulated 
arc therapies for patients with 

REFERENCES



D
is

cu
ss

io
n 

a
nd

 f
ut

ur
e 

p
er

sp
ec

ti
ve

s

178

locally advanced non‐small‐cell 
lung cancer: A dosimetric com-
parative study. J Appl Clin Med 
Phys 2018;19:140–8.

[13] Zeng C, Plastaras JP, Tochner 
ZA, White BM, Hill-Kayser CE, 
Hahn SM, et al. Proton pencil 
beam scanning for mediastinal 
lymphoma: the impact of inter-
play between target motion and 
beam scanning. Phys Med Biol 
2015;60:3013–29.

[14] Lin L, Kang M, Huang S, Mayer 
R, Thomas A, Solberg TD, et al. 
Beam-specific planning target 
volumes incorporating 4D CT 
for pencil beam scanning proton 
therapy of thoracic tumors. J Appl 
Clin Med Phys 2015;16:281–92.

[15] Liu W, Liao Z, Schild S, Liu Z, Li H, 
Li Y, et al. Impact of Respiratory 
Motion on Worst-Case-Scenario 
Optimized Intensity-Modulated 
Proton Therapy for Lung Cancers. 
Pr Radiat Oncol 2015;5:e77–86.

[16] Zeng C, Plastaras JP, James P, 
Tochner ZA, Hill-Kayser CE, 
Hahn SM, et al. Proton pencil 
beam scanning for mediastinal 
lymphoma: treatment planning 
and robustness assessment. Acta 
Oncol 2016;55:1132–8.

[17] Liu W, Schild SE, Chang JY, Liao 
Z, Chang Y-H, Wen Z, et al. Ex-
ploratory Study of 4D versus 3D 
Robust Optimization in Intensity 
Modulated Proton Therapy for 
Lung Cancer. Int J Radiat Oncol 
2016;95:523–33.

[18] Inoue T, Widder J, van Dijk 
L V, Takegawa H, Koizumi M, 

Takashina M, et al. Limited Im-
pact of Setup and Range Uncer-
tainties, Breathing Motion, and 
Interplay Effects in Robustly 
Optimized Intensity Modulated 
Proton Therapy for Stage III 
Non-small Cell Lung Cancer. Int 
J Radiat Oncol 2016;96:661–9.

[19] Prayongrat A, Xu C, Li H, Lin SH. 
Clinical outcomes of intensity 
modulated proton therapy and 
concurrent chemotherapy in 
esophageal carcinoma: a single 
institutional experience. Adv 
Radiat Oncol 2017;2:301–7.

[20] Liu C, Schild SE, Chang JY, Liao 
Z, Korte S, Shen J, et al. Impact 
of Spot Size and Spacing on the 
Quality of Robustly Optimized 
Intensity Modulated Proton 
Therapy Plans for Lung Cancer. 
Int J Radiat Oncol Biol Phys 
2018;101:479–89.

[21] Souris K, Barragan Montero A, 
Janssens G, Di Perri D, Sterpin 
E, Lee JA. Technical Note: Monte 
Carlo methods to comprehen-
sively evaluate the robustness of 
4D treatments in proton therapy. 
Med Phys 2019;0:1–9.

[22] Saini J, Cao N, Bowen SR, Her-
rera M, Nicewonger D, Wong T, 
et al. Clinical Commissioning of a 
Pencil Beam Scanning Treatment 
Planning System for Proton Ther-
apy. Int J Part Ther 2016;3:51–60.

[23] Pidikiti R, Patel BC, Maynard 
MR, Dugas JP, Syh J, Sahoo 
N, et al. Commissioning of 
the world’s first compact pen-
cil-beam scanning proton therapy 



179

system. J Appl Clin Med Phys 
2018;19:94–105.

[24] Galkin R V., Gurskii S V., Jongen 
Y, Karamysheva GA, Kazarinov 
MY, Korovkin SA, et al. C235-V3 
cyclotron for a proton therapy 
center to be installed in the 
hospital complex of radiation 
medicine (Dimitrovgrad). Tech 
Phys 2014;59:917–24.

[25] Pearson E, Kleeven W, Walle J 
Van De, Zaremba S. The New IBA 
Superconducting Synchrocyclo-
tron (S2C2): From Modelling to 
Reality. 2013.

[26] Kleeven W, Abs M, Forton E, 
Henrotin S, Jongen Y, Nuttens V, 
et al. The IBA Superconducting 
Synchrocyclotron Project S2C2. 
Proc Cyclotrons2013 2013:115–9.

[27] Zhang Y, Huth I, Weber DC, 
Lomax AJ. A statistical com-
parison of motion mitigation 
performances and robustness 
of various pencil beam scanned 
proton systems for liver tumour 
treatments. Radiother Oncol 
2018;128:182–8.

[28] Bernatowicz K, Lomax AJ, Knopf 
A. Comparative study of layered 
and volumetric rescanning for 
different scanning speeds of pro-
ton beam in liver patients. Phys 
Med Biol 2013;58:7905–20.

[29] Zhang Y, Huth I, Wegner M, 
Weber DC, Lomax AJ. An eval-
uation of rescanning technique 
for liver tumour treatments 
using a commercial PBS proton 
therapy system. Radiother Oncol 
2016;121:281–7.

[30] Brock KK. Results of a Multi-In-
stitution Deformable Registra-
tion Accuracy Study (MIDRAS). 
Int J Radiat Oncol Biol Phys 
2010;76:583–96.

[31] Kadoya N, Fujita Y, Katsuta Y, Do-
bashi S, Takeda K, Kishi K, et al. 
Evaluation of various deformable 
image registration algorithms 
for thoracic images. J Radiat Res 
2014;55:175–82.

[32] Kadoya N, Nakajima Y, Saito M, 
Miyabe Y, Kurooka M, Kito S, et 
al. Multi-institutional Validation 
Study of Commercially Available 
Deformable Image Registration 
Software for Thoracic Images. 
Int J Radiat Oncol Biol Phys 
2016;96:422–31.

[33] Salguero FJ, Saleh-Sayah NK, 
Yan C, Siebers J V. Estimation of 
three-dimensional intrinsic do-
simetric uncertainties resulting 
from using deformable image 
registration for dose mapping. 
Med Phys 2010;38:343–53.

[34] Bender ET, Hardcastle N, Tomé 
WA. On the dosimetric effect and 
reduction of inverse consistency 
and transitivity errors in de-
formable image registration for 
dose accumulation. Med Phys 
2011;39:272–80.

[35] Murphy MJ, Salguero FJ, Siebers J 
V., Staub D, Vaman C. A method to 
estimate the effect of deformable 
image registration uncertainties 
on daily dose mapping. Med Phys 
2012;39:573–80.

[36] Vickress J, Battista J, Barnett 
R, Yartsev S. Representing the 



D
is

cu
ss

io
n 

a
nd

 f
ut

ur
e 

p
er

sp
ec

ti
ve

s

180

dosimetric impact of deformable 
image registration errors. Phys 
Med Biol 2017;62:N391–403.

[37] Zhang Y, Boye D, Tanner C, Lomax 
AJ, Knopf A. Respiratory liver 
motion estimation and its effect 
on scanned proton beam therapy. 
Phys Med Biol 2012;57:1779–95.

[38] Dueck J, Knopf A-C, Lomax A, 
Albertini F, Persson GF, Josipovic 
M, et al. Robustness of the Vol-
untary Breath-Hold Approach for 
the Treatment of Peripheral Lung 
Tumors Using Hypofractionated 
Pencil Beam Scanning Proton 
Therapy. Int J Radiat Oncol 
2016;95:534–41.

[39] Gorgisyan J, Perrin R, Lomax AJ, 
Persson GF, Josipovic M, Engel-
holm SA, et al. Impact of beam 
angle choice on pencil beam 
scanning breath-hold proton 
therapy for lung lesions. Acta 
Oncol (Madr) 2017;56:853–9.

[40] Gorgisyan J, Rosenschold PM af, 
Perrin R, Persson GF, Josipovic 
M, Belosi MF, et al. Feasibility of 
Pencil Beam Scanned Intensity 
Modulated Proton Therapy in 
Breath-hold for Locally Advanced 
Non-Small Cell Lung Cancer. Int 
J Radiat Oncol 2017;99:1121–8.

[41] Chang JY, Li H, Zhu XR, Liao Z, 
Zhao L, Liu A, et al. Clinical Im-
plementation of Intensity Modu-
lated Proton Therapy for Thoracic 
Malignancies. Int J Radiat Oncol 
Biol Phys 2014;90:809–18.

[42] Kang M, Huang S, Solberg TD, 
Mayer R, Thomas A, Teo B-KK, et 
al. A study of the beam-specific 

interplay effect in proton pen-
cil beam scanning delivery in 
lung cancer. Acta Oncol (Madr) 
2017;56:531–40.

[43] van der Laan H p., Anakotta RM, 
Korevaar EW, Dieters M, Ubbels 
JF, Wijsman R, et al. Organ spar-
ing potential and inter-fraction 
robustness of adaptive intensity 
modulated proton therapy for 
lung cancer. Acta Oncol (Madr) 
2019;58:1775–82.

[44] Lin SH, Li H, Gomez D. Target Vol-
ume Delineation and Treatment 
Planning for Particle Therapy. 
Esophagus Cancer, 2018, p. 211–9.

[45] Cummings D, Tang S, Ichter W, 
Wang P, Sturgeon JD, Lee AK, et 
al. Four-dimensional Plan Op-
timization for the Treatment of 
Lung Tumors Using Pencil-beam 
Scanning Proton Radiotherapy. 
Cureus 2018;10:e3192.

[46] Boimel PJ, Scholey J, Lin L, 
Ben-Josef E. Target Volume De-
lineation and Treatment Planning 
for Particle Therapy. Pancreat. 
Stomach Malig., 2018, p. 235–56.

[47] Grassberger C, Daartz J, Dowdell 
S, Ruggieri T, Sharp G, Paganetti 
H. Quantification of proton dose 
calculation accuracy in the lung. 
Int J Radiat Oncol Biol Phys 
2014;89:424–30.

[48] Taylor PA, Kry SF, Followill DS. 
Pencil Beam Algorithms Are Un-
suitable for Proton Dose Calcula-
tions in Lung. Int J Radiat Oncol 
Biol Phys 2017;99:750–6.

[49] Bodensteiner D. RayStation: 
External beam treatment 



181

planning system. Med Dosim 
2018;43:168–76.

[50] Engwall E, Fredriksson A, Glime-
lius L. 4D robust optimization 
including uncertainties in time 
structures can reduce the inter-
play effect in proton pencil beam 
scanning radiation therapy. Med 
Phys 2018;45:4020–9.

[51] Guerreiro F, Zachiu C, Seravalli 
E, Ribeiro CO, Janssens GO, Ries 
M, et al. Evaluating the benefit 
of PBS vs. VMAT dose distri-
butions in terms of dosimetric 
sparing and robustness against 
inter-fraction anatomical changes 
for pediatric abdominal tumors. 
Radiother Oncol 2019;138:158–165.

[52] Lin L, Souris K, Kang M, Glick 
A, Lin H, Huang S, et al. Evalua-
tion of motion mitigation using 
abdominal compression in the 
clinical implementation of pen-
cil beam scanning proton ther-
apy of liver tumors. Med Phys 
2017;44:703–12.

[53] Ooteghem G Van, Dasnoy-Su-
mell D, Lambrecht M, Reychler 
G, Liistro G, Sterpin E, et al. Me-
chanically-assisted non-invasive 
ventilation: A step forward to 
modulate and to improve the 
reproducibility of breathing-re-
lated motion in radiation therapy. 
Radiother Oncol 2019;133:132–139.

[54] Zhang Y, Knopf A, Tanner C, 
Lomax AJ. Online image guided 
tumour tracking with scanned 
proton beams: a comprehensive 
simulation study. Phys Med Biol 
2014;59:7793–817.


	Chapter 7



