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4D multi-image-based (4Dyyg) optimization is a form of robust optimization where different uncertainty
scenarios, due to anatomy variations, are considered via multiple image sets (e.g., 4DCT). In this review,
we focused on providing an overview of different 4Dy optimization implementations, introduced var-
ious frameworks to evaluate the robustness of scanned particle therapy affected by breathing motion and
summarized the existing evidence on the necessity of using 4Dy optimization clinically. Expected
potential benefits of 4Dy optimization include more robust and/or interplay-effect-resistant doses for
the target volume and organs-at-risk for indications affected by anatomical variations (e.g., breathing,
peristalsis, etc.). Although considerable literature is available on the research and technical aspects of
4Dy, clinical studies are rare and often contain methodological limitations, such as, limited patient
number, motion amplitude, motion and delivery time structure considerations, number of repeat CTs,
etc. Therefore, the data are not conclusive. In addition, multiple studies have found that robust 3D opti-
mized plans result in dose distributions within the set clinical tolerances and, therefore, are suitable for a
treatment of moving targets with scanned particle therapy. We, therefore, consider the clinical necessity
of 4Dy optimization, when treating moving targets with scanned particle therapy, as still to be
demonstrated.
© 2022 The Author(s). Published by Elsevier B.V. Radiotherapy and Oncology 169 (2022) 77-85 This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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For the past decades, the treatment of moving targets with par-
ticle therapy has been pointed out as a challenge due to range
dependence [1-3]. With the introduction of scanned particle ther-
apy (also known as pencil beam scanning or spot scanning), the
interplay effect becomes a significant concern [4-7]. Many motion
mitigation approaches have been proposed [8-12] with several
being clinically implemented [13-16].
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The aim of radiation therapy treatments is to provide appropri-
ate target coverage according to dose prescription while minimiz-
ing the dose to organs at risk (OARs). The planned dose
distribution, especially in the case of moving targets, should be
robust to set-up, range, intra- and inter-fraction anatomical
changes. The robustness of a treatment plan should be assessed
with respect to the target coverage and normal tissue sparing
[17-20].

Traditionally, uncertainties in radiotherapy have been handled
by adding margins. The clinical target volume (CTV) is expanded
to a larger planning target volume (PTV), which is irradiated with
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Clinical necessity of 4D optimization

the prescribed dose. When motion occurs, CTV variations in position,
shape and size throughout all motion phases can be considered
using different concepts, such as an internal target volume (ITV)
[21] or mid-position (midP)/mid-ventilation techniques (midV)
[22,9]. However, the geometrical margin approach, which assumes
that dose is invariant for set-up uncertainties, has limitations, espe-
cially in scanned particle therapy. Therefore, robust optimization
methods have been developed to incorporate uncertainties directly
into the treatment planning. Robust optimization refers to the opti-
mization of the dose distribution, while considering various uncer-
tainty scenarios. The review by Unkelbach et al. provides an
overview of robust treatment planning approaches [20].

With more centres treating moving targets with scanned parti-
cle therapy [14], comprehensive methodologies have been devel-
oped to assess the impact of organ motion in clinical practice.
Multiple approaches are referred to as 4D optimization. Here, we
will focus on multi-image-based (MIB) optimization, which is a
form of robust optimization where uncertainty scenarios, due to
multiple anatomical variations, are considered via multiple image
sets. Moreover, we will focus on the use of MIB optimization in
terms of intra-fraction changes caused by respiratory motion. In
that context, MIB optimization is often referred to as 4-
dimensional (4D) optimization, which considers multiple images,
representing different phases of a 4DCT, during the optimization.
To clarify the focus on MIB optimization throughout this review,
we will use the abbreviation 4Dy optimization. When consider-
ing additional uncertainties, for example in the set-up or range,
we will refer to robust 4Dy optimization. It is worth mentioning
that 4Dy and robust 4Dy;p are the only 4D optimization
approaches currently available in commercial particle beam treat-
ment planning systems.

The dose degradation risk due to organ motion is not a problem
unique to scanned proton beam therapy only. Other highly modu-
lated radiotherapy modalities may exhibit delivered dose deterio-
ration because of delivery time structure and organ motion
interplay. Nevertheless, other treatment modalities are out of the
scope of this review.

To summarize, in this paper we focus on reviewing work that
assesses 4Dy optimization for proton therapy in a clinical context.
To do so, we (1) give an overview of different 4Dy, optimization
implementations, (2) introduce different frameworks to evaluate
the 4Dy optimization and (3) summarize the existing evidence
for the benefit and necessity of using 4Dy optimization clinically.

Methods

The search for the papers discussed in this reviewed was per-
formed using pubmed.gov resource. Keywords such as “proton
therapy”, “4D optimization”, “4D dose”, “robust optimization”
were used to limit the results to the scope of review. Articles lim-
ited to technological descriptions or contained only exemplary
clinical case were excluded from the review.

4Dy optimization implementations

4Dy optimization implementations can differ in terms of the
number of considered images (motion sampling), the optimization
approach and the consideration of the delivery time structure.

Number of images/motion sampling

A 4DCT represents the motion present during image acquisition.
Depending on the patient, this motion might be representative of
the motion during treatment delivery. Motion consideration in
4Dyg optimization via 4DCT can range from the inclusion of
4DCT phases only representing extreme motion states to an incor-
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poration of all available 4D phases. To extend the motion informa-
tion and consider continuous, irregular, and variable motion,
different model approaches have been suggested [23-25]. Fig. 1
illustrates different levels of motion consideration.

Besides motion consideration solely via CT imaging, motion
information can also be taken into account via other imaging
modalities. Bernatowicz et al. suggested using four-dimensional
computed tomography-magnetic resonance imaging (4DCT-MRI)
that combines patient 4DCT with motion information extracted
from multi-respiratory cycle 4DMRI [26]. Krieger et al. proposed
to consider variable respiration from 4DMRI to generate a prob-
abilistic ITV, so that the dose to healthy tissues can be signifi-
cantly reduced [27]. This combination allows the creation of
multi-respiratory cycle 4DCTs. Similarly, 4DCT and 4DCBCT infor-
mation could be combined. Generally, also synthetic 4DCTs
based on four-dimensional cone beam computed tomography
(4DCBCT) could be used to enable daily internal motion consid-
eration [28].

The more images are considered, the more computationally
expensive the optimization becomes, which limits its use in
the clinical setting [29]. Currently, the only imaging modality
widely supported for particle dose calculation is CT. Both,
amplitude- or phase-based methods can be used for 4DCT recon-
structions. These methods may lead to different motion artifacts
if the acquisition protocol is not optimized for the patient’s
breathing pattern (down- or over-sampling of the raw data) or
if the breathing pattern is not constant during the acquisition
[30-31].

Optimization approach

Mathematically, different uncertainty scenarios can be incorpo-
rated into treatment planning in two ways:

(i) The stochastic programming approach optimizes the
expected (average) plan quality.

(ii) The minimax approach optimizes plan quality for the worst
error considered.

Details for both approaches can be found in [20].

In addition to the uncertainty scenarios due to motion, other
uncertainties, such as set-up and range uncertainties, can be con-
sidered during 4Dyyp optimization [11,32,33]. These combined
optimization approaches are hereafter referred to as robust 4Dy
optimization. The consideration of the full motion extent in combi-
nation with other uncertainty sources can result in compromises in
plan quality due to the consideration of unnecessarily improbable
scenarios and can lead to long plan optimization times. Investiga-
tors, therefore, have suggested a method to preselect a limited set
of relevant treatment uncertainty scenarios to reduce plan compu-
tation times and memory consumption, without compromising
plan quality or robustness [29,34].

In the emerging practice of 4Dyp optimization, robustness
objectives are set against uncertainty scenarios based on good
practice rules (straight combination of systematic setup uncertain-
ties of + x mm and range uncertainties of + y %). However, the
counterpart used in photon therapy, the PTV, is typically based
on a quantitative robustness objective, for instance using a margin
that ensures target coverage for at least 90% of the patients. Perko
et al. and Sterpin et al. have implemented robustness evaluation
strategies that also attempt to quantify confidence levels [35,36].
Research efforts for providing similar features also at the optimiza-
tion level have focused on developing a probabilistic optimization
strategy based on the same statistical objectives as margin recipes
[37-39]. The integration of comparable approaches in commercial
treatment planning systems could help to achieve an improved
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Fig. 1. Different levels of motion consideration.

standardization and quantitative comparison of treatment plan-
ning strategies.

To accelerate the optimization, Pepin et al. and Shan et al. sug-
gested a GPU-based 4D-dose calculation [40,25]. In the presence of
heterogeneities such as in the thorax, Monte Carlo dose calculation
has been shown to be superior to analytical pencil beam algo-
rithms [41,42]. Additionally, acceleration can be achieved by using
GPU-based Monte Carlo engines [43].

Delivery time structure

4Dy does not explicitly address the interplay effect. To do
so, 4Dyg optimized plans need to be combined with rescanning
and/or gating. Alternatively, the 4Dy optimization approach
may be extended to include the delivery time structure based
on simulations. Considering the delivery time structure during
the optimization is often referred to as dynamic 4D optimization
or staying with our notation as dynamic 4Dy;g optimization.
Simulated time structures cannot predict the delivery time struc-
ture of a given plan without uncertainty. The impact of these
variations in the delivery time structure on the results of
dynamic 4Dy optimized plans needs further investigation. Pos-
sibilities to incorporate delivery time structure during optimiza-
tion have been explored [44,45] but are not available
commercially yet.

Frameworks to assess the clinical benefit of 4Dyyp optimization

When assessing the quality of 4Dy optimized plans, it is
important to use a framework that considers all relevant uncer-
tainty sources, specifically motion. Only a limited number of
approaches available today can evaluate the impact of the inter-
play effect. For that, the timing of the motion as well as the deliv-
ery time structure must be considered. This can, for example, be
achieved by calculating dose contributions on images of corre-
sponding motion states, and subsequently accumulating the dose
on a reference image, as is illustrated in Fig. 2. The beam delivery
time structure can be derived from log files or can be simulated
with limitations as mentioned above. In the following sections,
we discuss robust 4D dose evaluation and 4D dose reconstruction
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and accumulation implementations that can assess the impact of
the interplay effect.

Robust 4D dose evaluation

Robust 4D dose evaluation allows for a prospective assess-
ment of the treatment quality by re-calculating the treatment
plan, assuming different motion and uncertainty scenarios and
then analysing the different resulting scenario dose distributions.
An early implementation and demonstration of feasibility in the
research software TRiP98 was performed by Bert et al. [46]. Fur-
thermore, many groups have implemented and validated a 4D
dose calculation routine to prospectively assess the interplay
effect by considering simulated delivery time structures
[11,47-51]. Ribeiro et al. developed a comprehensive 4D robust-
ness evaluation method to assess several possible events impact-
ing scanned proton therapy treatments [52]. In this
implementation, a combination of interplay patterns, set-up
uncertainties, machine uncertainties, anatomical changes, varia-
tions in breathing motion and range uncertainties are consid-
ered. Souris et al. [53] developed a comprehensive Monte Carlo
based 4D robustness evaluation system, with realistic sampling
of systematic and random set-up uncertainties, range uncertain-
ties, and breathing motion, including the interplay effect. Similar
work has recently been reported by Shan et al. with irregular
breathing motion considered using an analytical dose engine in
a GPU-accelerated in-house treatment planning system [25],
which makes the real-time robust 4D dose evaluation possible
in clinical routine. The polynomial chaos expansion method
developed by Perko et al. [35] enables a detailed analysis of
the robustness of a given plan for various values of the uncer-
tainties and could be generalized to 4D dose evaluation. Both
of the methods developed by Souris et al. and Perko et al. enable
a quantification of the confidence levels associated with treat-
ment objectives and constraints [36].

Comprehensive 4D dose evaluation techniques are being imple-
mented in commercial systems via application programming inter-
faces (API) scripting capabilities. However, more sophisticated 4D
evaluation techniques will require highly advanced scripting skills,
which are not necessarily broadly available in radiotherapy depart-
ments. Therefore, without commercially released 4D evaluation
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Fig. 2. Consideration of the beam delivery and breathing time structure.

pipelines, implementations and adoption of such tools are highly
institution specific.

4D dose reconstruction and accumulation

4D dose reconstruction and accumulation allows for a retro-
spective dose evaluation considering a specific motion and/or dose
delivery scenario. The concept uses a motion signal acquired dur-
ing dose delivery to assign each delivered pencil beam to a specific
motion phase. The delivered dose can then be computed by accu-
mulating the contribution of all beams on a reference phase of a
4DCT [54]. In clinical practice, the synchronization of the beam
delivery records to the motion signal is often challenging, due to
closed and not fully integrated systems. Typically, only a single
4DCT is used in clinical practice, whereas for a realistic 4D dose
reconstruction, daily updated images would preferably be used.
The same type of motion surrogate should be used during 4DCT
imaging and dose delivery, and the motion phase assignment of
pencil beams should follow the same methodology as the assign-
ment of CT raw data, for example amplitude or relative phase-
based algorithms.

Richter et al. studied single fractions and the accumulated dose
of a carbon ion therapy treatment course for liver lesions [55]. The
reconstructions were based on a single 4DCT for each patient and
showed variations in the interplay pattern for shifts of 250 ms
between beam records and motion signal. Meijers et al. imple-
mented 4D dose reconstruction and accumulation in a clinical sys-
tem [56]. Dose contributions to different motion states,
represented by 4DCT phases, can be calculated and accumulated
to obtain an estimate of the delivered dose to a moving anatomy.
The implementation relies on data from treatment delivery log
files and breathing pattern records. Early clinical results for
scanned proton beam treatments of lung and lymphoma patients
showed no clinically relevant loss of target dose homogeneity in
the fraction-wise reconstructed 4D dose distributions. Interplay
effects smeared out throughout the course of fractionated scanned
proton treatment [57,58].

In the future, online range estimates from prompt gamma emis-
sion or via proton radiography could be included into the recon-
struction algorithm. Online image data could be incorporated
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into 4D motion models to simulate real-time CTs of the moment
[59].

As for 4D evaluation, implementations of 4D dose reconstruc-
tion and accumulation in commercial treatment planning systems
heavily rely on scripting capabilities and require a high level of
scripting expertise. Furthermore, the implementation would
depend on availability of treatment delivery log files with accurate
timing information and ability of the users to parse the log files to
obtain the relevant information. Formatting of the treatment deliv-
ery log files is highly vendor specific.

Results

Before looking at 4Dy;g optimization, we give a short overview
of studies investigating the adequateness of ITV-based robust (3D)
optimized plans for the treatment of moving targets with scanned
particle beams. Studies looking at 4Dy optimization often take
ITV-based robust (3D) optimized plans as reference. In Table 1,
key conclusions of the discussed papers are summarized. In Sup-
plementary Material 1, a summary of key parameters of all
reviewed ITV-based robust (3D) optimization and 4Dz optimiza-
tion studies can be found.

Liu et al. showed that even though ITV-based worst-case-
scenario optimization only considers the geometrical extent of res-
piratory motion, motion-resistant treatment plans could be pro-
duced [60]. However, the study was limited to targets that
moved less than 10 mm and the employed evaluation method
neglected the influence of the interplay effect. For the same patient
data set, Liu et al. found that robust (3D) optimization with a small
spot-machine significantly improves heart and esophagus sparing,
with comparable plan robustness and interplay effects compared
with robust (3D) optimization with a large-spot machine [48].
The use of small-spot Intensity Modulated Proton Therapy (IMPT)
to treat mobile tumors was further supported by comparison stud-
ies between IMPT and volumetric-modulated arc therapy (VMAT)
in both lung cancer [61] and distal esophageal carcinoma [62].
Both studies showed that small-spot IMPT decreases doses to
nearby normal tissues compared to VMAT as well as achieves clin-
ically acceptable plan robustness. Taasti et al. investigated ITV-
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Key conclusions concerning robust (3D) optimization characteristics and 4Dy optimization.

Publication Conclusion 3D optimization

Conclusion 4Dy;p optimization (considering multiple CT images)

ITV-based robust (3D) optimization
Liu 2015 [60]

optimality.

Worst-case scenario optimization is superior to PTV-based
conventional optimization in terms of plan robustness and

ITV based worst-case-scenario optimization produces motion-

resistant treatment plans.
Taasti 2021 [63]

The ITV-based planning method was found to provide plans with

adequate tumour coverage and no OAR overdosage even for large

tumor movement.
Fracchiolla 2019 [64]

The ITV-based planning method was found to provide plans with

adequate tumour coverage and no OAR overdosage for small

amplitude tumor movement.
Inoue 2016 [65]

For robustly optimized IMPT for stage III NSCLC, setup and range

uncertainties, breathing motion, and interplay effects have limited
impact on target coverage, dose homogeneity, and organ-at-risk

dose parameters.
Meijers 2020 [57]

Robust (3D) optimized ITV plans delivered with five times

rescanning showed to be robust against motion and interplay

effects.

Accumulated treatment course dose distributions showed no major

variations from the prescription dose.

Comparison of ITV-based robust (3D) optimization and robust 4DMIB optimization
Liu 2016 [11]

Cummings 2018 [69]

Ge 2019 [70]

Pfeiler 2018 [71]

Ribeiro 2021 [72]
suitable.
Feng 2021 [33]

4Dy optimization
Anderle 2018 [67]

Wolf 2020 [32]
Siregar 2020 [73]

Mastella 2020 [74]

Rana 2021 [75]

Engwall 2018 [44]

Robust (3D) optimized IMPT plans were robust and clinically

4Dy optimization produced significantly more robust and interplay-
effect resistant plans for targets with comparable dose distributions
for normal tissues than robust (3D) optimization.

4Dy optimization produced more robust plans compared to robust
(3D) optimization.

4Dy improved target coverage compared to robust (3D)
optimization.

No significant difference in OAR sparing.

4Dy optimization improves the optimality of plans compared to
robust (3D) optimization in terms of robustness of target coverage and
target dose homogeneity.

4Dy plans compared to non-robust PTV based plans did not
significantly improve target dose homogeneity, but spared OARs
slightly better.

No clinical gain was observed for robust 4Dy, optimised plans
compared to robust (3D) optimized plans.

4DMIB optimized plans created better target coverage, as well as
better sparing of OARs and robustness to uncertainties and interplay
effect when compared to 3D optimized plans.

PTV-based, none-robust 4Dy, optimized intensity modulated carbon
therapy plans showed similar target coverage and reduced OAR dose
when compared to SBRT plans.

CTV-based, robust 4Dy optimization delivers superior plans in
comparison to PTV-based, none-robust 4Dy, optimization.
Rescanned delivery of robust 4Dy;g optimized plans reduced the
impact of the interplay effect.

4Dy p-restricted combined with gating improved normal tissue
sparing and was more robust to single fraction deliveries and large
motion amplitude.

4Dy optimized plans of ten lung cancer cases showed that addition of
patient-dependent number of volumetric rescannings with an
alternating order is required to mitigate the interplay effect.
Dynamic 4Dy optimization

Dynamic 4Dy optimization reduces the risk of vulnerability to the
interplay effect compared to 4Dy optimization

based minimax optimized plans for lung tumours with motion
amplitudes up to 26 mm [63]. For evaluation, three different robust
evaluation approaches were employed, although the investigators
did not account for the interplay effect. The proposed ITV-based
planning method investigated here was found to provide plans
with adequate tumour coverage. Fracchiolla reported on the
robustness of ITV plans for two thymoma patients with limited
motion. The clinical approved plans passed robustness evaluation
considering the interplay effect [64]. Inoue et al. evaluated ITV
based 3D robustly optimized IMPT plans considering the interplay
effect. When rescanning was employed additionally, these plans
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did compensate for the impact of set-up and range uncertainties,
breathing motion, and interplay effects on target coverage, dose
homogeneity, and organ-at-risk dose parameters [65]. The investi-
gated plans were robust against intra-fractional motion with
amplitudes <10 mm. Meijers et al. employed 4D dose reconstruc-
tions to investigate the robustness of 3D optimized ITV plans deliv-
ered with five-times rescanning. For eight lung and two lymphoma
patients with a mean motion of up to 2.2 mm and point maximum
motion of up to 20 mm, out of 221 reconstructed fractions the dose
to the target volume (D98) remained within 5% from the prescrip-
tion dose, with only 6 fractions being an exception [57]. In these 6
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fractions, anatomical changes unrelated to respiratory motion
caused dose degradation. In no case did accumulated treatment
course dose distributions show major variations from the prescrip-
tion dose. Evaluations were performed considering weekly
repeated CTs.

Compared to an ITV-based robust (3D) optimization approach,
robust 4Dy;z optimization has the advantage of including field-
specific, motion-induced range changes while operating on the
same target for all fields [66]. Therefore, multiple-field optimiza-
tion with implicitly defined range margins is possible [67], which
otherwise requires complex modifications of the ITV representa-
tion [68] and/or density replacements. In the following sections,
we will review publications that address the performance of 4Dyp
optimization in a clinical context.

An exploratory methodology study by Liu et al. showed that
compared to robust (3D) optimization, robust 4Dy;g optimization
produced more robust and interplay-effect-resistant plans for tar-
gets, with comparable dose distributions for normal tissues [11].
Patient characteristics like target location, size and motion varied
largely in the investigated cohort. For most of the patients, the
dosimetric differences between robust (3D) and robust 4Dy opti-
mized plans were small with no clear correlation between dose
deterioration and any of the patient characteristics. Cummings
et al. compared robust (3D) optimized and robust 4Dy optimized
plans in seven lung cancer patients [69]. For the robust 4Dy opti-
mization three motion phases (extreme phases and a mid-phase)
as well as the average CT were considered. Plan evaluation was
performed via dose recalculation on four motion phases of the
planning 4DCT and the corresponding average CT. The robust 4Dy
optimization was found to maintain better target dose coverage.
For extreme motion phases and for comparisons on a repeated ver-
ification 4DCT performed for 2 patients target dose coverage of 3D
optimized plans was lower than target dose coverage of robust
4Dy optimized plans. In that study, no motion characteristics
for the investigated patient population were reported, and inter-
play effects were neglected in the evaluation approach. Ge et al.
compared PTV-based, robust (3D) optimized and robust 4Dy
optimized plans in 10 lung patients with motion up to 12.2 mm
and found that robust 4Dy optimized plans had superior clinical
target volume coverage and dose robustness compared to PTV-
based and robust (3D) optimized plans [70]. This study evaluated
the impact of set-up and range uncertainties as well as of motion
but did not assess the impact of the interplay effect. Pfeiler et al.
compared non-robust field-specific PTV optimized singe field uni-
form dose (SFUD) plans with 4Dy IMPT plans in hepatocellular
carcinoma and performed 4D dose calculations [71]. 4D dose calcu-
lations were performed using an empirical beam time model and
assuming constant breathing cycle during the plan delivery. Inter-
play simulations were performed on the planning 4DCT data set.
Pfeiler et al. observed that 4Dy;g plans compared to non-robust
field-specific PTV optimized SFUD plans did not significantly
improve target dose homogeneity, but they did spare OARs slightly
better. Ribeiro et al. compared robust (3D) optimization and robust
4Dy optimization for 20 thoracic tumours with mean motion
amplitudes <10 mm [72]. The employed 4D evaluation method
considered the combined effect of set-up and range uncertainties,
machine delivery uncertainties, changes in patient anatomy,
breathing motion and the interplay effect. It was found that the
robust (3D) optimized IMPT plans were robust and clinically suit-
able for most of the investigated patients. No clinical gain was
observed for robust 4Dy, optimized plans compared to 3D
robustly (3D) optimized plans [72]. In a study presented by Feng
et al,, 13 distal esophageal carcinoma cases were included [33].
Both, 3D and 4Dy optimized plans were generated to compare
the plan quality in terms of target coverage, OARs sparing and
robustness against uncertainty scenarios, and interplay effect.

82

The 4Dy optimized plans were superior to robustly 3D optimized
plans in terms of target coverage and organ sparing. The study had
certain limitations, e.g. including only two extreme phases (maxi-
mum inhale/exhale) in the 4Dy optimization approach.

For lung cancer patients with multiple lesions, Anderle et al.
compared PTV-based, non-robust 4Dz optimized intensity mod-
ulated carbon therapy plans with SBRT plans and showed compa-
rable target coverage and reduced OAR dose for the 4Dy, IMPT
plans [67]. That study did not perform any robustness evaluation
of the plans. For the same patient population, Wolf et al. showed
that CTV-based, robust 4Dy optimization delivers superior plans
in comparison to PTV-based, none-robust 4Dy, optimization [32].
In that study, the robustness of the intensity modulated carbon
therapy plans was evaluated via dose recalculations accounting
for modelled breathing motion and delivery time structures to con-
sider the interplay effects. Siregar et al. compared non-rescanned
with rescanned robust 4Dy optimized plans in nine hepatocellu-
lar carcinoma patients with motion amplitude between 4-15 mm
[73]. The evaluation was performed by computing 4D dose distri-
butions based on an empirical beam time model and assuming a
constant breathing period. The results showed that rescanned
delivery of robust 4Dy;g optimized plans reduced the impact of
the interplay effect to a clinically acceptable level. Mastella et al.
investigated two different strategies for the treatment of lung can-
cer patients with pencil beam scanning proton therapy. The
authors analysed 4Dy with the inclusion of all breathing phases
in the optimization problem, combined with free-breathing dose
delivery, against 4Dy including 3 breathing phases (the
extreme- and mid-phases of the gating window), in combination
with gated dose delivery. The 4DMIB-restricted approach provided
a better sparing of lung tissue dose, while maintaining the same
robustness against inter-fraction variation, and a reduction of the
interplay effect in different dynamic conditions [74]. Rana et al.
presented a 4Dy optimization of ten lung cancer cases with the
use of volumetric rescanning to evaluate the impact of interplay
effect on plan quality [75]. Plans for nine patients were clinically
acceptable, with one presenting a minor deviation. The number
of required rescannings was shown to be patient dependent.

As a proof of principle, Engwall et al. showed that dynamic
4Dy optimization reduces the risk of plan vulnerability to the
interplay effect [44]. That study was based on plan comparisons
in three lung cancer patients with mean motion up to 12.2 mm.
4Dyg and different dynamic 4Dy optimized plans with and with-
out rescanning were compared. Plan evaluation was based on sin-
gle fraction dose recalculation considering the interplay effect but
neglecting other sources of uncertainties.

Discussion

An increasing number of particle therapy centres treat malig-
nant tumors affected by respiratory motion and peristalsis, includ-
ing thoracic and upper gastrointestinal malignancies. In this
review, we summarized findings concerning the clinical applica-
tion of 4Dy optimization in relation to the clinical application
of ITV-based robust (3D) optimization for scanned particle
treatments.

Compared with robust (3D) optimization, robust 4Dyp opti-
mization allows for consideration of the deforming anatomy due
to organ motion during plan optimization. In principle, the inclu-
sion of a priori available motion information should lead to more
exact placement of the high dose volume as well as better OAR
sparing. The extent of this possible advantage appears to be highly
patient specific and dependent on tumour location and motion
amplitudes and variability.



Antje-Christin Knopf, K. Czerska, F. Fracchiolla et al.

Clinical studies investigating 4Dy optimization strategies are
still rare and it is important to be aware of their limitations. Con-
clusions are often based on small patient populations (on average
less than 10 patients per indication) that feature particularly lim-
ited motion amplitudes and neglect variations in the breathing
cycle as well as inter-fractional anatomical changes. Most studies
to date are performed for lung cancer patients and some featured
plan characteristics that do not comply with clinical standards.

Treatment plans resulting from 4Dy;g optimization are not
inherently superior, as shown by Ribeiro et al. and Pfeiler et al.
[71,72]. 4Dy optimization is often restricted to a few 4DCT phases
or a single 4DCT scan as motion surrogate. Several studies have
highlighted the impact of variability in the motion patterns on var-
ious timescales, during and between treatment fractions
[76,53,27,28,25]. Variations not contained in the 4DCT that exceed
either the added margins or the chosen robust 4Dy;p optimization
scenarios may still lead to dose degradation.

One should be aware of the risk of overfitting or rather neglecting
motion variations that occur during delivery, which increases with
the complexity of the 4D optimization strategy. This risk increases
with the complexity of the 4D optimisation strategy. The impact of
this requires to be assessed in carefully designed studies that are
able to capture the complexity of the clinical situation.

Only a few of the studies investigating 4Dy optimization
employ 4D evaluation concepts that consider the full range of
uncertainties, including the impact of the interplay effect and
anatomical changes as observed on repeated CTs. If delivery time
structures are considered, they are often based on simulations
rather than on actual delivery logs. Furthermore, the variability
of both, the patient anatomy and the respiratory motion have
rarely been addressed in 4D evaluations. Meijers et al. found that
failures of robust evaluation in robust (3D) optimized plans were
due to interfractional anatomical changes, unrelated to respiratory
motion.

Some 4Dy optimization implementations as well as 4D evalu-
ation relied on deformable image registration (DIR). Deformation
vector fields are subject to discrepancies when different algorithms
are applied, leading to dosimetric uncertainties of accumulated
dose distributions [77-80]. The influence of DIR uncertainties on
4Dy optimization and the impact on 4D dose accumulation has
not yet been addressed and needs further investigation. However,
a major challenge in investigating DIR is the lack of ground truth.

Besides addressing intra-fractional anatomical changes due to
respiratory motion, 4Dyyp optimization has also been proposed to
address intra-fractional changes like movements of gas and/or
solid contents in bowel, oesophagus, stomach, or inter-fractional
changes like different bladder and/or rectal fillings [81-85]. 4Dy
optimization and 4D robustness evaluation could improve the
robustness against, and assessment of, the impact of such motion
for individual patients.

In the literature, the term 4D optimization has been used for a
wide variety of different approaches. It is important to distinguish
the 4Dy optimization approach from strategies that try to com-
pensate for motion instead of mitigating its effect. Various strate-
gies have been proposed to achieve a conformal delivered dose
distribution to moving targets, including delivering a fixed
sequence of spots intended to a specific motion phase [86,26,45],
or delivering in each fraction a library of treatment plans synchro-
nized to the observed motion phase [87,66]. The former approach
results in a single treatment plan that is in principle compatible
with conventional delivery systems, but variations in the breathing
pattern result in poor synchronization between spot delivery and
breathing motion and tend to translate directly into either very
inefficient deliveries or dose uncertainties. In contrast, motion-
synchronized plan libraries require a dedicated delivery system
[88,89], but they are flexible in the delivery timing and, therefore,
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robust against variations in breathing period or starting phases.
Unfortunately, synchronized delivery is technically challenging in
a clinical setting and not available to most of the operational pro-
ton centres. In both cases, uncertainties in breathing amplitude or
baseline drifts need to be compensated for by margins or robust
optimization, similar to an ITV or 4Dy optimization [90]. These
strategies likely benefit only patients with large motion ampli-
tudes, but there is currently a lack of studies to demonstrate a pos-
sible clinical advantage of such strategies. The implementation of
treatment library delivery into the research version of the clinically
certified CNAO dose delivery system might help to further investi-
gate this approach under clinical conditions [88]. A detailed discus-
sion and review of these approaches is out of the scope of this
review.

From a clinical perspective, the objective of radiotherapy treat-
ments in general and particle therapy in particular is to find a
treatment approach that is as efficient as possible and as safe as
possible. While the establishment of robust optimized plans is
time, labour, and computationally intensive, once approved,
robustly optimized plans ideally should decrease the need for sub-
sequent adaptive replans and thus not require further resources
throughout the fractionated treatment course. However, robustly
optimized plans, especially when considering a large set of uncer-
tainty scenarios, might not efficiently modulate dose in terms of
target dose conformity and normal tissue dose sparing. In practice,
the extent of dose distribution quality degradation due to anatom-
ical changes can be significant on a patient-specific basis and a pri-
ori compensation against such changes may be either unachievable
or at the significant cost of plan dosimetric quality. The most effi-
cient dose modulation may be achieved via real-time adaptive
treatment approaches, which, however, are time, labour, and com-
putationally expensive throughout the whole fractionated treat-
ment course. A considerable effort is still needed to realise a
clinically efficient and safe treatments of moving targets with
scanned particle therapy on a large scale. This includes a high
degree of automation, fast and accurate dose calculation and large
data handling capabilities. What the optimal clinical trade-off
between robust optimization and adaptation for moving targets
treated with scanned particle therapy will be, and what the role
of 4Dyg optimization thereby will be, remains to be determined.

Conclusions

For now, only a relatively small number of papers, generally
fraught with methodological limitations (limited patient number,
limited motion, limited motion and delivery time structure consid-
erations, limited evaluation approach etc.), have investigated 4Dy
optimization for scanned particle treatments of targets affected by
respiratory motions. The availability of a consensus on 4D dose
evaluation would allow investigators to set up studies in a more
systematic manner, minimizing methodological limitations and
inconsistencies. Potential benefits of 4Dy;p optimization such as
higher robustness and higher interplay-effect-resistance of the tar-
get dose with comparable normal tissue sparing were reported and
compared to robust (3D) optimized plans. However, many studies
also found that robust (3D) optimized plans were suitable for treat-
ing motion affected targets with scanned particle therapy and
resulted in dose distributions within institution-specific clinical
tolerances. We therefore conclude that a further investigation of
the clinical necessity of 4Dy optimization when treating moving
targets with scanned particle therapy is warranted.
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