
Ultrasound-based motion
management is a promising

approach to cope with
inter-fractional motions in

proton therapy.
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Introduction
• Motion management is crucial
for proton therapy of tumours
prone to respiratory movement.

• We present an inter-fractional
motion management pipeline
for the lungs based on abdomi-
nal ultrasound (US).

Results
• The overall mean prediction er-
ror is 2.9 mm and 3.4 mm after
repositioning.
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Fig. 4: Prediction error distribution for all volunteers; without (white back-
ground) and with (grey background) US probe repositioning. The whiskers of the
box plots extend to the most extreme values within 1.5 times the interquartile
range.

located in the region of the stomach at the organ mask boundaries. In summary,
the overall mean prediction error is 2.9 mm and 3.4 mm for volunteers 4 and 5,
respectively.

5 Discussion and Conclusion

In this feasibility study we examined the performance of abdominal US surro-
gate signals in combination with a novel 4D MRI technique for lung motion
estimation. The model predicts dense motion information 133 ms into the future
which allows for system latency compensation. The obtained results are simi-
lar in terms of accuracy to those presented in previous studies [2,9]. However,
we additionally present preliminary findings for inter-fractional motion mod-
elling which involves a repositioning of the US probe. Although the accuracy
decreased when compared to intra-fractional modelling, overall mean prediction
errors of 2.9 mm and 3.4 mm demonstrate that the proposed US surrogate signal
is suitable even if the imaging plane is not identical for two fractions.

The presented results should, however, be treated with caution as the reposi-
tioning of the US probe has only been tested on two healthy volunteers and the
time interval between the two measurements was in the range of minutes rather
than days or weeks. Also, there exists no real ground-truth data for the respi-
ratory motion. The reference deformation field might itself be corrupted due to
registration errors. An additional error source is introduced with the alignment
of the MR volumes between the two imaging sessions. Since this transformation
was computed based on two exhalation master volumes, it might not be accurate
for other respiratory states. Moreover, it was observed that the motion model
does not generalise well if the respiration characteristics vary substantially as it

Methods
• Hybrid US/MR acquisitions of
5 healthy volunteers; subject
repositioning in 2 cases

• Time-resolved 4D MRI
• Low-dimensional respiratory
motion surrogate using PCA

• Autoregressive model for time
series forecasting (p=5, n=2)

• Cubic polynomial regression
model for motion prediction

Discussion
• Motion prediction remains chal-
lenging if the respiratory motion
varies substantially between two
fractions.

• Further work is needed to in-
vestigate the effect of dense
motion prediction on treatment
plan adaptations and dose dis-
tribution in proton therapy.

Additional figures
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Figure 1: Schematic diagram of the pretreatment phase. Detailed explanations are given in Sec. 3.1.
Fig. 1: Illustration of the pretreatment phase. See Sec. 2 and Sec. 3.1 for details.

risk. However, in presence of organ motion, actively scanned proton beam thera-
pies are hampered by interplay effects and inhomogeneous dose distributions [1]
emphasising the need for sophisticated motion mitigation strategies, such as res-
canning, gating or tracking [1,13]. In tracking, for example, the treatment beam
is adapted to follow the tumour motion with the goal to ensure optimal target
coverage. To do so, however, predictive methods and motion models are crucial
in order to cope with respiratory motion variabilities and system latency.

In the field of radiotherapy, motion variabilities are classified into two cate-
gories: intra-fractional and inter-fractional motion variations [6]. Intra-fractional
variations refer to motion variations between different respiratory cycles observed
within a single treatment session; inter-fractional variations include anatomical
and physiological differences between treatment sessions. Such motion variabil-
ities should be considered for both treatment planning and dose delivery [5].
In this context, 4D imaging and motion modelling are widely discussed tech-
niques. Motion models are necessary when direct imaging of the internal motion
is not feasible. The idea is to estimate the motion of interest based on more
readily available surrogate data. 4D imaging provides dense internal motion in-
formation and therefore constitutes an important element for respiratory motion
modelling. While 4D imaging is traditionally performed with computed tomog-
raphy (4D CT), respiratory-correlated magnetic resonance imaging (4D MRI)
methods have increasingly been developed in the last decade due to their superior
soft-tissue contrast and the lack of radiation dose [12].

In this work, we present an inter-fractional respiratory motion management
pipeline for the lungs based on abdominal ultrasound (US) imaging as illustrated
in Fig. 1. It involves hybrid US/MR imaging, principal component regression,
and a novel 4D MRI technique [4]. The proposed approach follows a typical
motion management scheme: In a pretreatment phase, simultaneous US and
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Fig. 2: Coronal cuts through sample end-inhalation volumes of volunteer 4 and 5
for both with and without repositioning. From left to right: master volume with
the masked region marked in yellow, reference deformation field magnitude, pre-
dicted deformation field magnitude, and prediction error.
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Fig. 3: Respiratory motion and prediction error over time for volunteer 4 and 5.
For illustration purposes, only the first 200 test samples after repositioning are
shown.

1Center for medical Image Analysis & Navigation,University of Basel, Switzerland
2Department of Biomedical Engineering, University of Basel, Switzerland
3Department of Radiology, Division of Radiological Physics, University Hospital Basel, Switzerland
4Center for Proton Therapy, Paul Scherrer Institute (PSI), Switzerland
5Department of Physics, ETH Zurich, Switzerland
6Image Guided Interventions Laboratory, University of Geneva, Switzerland
This work was supported by the Swiss National Science Foundation, SNSF (project number: 320030_163330/1) and
the NVIDIA GPU Grant Program.


