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lon radiography as a tool for patient set-up & image guided particle therapy: a
Monte Carlo study

Abstract

This study investigate the use of ion radiography as a tool for patient set-up and tumor tracking
capabilities for image guided particle therapy (IGPT) using Monte Carlo simulations. One pediatric, two
lung and one liver cancer patients were considered in this study. For each patient, 230 and 330 MeV
proton, and 500 MeV/nucleon carbon ion pencil beams were simulated through their computed
tomography (CT) data set using GEANT4.9.0. Energy, position and direction cosines of each particle were
recorded in front and behind the patient. lon radiographs were subsequently reconstructed using a
dedicated in-house software. The image quality was assessed by evaluating the contrast-to-noise ratio of
the tumor and its surrounding tissue. In the lung and liver cases, each CT phase of the breathing cycle
was treated individually and dynamic sequences were later produced to appreciate tumor motion.
Reconstructed radiographs show high spatial resolution. This allows for excellent imaging capabilities in
pediatric patients, comparable to X-ray imaging at a fraction of the imaging dose. There is clear
visualization of the tumor edges in the lung due to the great contrast-to-noise ratio between the tumor
and its surrounding tissues; tumor motion is observed and comparable to 4D CT data thus allowing for
on-line tumor tracking during ion radiotherapy. Conversely, tumor edge detection is difficult in liver, and
fiducial markers are required to attempt indirect tumor tracking for IGPT. lon radiographs with high spatial
resolution can be generated using the PR-creator software resulting in pediatric patient set-up capabilities
at a fraction of the current imaging dose, as well as the capacity to track moving targets in order to
achieve IGPT.
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Figure 5: Reconstructed breathing cycles for two lung tumor patients (a)female, b)male) with clear visualization of tumor motion.
These were produced from 330-MeV proton pencil beam radiographs. The motions extent is shown between the lines, and the center
of the tumor was highlighted with a cross (Please note: these sequences, made in ETEX, must be visualized on a computer using

Adobe Acrobat™in order to properly experience the motion).

3.2.2 Liver patients

Figure 6 shows reconstructed radiographs for the selected liver tumor patient.

Figure 6: Reconstructed breathing cycles for a liver tumor patient with 1)a 330-MeV proton pencil beam, and 2)a 500-MeV /nucleon
carbon ion pencil beam (Please note: these sequences, made in ETEX, must be visualized on a computer using Adobe Acrobat™ in
order to properly experience the motion). The visible fiducial markers inserted prior to radiotherapy are highlighted by the squares
on the pictures, and the motion mazxima are shown with the horizontal lines. Furthermore, the bright lines at the bottom of the

patient correspond to the glass box used for breathing tracking and should not be mistaken for the fiducial markers..

The difficulty of defining the tumor edges in liver cancer patients comes from the homogeneity between the tumor tissue
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and its surrounding healthy tissue; especially from a density point of view (/21.04 for the tumor versus /1.0 for soft tissue).
Liver cases are therefore considerably more difficult than lung cases from an imaging standpoint. Due to this limitation, it
is common to insert gold seeds (fiducial markers) around the tumor for patient set-up purposes. These fiducial markers can
therefore be used to locate the tumor in real-time and lead to IGPT. However, not shown here, a 230-M eV pencil proton
beam fails to highlight the fiducial markers due to the MCS component of the beam. The latter results in a lower spatial
resolution of the images, thus makes a "low” energy beam not suitable for indirect IGIT. On the other hand, the fiducial
markers are visible on both a 330-MeVproton pencil beam, and a 500-MeV /nucleon carbon pencil beam radiographs.

Depending of the seeds location (cf seed in spine alignment in Figure 6), one can have difficulties discerning the gold seeds
with protons, even at higher energies (330-MeV). Indeed, the seed aligned with the spine is not visible. Indirect IGPT
could therefore only be implemented at centers with a high energy beam line (ge330MeV) and most likely on a patient
specific basis. Given their intrinsic higher imaging capabilities, carbon ions leads to a slightly better definition of the

fiducial markers’ edges, and are thence more suitable for indirect IGIT.

A limitation of this study resides in the use of the CT data set to obtain patient images. Indeed, it was shown that ion
radiography offers much greater density resolution than conventional radiography [8], and simulating through an ”actual”
patient might lead to better results than the ones discussed in this study. Furthermore, with a more advance imaging
system such as ion CT, and provided that the tumor edges can be clearly defined for difficult cases such as in liver patients,
one might be able to entirely suppress the need for fiducial markers. In such case, indirect IGIT would not be feasible

anymore, and direct IGIT might not be suitable either due to the lower resolution of an ion radiograph versus a ion CT.

4 Conclusion

Evaluation of ion radiographs generated using the PR-creator software shows that our reconstruction algorithm offers high
image quality. This further translates into the clinical relevance of ion radiography which could improve both setup and
radiotherapeutic treatment.

The use of ion radiography for patient setup would not only minimize the imaging dose delivered to the
patient, especially significant in pediatric cases, but also reduce the delivery uncertainties by using a single
beam for both setup and treatment.

The high spatial resolution of ion radiography also results in easy tumor edges’ detection in lung, hence
the feasibility of using direct tumor tracking.

In more homogeneous tumor site such as in liver patient, the tumor edges are not clearly visible, and the use of fiducial
markers can participate in indirect tumor tracking. The latter however, necessitate a high energy proton beam (>330MeV)
as the limited spatial resolution at lower energies makes it impossible to accurately determine the fiducial markers position.
Carbon beams can further help overcome this issue due to their known greater intrinsic imaging properties.

This highlights the possibility of using ion radiography for IGIT purposes with a machine appropriately tuned. The use
of IGIT could further lead to adaptive ion therapy in which the dosimetry and tumor position are constantly taken into
account during the delivery process.

It should be noted that CT-based simulations are convenient for patient imaging studies, however this process might
results in an uncertainty in the body composition. A future study using a better simulation model for the patient could

lead to better results than the ones presented in the study.
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