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Editorial on the Research Topic
Image-guided particle therapy

Particle beam (e.g., Proton and Carbon) therapy has become a popular treatment
modality in the field of radiation therapy for cancer treatments (1). Compared with photon
beams, particle beams could administer a therapeutic dose to the tumor while limiting the
dose to the surrounding healthy tissues or critical organs, thanks to the distinct depth dose
distribution of the particle beam, including the characteristic Bragg Peak. Particle therapy
has thus become a unique and important cancer treatment modality, with more and more
particle therapy facilities have been opened or are going to be opened for clinical practice
around the world. However, building a particle therapy facility costs over an order of
magnitude higher than a photon therapy facility. The challenges for particle therapy are in
three major areas (2) (1): image guidance (2); radiobiology (3); beam configuration and
delivery. This edition of Frontiers in Oncology consists of 11 manuscripts (including 8
original research papers and 3 reviews) that cover a broad spectrum of topics associated
with image-guided particle therapy.

Algranati and Strigari performed a mini-review on imaging strategies in proton therapy
for thoracic tumors. Imaging is essential in a clinic’s proton beam treatment workflow:
simulation, planning, setup, adaption, monitoring, and delivery. Waltenberger et al.
investigated the role of '*E-FET PET in high-grade glioma (HCG) patients. Analyzing
'"SE-FET-PET data from a total of 76 patients, the authors found that '*F-FET-PET imaging
might assist in prognostic stratification of HCG patients, as high SUV max value is linked
to worse prognosis and unfavorable whole-blood transcriptome liquid biopsy readouts.
"E-FET-PET on gross tumor volume definition for particle radiotherapy should be
further evaluated. The authors, therefore, suggested that larger, prospective studies
were warranted.

Range verification, in addition to patient positioning, is crucial to the accurate delivery
of particle beam dose. Several image modalities, including PET, CBCT, and proton
radiography, were investigated in this edition for this purpose. Boscolo et al. investigated
enhancing the PET signal, which could be used for range verification, with radioactive ion
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beams for particle therapy. The Biomedical Applications of
Radioactive ion Beams (BARB) project aims to treat mice tumors
with radioactive ion beams ('C and '0). The current study
showed the system’s design and plan comparison that suggests
RIB could lead to margin reduction and sparing of the optical nerve
in more than 50% of the patients. Schneider et al,, on the other
hand, reported the combination of proton radiography and
irradiation for high-precision radiotherapy of small animals. The
authors developed a preclinical experimental setup for small animal
brain proton irradiation using proton radiography with a flat panel
detector that achieved a lateral target position accuracy of <0.26
mm. Moglioni et al. analyzed patient data acquired with an in-beam
Positron Emission Tomography (PET) scanner, which enabled in-
vivo range monitoring in proton and carbon therapy treatments at
the National Center of Oncological Hadrontherapy (CNAO), Italy.
Eight patients treated with protons were analyzed in the work,
where the author found the overall standard deviation in activity
range difference to be 2.5 mm. The author also found a larger
observed range difference with PET for patients with morphological
changes than those without. Li et al. evaluated the proton range
uncertainty with daily cone-beam CT of phantom and patient data.
They found that the range uncertainties from CBCT images were
larger than from CT but could still be used for daily dose validation
in selected patients. Reidel et al. studied the image artifacts in CT,
visibility in daily imaging, and dose perturbations in proton beams
resulting from different fiducial markers that were composed of
different materials, including gold, platinum, and ZrO,. Notably,
high-resolution CMOS pixel sensors were used to quantify fluence
perturbations due to fiducial marks in proton beams. The authors
found that the perturbations were reduced for small and low-
density marks of mass lower than 6mg. The authors thus
suggested that the trade-off between image quality and dose
perturbation needs to be considered in the fiducial selection
for setup.

Advance in imaging also enables advanced treatment delivery
techniques requiring precise treatment delivery. Zhou et al.
reviewed methods of robust angle selection in particle therapy in
various disease sites. The authors noted that with technological
development, including improving imaging technologies in particle
RT, robust angle selection would become more precise and
individualized, improving the effectiveness of particle RT. Li et al.
investigated the feasibility of incorporating linear energy transfer
(LET) in spot-scanning proton arc therapy optimization. The
authors demonstrated that incorporating LET into the proton arc
optimization could maximize the LET distribution wherever desired
inside the target while averting the high LET away from the adjacent
organ at risk. Liu et al. compared the dosimetric and potential
benefits of using Stereotactic body radiotherapy (SBRT) with the
simultaneous integrated boost (SIB) technique for locally advanced
pancreatic cancer. Analyzing 19 patients, the authors found that the
tumor location could play a critical role in determining clinical
benefits among different treatment modalities: two-field IMPT
might be a better option for the pancreas head, whereas VAMT
could offer better protection when the tumor is located in the
pancreas body. Volz et al. reviewed considerations for upright
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particle therapy patient positioning and associated image
guidance. Based on the literature review, the author found that
upright patient positioning could have distinct economic and
clinical benefits but also face clinical and engineering challenges
in order to achieve highly accurate and stable patient positioning.
The authors suggested that the advancement of upright positioning
systems, including imaging systems, could bring a paradigm shift
for the future of particle therapy.

In summary, the treatment’s precision and accuracy are crucial
for particle therapy’s efficiency and efficacy, partly due to the need to
accurately place the Bragg Peak. Imaging is critical throughout
particle therapy workflow, improving targeting, dosimetry, and
treatment delivery accuracy. Currently, the imaging modalities used
for imaging guidance for almost all particle therapy treatments are
CBCT or kV X-ray. Although CBCT and kV X-ray guidance are
widely accepted image guidance techniques for radiation therapy,
there are some well-known limitations for these radiation-based
imaging modalities, including poor soft tissue contrast and
difficulty performing online/real-time monitoring during treatments
and hence the adaptive radiation therapy. Developing imaging
techniques that improve soft tissue contrast, such as MRI-guided
particle therapy, and real-time image guidance methods, such as PET
and prompt gamma imaging, is therefore valuable. Such development
would overcome the limitations of state-of-the-art radiation-based
imaging guidance and add the capabilities of treatment outcome
assessment and prognosis with functional image features and with the
potential to reduce the treatment cost of particle therapy.
Additionally, incorporating artificial intelligence (AI) in image
guidance for particle therapy could further improve the treatment
(3). While AT has been implemented for IGRT in some capacity,
prospective studies are still required to expand these Al-related
applications and realize their potential.
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Purpose: To integrate dose-averaged linear energy transfer (LET) into spot-scanning
proton arc therapy (SPArc) optimization and to explore its feasibility and potential
clinical benefits.

Methods: An open-source proton planning platform (OpenREGGUI) has been modified
to incorporate LET into optimization for both SPArc and multi-beam intensity-modulated
proton therapy (IMPT) treatment planning. SPArc and multi-beam IMPT plans with
different beam configurations for a prostate patient were generated to investigate the
feasibility of LET4-based optimization using SPArc in terms of spatial LET distribution and
plan delivery efficiency. One liver and one brain case were studied to further evaluate the
advantages of SPArc over multi-beam IMPT.

Results: With similar dose distributions, the efficacy of spatially optimizing LET4
distributions improves with increasing number of beams. Compared with multi-beam
IMPT plans, SPArc plans show substantial improvement in LETy distributions while
maintaining similar delivery efficiency. Specifically, for the liver case, the average LET4 in
the GTV was increased by 124% for the SPArc plan, and only 9.6% for the 2-beam IMPT
plan compared with the 2-beam non-LET4 optimized IMPT plan. In case of LET
optimization for the brain case, the SPArc plan could effectively increase the average
LET4 in the CTV and decrease the values in the critical structures while smaller
improvement was observed in 3-beam IMPT plans.

Conclusion: This work demonstrates the feasibility and significant advantages of using
SPArc for LET4-based optimization, which could maximize the LET distribution wherever
is desired inside the target and averts the high LET4 away from the adjacent critical
organs-at-risk.

Keywords: proton therapy, arc therapy, linear energy transfer, plan optimization, spot scanning
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LET Incorporated SPArc Optimization

INTRODUCTION

In the status quo of clinical proton therapy, most centers use a
presumed constant relative biological effectiveness (RBE) value
of 1.1 (1, 2) regardless of the dose, linear energy transfer (LET),
physiological and biological factors, and clinical endpoint (3, 4).
Historically, such RBE value was chosen conservatively for
tumor control based on the in vitro and in vivo measurements
at the center of spread-out Bragg Peak (SOBP) (2, 3). Recent
experiments (5) and clinical studies (6) show that RBE value may
increase towards the distal dose fall-off of SOBP as the LET
increases, and this could be up to the magnitude of 1.7 (3).
Hence, more than expected rate of toxicities may be seen if the
distal end of the Bragg peaks ends up in the adjacent critical
structures and such higher rate of toxicities, including necrosis
have been reported in multiple studies (7-9). Therefore, being
able to manipulate the location of high LET is very helpful to
further improve modern proton beam therapy.

Nevertheless, in the era of traditional passive-scattering proton
therapy (PSPT) delivery technique, the high LET region is
inevitably located at the distal end of each beam and it is
impossible to modulate its distribution. To avoid any
overlapping high LET regions with the abutting critical organs,
it is common to use the beam angles without aiming directly
toward those organs. Fortunately, in the past few years, the pencil
beam scanning (PBS) technique has emerged and quickly been
adopted by new proton centers as the most advanced proton beam
delivery technology (10, 11). Intensity-modulated proton therapy
(IMPT), based on PBS, optimizes the intensities of individual spot
from different energy layers. Compared with the PSPT, IMPT
offers not only a more conformal radiation dose (12-14), but also
has the potential to modify the LET distribution by incorporating
the LET optimization into the planning process (4, 15-21).
However, the ability of IMPT to spatially place the LET value is
limited by the number of beam angles (22, 23) and thus not
clinically feasible given the prolonged PBS treatment delivery time.

Such obstacles could be overcome by using spot-scanning
proton arc therapy (SPArc) which is a novel spot scanning
delivery technique that can deliver a treatment plan in an arc
mode (24). SPArc has manifested significant advantages over the
multi-beam IMPT (25-28) to improve dose distributions and
delivery. A prototype of SPArc delivery has proven its feasibility
on a state-of-the-art proton therapy system (29). Since the SPArc
plans are delivered from hundreds of beam angles selected from a
smart energy and spot selection algorithm (24), we hypothesize
that with such increased degrees of freedom for optimization,
SPArc can further improve the LET distribution while
maintaining the delivery efficiency. Thus, we develop a novel
LET-based SPArc optimization algorithm and explore its
potential to improve the spatial LET distribution.

Abbreviations: LET,, dose-averaged linear energy transfer; SPArc, spot-scanning
proton arc therapy; MPT, intensity-modulated proton therapy; RBE, relative biological
effectiveness; SOBP, spread-out Bragg Peak; SPT, passive-scattering proton therapy;
PBS, pencil beam scanning; OARs, organs-at-risk; DVH, dose-volume histogram;
LVH, LET4-volume histogram; 2B w/o, 2-beam IMPT plan without LET4
optimization; SIB, simultaneously integrated boost; GTV, gross tumor volume.

METHODS AND MATERIALS

Dose-Averaged LET (LET,)-Based SPArc
Optimization Workflow

The LETy-based SPArc optimization engine was implemented
based on an open-source proton planning platform
(OpenREGGUI) (30). This platform uses a fast Monte Carlo dose
calculation engine (MCSquare) (31-33) and an optimizer
(MIROpt) (34) for dose-based multi-beam IMPT planning. Such
platform was modified to incorporate the LET4-based objective
functions (e.g., minimum and maximum LET}) into optimization
and to iteratively generate the SPArc plans (24, 29). The details of
LET4-based SPArc planning implementation is shown in Figure 1
which consists of (1) the planner defines the arc start and stop
angles, (2) the engine coarsely samples the initial beams (3) the
MCSquare calculates the voxel dose and LET, values from each
spot, (4) the optimizer finds a solution by iteratively calculating the
dose and LET, and minimizing the dose and LET based objective
functions for target volume and organs-at-risk (OARs), (5)
iteratively increases the beam sampling frequency and reduces the
energy layers by repeating step (3) and (4) until desired sampling
frequency is reached, (6) and finally, perform deliverable
optimization by specifying the minimum MU (0.02 MU) per
spot. The details of the LET implementation are described as follow.

LETd Optimization Implementation

In MCSquare calculation, the ‘stopping power’ method (35) was
selected, in which LET 4 was scored by dose-weighted average of the
stopping power of particles through each voxel (36). Secondary
particles were handled by specifying the options in the configuration
file as: secondary photons and neutrons are not taken into account
while the secondary electrons are considered as locally absorbed.
Secondary protons, deuterons, and alpha’s are simulated for the dose
and LET4. The calculated dose and LET values from each spot j
projected to voxel i are expressed as (D;; and LET}). The dose and
dose-averaged LET value for voxel i can be calculated from the
intensity (monitor unit) of the spot j (@) as follow:

D; = %;D;; o
X.LET,D; o,
LET; = "k v} )
LD;o,

For the optimization, we used a standard quadratic objective
function to control both dose and LET distributions:
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Figure 1 The workflow of LET4 based SPArc optimization engine.

where p denotes the penalty weights, Dy and LET, correspond to
the target or constraint dose and LET value respectively. The
Heaviside step function H(D; - D) is defined as convention (i.e.,
equals to unity if D; > Dy, otherwise equals to zero). Dose-based,
dose volume based, and LET-based objective functions are
implemented and used for this study.

Treatment Planning

All the SPArc and multi-beam IMPT plans (without arc
sequencing part in Figure 1) were generated using this
optimization engine with similar parameters (e.g., 10* particles
per spot for Dy, LET;; matrix calculation, 10® particles for final
dose calculation to ensure the plan is within 1% statistical
uncertainties for the dose in the target volume (37), and same
optimization criteria). For each patient, the IMPT plan was
generated first to achieve an optimized dose distribution to the
target volume and OARs without taking LET, distribution into
account. Based on those dose objective functions, IMPT plan was
then generated by adding LET objectives of the target and OARs
in the optimization. The relative weights between dose and LET
objectives were further adjusted to maintain similar or superior
dose distribution while maximizing and minimizing the average
LET, values in the target volume and OARs. In terms of SPArc
planning, the plans initiated from a coarse sampling frequency
of 20 degree and achieved 2.5 degree final sampling frequency
using the similar objective functions to the IMPT plans with
LET4 optimization.

Patient Study

To quantitatively investigate the effect of the LETy distribution
with the relationship of beam number, a prostate patient was
selected given its easy anatomical structures. A full arc SPArc and
multi-beam IMPT plans with 2, 4, 6, and 8 equally spaced beams
were generated to achieve similar clinical target volume (CTV,
134 cc) coverage (78 Gy in 39 fractions, using RBE of 1.1) and
high dose sparing of rectum and bladder while maximizing the
LETy value using similar objective functions inside the CTV.

Urethra was not considered as an avoidance structure for the
simplicity of the analysis. However any OAR can be used as an
avoidance structure in optimization although this will result in a
more complicated and longer calculation process. The dose,
LET,, corresponding dose-volume histograms (DVHs) and
LET4-volume histograms (LVHs) of all plans were analyzed
and compared with the 2-beam IMPT plan without LET4
optimization (2B w/o0). To evaluate the treatment delivery
efficiency among different plans, the delivery time was
simulated based on a full gantry geometry with a rotation speed
of one rotation per minute, spot switching time of 2 milliseconds,
and energy-layer-switching-time of 0.6 seconds (24).

To further quantify the relationship between high LET4
concentration and the size of LET4 boost volume in SPArc
optimization, different virtual simultaneously integrated boost
(SIB) volumes (77.9, 39.9, 16.5, 4.5, and 0.3 ccs) were generated
by shrinking the CTV at a step size of 0.5 cm. Multiple SPArc
plans were generated to provide similar CTV coverage while
maximizing the high LET4 concentrating in the SIB volumes
using the similar plan parameters such as arc trajectory, sampling
frequency, as well as target objective functions and weights.

A liver and a brain case were then selected to compare the
resulted LETy optimization between SPArc and multi-beam
IMPT. For the liver case, a partial arc from 160 - 40 degree
(IEC 61217) was used to prescribe 75 Gy (constant RBE of 1.1) in
25 fractions (38) to the CTV, while minimizing the mean dose to
the normal liver, and maximizing the LET4 value in the gross
tumor volume (GTV). For the brain case, the full arc was used to
optimize a uniform dose to the CTV (54 Gy in 30 fractions,
constant RBE of 1.1) (39) and minimize the dose to the
surrounding OARs, while maximizing the LET4 value in CTV
and minimizing the LET, value to the OARs. The multi-beam
IMPT plans using the clinical beam angles (two beams for the
liver case, and three beams for the brain cases) were also re-
optimized using the same platform with and without LETy4
optimization. The dose, LETy, corresponding DVHs and LVHs
were evaluated for all plans.
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RESULTS

Dose and LET, distributions for a 2-beam IMPT plan without
LET,4 optimization, and IMPT plans (2, 4, 6, 8 beam angles) and
SPArc plans with LETy optimization are shown in Figure 2. This
comparison shows the power of SPArc to concentrate the high
LET, in the desired area of target volume. Figures 3A, B display
the corresponding DVHs for CTV, rectum, and bladder for all
plans. The corresponding LVHs for CTV are also shown in
Figure 3C. With similar RBE 1.1 dose distributions in terms of
target coverage and high dose OARs sparings, the average LET
in the target increases with the number of beams used.
Compared to multi-beam IMPT plans, SPArc has a better
capability of spatially centralizing the LET distributions in the
target while maintaining the delivery efficiency. Specifically, with
LET,4 optimization, the average value of LET, in the target was

4.38, 4.65, 4.85, 4.85, and 5.06 keV/um for IMPT plans of 2, 4, 6,
8 beams and SPArc plans, respectively. Compared with the 2-
beam non-LET, optimized plan, the corresponding increase of
LETy value was 21%, 29%, 34%, 34%, and 40% for the IMPT
plans (2, 4, 6, 8 beams) and SPArc plans respectively. The
estimated delivery time for the IMPT plans (2, 4, 6, 8 beams)
and SPArc plans was 96, 150, 171, 188, and 125 seconds
respectively. Hence, SPArc can enhance the LETy distribution
in the target volume more efficiently.

Moreover, the ability of SPArc to concentrate the LETy4
depends on the volume as shown in Figure 4. The average
LET| value in the SIB volume for the prostate case could increase
up to 8.5 keV/um as the size of the SIB volume decreases while
maintaining similar dose distributions.

To validate the capability of SPArc to optimize LET
distribution, other clinical scenarios such as liver and brain

48

@”T@ AP Ap AP

FIGURE 2 | The dose (upper row) and the LET4 (lower row) distributions for 2 beams without LET4 based optimization (2Bw/o, A, G), and with LET4 based
optimization for 2 (2B, B, H), 4 (4B, C, 1), 6 (6B, D, J), 8 (8B, E, K) beams and SPArc (F, L) for a prostate case.

SPArc

4
LET, (keV/jm)

FIGURE 3 | The dose volume histograms (DVHS) (A, B) and LET volume histograms (LVHs) (C) for 2Bw/o and for 2, 4, 6, 8 beams and SPArc with LET,; based optimization.
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FIGURE 4 | The relation with average achievable LET versus volume using
SPArc while keeping similar dose to the target volume for the prostate case.

cases were examined. The dose, DVHs, and LVHs for the liver
case generated using two beams without LET optimization, with
LETy optimization, and SPArc are shown in Figure 5. With
similar target coverage, the SPArc plans reduced the mean dose
of normal liver by 1.4 Gy (RBE 1.1), and 1.5 Gy (RBE 1.1) when
compared with the 2-beam IMPT plan without and with LET4
optimization respectively. Moreover, the SPArc could effectively

escalate the high LET value in the GTV. Specifically, the average
value of LETy in the GTV for the liver case was 4.88 and 2.39
keV/um for the SPArc and 2-beam IMPT plans with LET4
optimization respectively. Compared with the 2-beam non-
LET, optimized plan, the corresponding increase in LET4 was
124% for SPArc plan, and only 9.6% for the IMPT plan given the
limited number of beam angles.

Similar results were noted in simulation of the brain case,
where SPArc with LET 4 optimization could effectively maximize
the LET, enhancement to the target volume while restricting the
high LET 4 away from the OARs. Specifically, the average value of
LET| for the SPArc plan was increased by 29% (4.03 vs. 3.13 ke V/
um) for CTV, and was decreased by 22% (2.14 vs. 2.74 keV/um),
30% (2.43 vs. 3.45 keV/um), 28% (2.96 vs. 4.09 keV/um), and
17% (2.66 vs. 3.22 keV/um) for brainstem, chiasm, left, and right
optical nerves, respectively, compared with the 3-beam non-
LET, optimized plan. In contrast, the corresponding
improvements were only 4%, 12%, 22%, 21%, and -3% for 3-
beam IMPT plan compared with the 3-beam non-LETy
optimized plan (Figures 6, 7).

DISCUSSION

This is the first study to quantitatively evaluate the feasibility of
SPArc to spatially optimize LET, distributions using the fully

40 50
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FIGURE 5 | The dose (first row) and LETy (second row) distributions, the DVHs (G) and LVHs (H) of 2Bw/o (A, D), 2B (B, E), and SPArc (C, F) plans for the liver patient.
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FIGURE 6 | The dose (upper row) and LET (lower row) distributions of 3Bw/o (A, D), 3B (B, E), and SPArc (C, F) plans for the brain patient.
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FIGURE 7 | The DVHs (A, B) and LVHs (C, D) for 3Bw/o, 3B, and SPArc plans for the brain patient.
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LET, incorporated SPArc optimization engine. Our results
demonstrate that SPArc has the great capability to concentrate
the high LETj, inside the target volume while restricting it from
the OARs. Nevertheless, as the number of beam angles increases,
IMPT plans may be able to achieve similar plan quality as SPArc,
however this is not feasible in clinical practice due to its
prolonged treatment delivery time. Several groups (40, 41)
have proposed to shorten the delivery time by filtering the
energy layers for IMPT plans. Such procedure is still limited
and not preferable especially for multi-room proton center due
to room switching time between beams (24). Conversely, SPArc
has more degrees of freedom for delivering hundreds of beamlets
along the arc trajectory therefore to effectively optimize the dose
and LET, distributions simultaneously without sacrificing the
delivery efficiency.

More importantly, SPArc has demonstrated its capability of
elevating the LET value inside the target. The level of elevation is
dependent on the target volume (Figure 4). For small target
volumes (i.e., less than 5 cc), the average LET,4 in the target
volume could reach values higher than 7 keV/um. Compared to
the average mid-SOBP LET value of 2-3 keV/um (3), the increment
can be up to 250%. However, the magnitude and the conformity of
LET concentration in the target volume depends on the target size,
its location and more importantly on adjacent critical normal
structures and their dose and LET constraints. For instance, the
maximum average LET, achieved in the GTV was compromised in
the liver case (Figure 5) as only a partial arc could be used due to the
location of the target. Furthermore, the irregular shape and complex
geometry of the target volume and OARs can affect the distribution,
conformity and the magnitude of LET in the target volume shown
in the brain case (Figure 6) as the average LET value could only
reach up to 4.03 keV/um. In order to understand the potentials and
limitations of the LET4 distribution and its falloff via SPArc, more
studies on different anatomical sites and patient geometries are
necessary and are the mainstay of our future efforts.

This study incorporated LET4 optimization engine into the
biological treatment planning to achieve a similar dose
distribution with RBE 1.1 as used in current clinical practice. A
more comprehensive biological optimization engine based on a
variable RBE model could be extended from the current framework
by incorporating dose, physiological and biological factors into the
optimization. Thus far, none of the variable proton RBE models has
been implemented into routine clinical practice due to the
discrepancies between model calculations and experimental data
(42, 43). In contrast to the physical parameters in the current RBE
model, LET can be supported by all the variable RBE models (5), in
which RBE value varies with LET values. Therefore, using this
approach in this study which is maintaining similar dose (RBE 1.1)
while spatially optimizing LETy distribution, could be possibly
clinically adopted to improve the patient outcome.

Moreover, it is important to mention that robust optimization was
not incorporated into this LET 4-based SPArc treatment planning due
to the slow calculation speed and extra memory allocation. We do
recognize that the dose and LET  distributions could get deteriorated
from the uncertainties. However, the previous study (17) have
demonstrated the feasibility of improving LETy4 distributions by

integrating LET4 based optimization with robust optimization in
IMPT plans. With the availability of better calculation models and
computer hardware, we could integrate the robustness into LET4-
based SPArc planning in our future studies.

CONCLUSION

This is the first fully LETy4 incorporated SPArc optimization
algorithm and platform which has the capability to spatially
optimize LET4. Our results demonstrate that SPArc can take
advantage of arc trajectory to maximize the LET4 concentration
to anywhere in the target volume, and to avoid the high LETy4
from the OARs, while maintaining similar delivery efficiency.
This technique will not only address one of the challenges in
proton therapy which is the risk of toxicity associated with the
LET uncertainty of the Bragg peak distal edge but also could
provide the means to dose escalation via LET optimization in the
target volume while sparing OARs.
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Several techniques are under development for image-guidance in particle therapy.
Positron (B*) emission tomography (PET) is in use since many years, because
accelerated ions generate positron-emitting isotopes by nuclear fragmentation in
the human body. In heavy ion therapy, a major part of the PET signals is produced by
B*-emitters generated via projectile fragmentation. A much higher intensity for the
PET signal can be obtained using p*-radioactive beams directly for treatment. This
idea has always been hampered by the low intensity of the secondary beams,
produced by fragmentation of the primary, stable beams. With the intensity
upgrade of the SIS-18 synchrotron and the isotopic separation with the fragment
separator FRS in the FAIR-phase-0 in Darmstadt, it is now possible to reach
radioactive ion beams with sufficient intensity to treat a tumor in small animals. This
was the motivation of the BARB (Biomedical Applications of Radioactive ion Beams)
experiment that is ongoing at GSI in Darmstadt. This paper will present the plans and
instruments developed by the BARB collaboration for testing the use of radioactive
beams in cancer therapy.
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Radioactive Beams in Radiotherapy

INTRODUCTION

Image-guidance is one of the major improvements of
radiotherapy in the past years (1). High resolution imaging
allows dose escalation, hypofractionation, and treatment of
moving tumors with tracking (2). Image-guided particle
therapy is currently less mature, even if the problem of range
uncertainty is a major caveat compared to conventional
radiotherapy (3). Range uncertainty in the patient is typically
compensated by using wide target margins: in proton therapy,
the margin is about 3.5% of the prescribed range (4). The
widening of the margins jeopardizes one of the main
advantages of the Bragg peak: the steep distal dose gradients
and the potentially high targeting accuracy and precision (5).
Actually, the physics of particle therapy offers several imaging
methods that are ruled out in photon therapy (6). For instance,
prompt y-rays (PG) generated in nuclear reactions can be
detected and the signal fall-off is correlated to the Bragg peak
(7). In heavy ion therapy it is also possible to measure the range
by detecting secondary charged particles, such as protons
emitted at large angles (8, 9). A combination of different
methods is under study for animal irradiators (10) and in
clinical settings (11, 12).

The range verification method that has been tested most
extensively in clinical practice is positron emission tomography
(PET) (13). Unlike conventional diagnostic imaging (14), PET in
particle therapy exploits B-emitting isotopes produced by the
particle beam in the patient’s body by nuclear fragmentation. In
proton therapy, only target fragments can be used for PET
imaging, while in heavy ion therapy the projectile fragments
provide a large part of the PET signal with better correlation to
the dose. Because the time of flight of the ions in the patient is
much smaller than the half-life of the B emitters, the positron
emission occurs essentially after the fast fragments are stopped in
tissue. For instance, '*C-ions, used in a dozen centers worldwide
for cancer therapy (15), produce positron emitting ''C
(tijp = 20.3 min) and '°C (t;» _ 19.3 s) nuclei by nuclear
fragmentation. The peak in the activity from the isotopic
projectile fragments is visualized upstream of the Bragg peak,
because such fragments, lighter than the projectile, have shorter
ranges at the same velocity of the primary ion (16, 17). Online
PET was used for the first time clinically during the '>C-ion pilot
therapy project at GSI, Darmstadt, 1997-2008 (18) and a number
of particle therapy centers are currently using this technique for
range verification off-line (12, 19-21).

However, PET in *C-ion therapy remains marginal and not
really able to reduce the range uncertainty as desired. The half-
life of the most abundant induced radionuclides is too long for
instantaneous feedback while the short-lived radionuclides are
produced at a very low rate and exhibit a long positron range (22)
before annihilation. The physical shift in the B*-activity and '*C
dose peaks along with the biological washout requires Monte
Carlo (MC) simulations (23) or other analytical calculations (24)
currently unavoidable for data analysis. Eventually, the low
counting rate of B"-emitting fragments and the uncertainties in
MC calculations limit the accuracy of PET-based range
verification to about 2-5 mm (6, 19, 25).

Most of these problems are automatically overcome if B'-
radioactive ion beams (RIB) are directly used for both treatment
and imaging. Such radioactive ion beams would improve the
count rate by an order of magnitude (26), reduce the shift
between measured activity and dose (27), and mitigate the
washout blur of the image with short-lived isotopes and in-
beam acquisition, eventually leading to sub-mm resolution.
Attempts to use RIB in therapy started almost half a century
ago during the heavy ion therapy pilot project at the Lawrence
Berkeley Laboratory (CA, USA) (28), but they were always
hampered by the low intensity of the secondary beams
produced by fragmentation of the primary ion used for
therapy (29). New, high-intensity accelerators can produce
radioactive ion beams with an intensity sufficient for
therapeutic treatment (30), and this would pave the way to
PET-guided heavy ion treatment. The advantages of using RIB
for simultaneous treatment and imaging in comparison to
conventional PET imaging in C-ion therapy are shown in the
Monte Carlo simulation in Figure 1.

The recent upgrade of the SIS-18 accelerator at GSI
(Darmstadt, Germany) toward the construction of FAIR (31),
i.e. the so-called FAIR-phase-0 (32), gives the opportunity to
resume early studies with PET imaging of RIB at GSI (33) and
test its application in vivo. The BARB (Biomedical Applications
of Radioactive ion Beams) project, funded by the European
Research Council (ERC) in 2020, aims at treating a tumor in
mouse “patients” with RIB ("'C and '>O) with an imaging
resolution around 0.5 mm. To this goal, within BARB the
Ludwig-Maximilians-Universitit (LMU) Munich will develop
an innovative hybrid detector, able to exploit the PG emission
during the synchrotron spill delivery in the target, and counting
PET signals in-between the synchrotron spills (34). In this paper,
we will present the planned experiments and the technologies
that will be developed and applied in BARB to reach the goal of
in vivo tumor treatment with RIB.

THE FRAGMENT SEPARATOR FRS

The GSI-FAIR accelerators provide intense primary beams of all
chemical elements from hydrogen up to uranium and their
energies range from a few keV/u up to the relativistic regime.
For instance, the heavy ion synchrotron SIS-18 can accelerate
protons up to 4.5 GeV, and 2,000 MeV/u can be reached for
beams with a mass-to-charge ratio A/Z=2, corresponding to 18
Tm magnetic rigidity. At these energies, light ions like C, O or Ne
attain ranges of many centimeters in matter, e.g. in water. At the
fragment separator FRS (35), the stable ion beams undergo
nuclear reactions in a production target located at its entrance
and produce a large variety of secondary beams. These fragments
are kinematically focused in forward direction and have
velocities that are similar to the primary ions. Due to the
nuclear reaction kinematics and atomic effects (such as energy
loss, energy-loss straggling and multiple angular scattering) in
the production target, the fragments have a large transverse and
longitudinal phase-space, much larger than the primary beam.
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FIGURE 1 | Monte Carlo simulation of '2C and "'C beams stopping in a spherical water volume and visualized by PET in 20 min. The graphs show the dose (red
curve) and the activity (blue curve) distribution along the beam direction (z-axis) showing the shift between dose and activity when stable ions are used. Simulation by

In particular, the relative momentum spread Ap/p is of the order
of a few percent, compared to the primary beam with 5x10™*.
This leads consequently to a drastically larger range straggling
that is a Bragg Peak with a width of several millimeters when the
fragments are stopped in matter. If needed, this range spread can
be reduced by combining the dispersive magnetic system of FRS
with shaped degraders, which reduces the energy and range
straggling of the fragment beams down to the values of primary
beams (36, 37). The existing GSI accelerator facility is presented
in Figure 2.

Due to its dual capability as separator and high-resolution
spectrometer, the FRS can be used for production, identification,
energy bunching and spatial separation of the secondary beams
(in particular of therapy-relevant PET isotopes such as '*!'C and
%150), for tailoring specific phase-space properties of the
secondary beams as well as for detailed experimental studies of
atomic and nuclear processes, that are of basic and practical
interest for heavy-ion therapy and related imaging applications.
The FRS provides these possibilities at several experimental
areas, for instance at the final focus of its symmetric main
branch, where first PET measurements have been conducted
(38), or via its target-hall branch to the medical Cave M, which
was recently commissioned. In Cave M, legal permissions exist to
irradiate animals. The connecting branch of FRS to Cave-M

allows the transport and delivery of isotopically clean secondary
beams like ''C or '*O with rates ~107 particles per second (pps).

Basic Atomic and Nuclear Studies

The planned basic studies aim at the production yields of isotopes
for PET and at a detailed understanding of their atomic and
nuclear interactions in matter resp. tissue equivalent materials
such as water. For instance, there have been several measurements
on the production cross-sections of PET isotopes from stable
beams, but the published results widely scatter (39). A systematic
investigation of the production cross sections is necessary in order
to optimize the yield and the properties of the in-flight separated
radioactive ion beams that will be used for mice treatment; for
detailed modeling of dose distributions, it will be important to
obtain the total interaction and nuclear charge-changing cross
sections in the relevant energy regime. The experimental
techniques are well established and have been widely used at
the FRS (40-43). The isotopes of interest (such as 101 14150)
will be produced, separated and identified with the first half of the
separator, impinge on a secondary reaction target located at the
middle focal plane, where secondary reactions are induced, and
the reaction products will be analyzed and identified using event-
by-event information of magnetic-rigidity, time of flight, and
energy deposition; the total interaction cross sections will be
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FIGURE 2 | Overview of the existing GSI-FAIR accelerator facility UNILAC-SIS-ESR. The FRS is the radioactive beam facility of GSI and a high-resolution magnetic
spectrometer that provides a large variety of secondary nuclear beams ranging from hydrogen up to uranium, among them '%"'C or '*'°0, which can be produced
from intense primary beams (like "2C or '®0) in the production target at its entrance. The ions of interest are identified in flight, spatially separated, energy bunched
and used for experimental studies at the FRS itself (central and final focal plane, respectively, indicated by green dots) or they are transmitted via the FRS branch to
the target hall for experiments in Cave M.

determined using the number of non-reacted isotopes. A The latter performance is strongly correlated with the ion-
schematic view of the experimental setup is shown in Figure 3. optical resolution (38). Alternatively, by changing the shape of

The atomic interaction (energy loss, energy-loss straggling  the degrader the momentum distribution can also be increased to
and angular straggling) of the ion-beam with the tissue is the  achieve a spread-out Bragg-peak (SOBP), if needed. Such studies

dominant physical process involved in the ion-beam therapy,  shall be performed using water phantoms in combination with
and the accurate understanding of corresponding properties like  the University Medical Center Groningen (UMCG) PET camera
range and range straggling are of very high practical importance. ~ at the final focus of the FRS (see below).

At HIMAC (Japan), the ranges of various PET isotopes

(111c, 150) have been investigated extensively (27, 44, 45).

The range distribution of the selected fragments is primarily

determined by the initial energy distribution. The maximum  DQSIMETRY

momentum spread of the in-flight separated RIB at the FRS is

defined by its longitudinal momentum acceptance, which is = Dosimetry and beam delivery monitoring of RIBs are necessary
approximately *1%. This momentum spread can be  to correlate the collected PET and prompt gamma signals with
considerably reduced by using a mono-energetic degrader  dose deposition maps for range verification. Additionally, beam
placed at the dispersive focal plane (37), so that the  parameters such as divergence, lateral profiles and energy spread
longitudinal range distribution reaches a spread very similar to  are required as input in transport code, treatment planning and
the range straggling of a primary beam of the same energy. radiobiological models. Dosimetry is therefore an essential
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Production-
target area

Central
focal plane

Final
focal plane

Scintillator detector (for time-
of-flight measurement)

component of the BARB experimental campaign, necessary for
all other imaging and radiobiological endpoints.

Range monitoring and depth dose distributions of the pristine
Bragg peak and SOBP - obtained by using 3D printed
modulators (46) - will be measured using the water column
setup shown in Figure 4 (47). Two parallel plate ionization
chambers (ICs) are placed at the two extremes of a water
phantom with precisely adjustable thickness. The water
phantom thickness is controlled by a stepper motor and can be
varied with a relative precision down to 10 pm. The ICs are read
out with two Keithley K6517A electrometers. The laterally
integrated depth dose distribution is then measured as the
ratio between the signals collected by the two ICs as a function
of the water depth.

To correlate the dose deposition maps with the acquired PET
images and to verify treatment plans delivered with RIB, 3D
dosimetry will be performed. For this purpose, the water column
setup WERNER (WatER column for 2D ioNization chambEr
aRray detectors) (48), which was designed for ion beam therapy
applications, will be used. This system consists of a plastic water
tank of 40 x 33.5 x35 cm’ where a watertight detector container
attached to a stepper motor is placed inside. The detector position
can be changed along the beam direction with a precision of about
100 pm. The system is controlled with a LabVIEW-based control
software and synchronized to the beam delivery system. The
WERNER detector holder is designed for the PTW 2D IC arrays
designed for proton and ion therapy, OCTAVIUS 1500XDR and

Quadrupole Dipole Water target (or other
magnets magnet materials) for atomic and
11 Slits nuclear interaction cross Slit
sectionmeasurements
Heavy ion i /
primary beam / I‘I \
Production / /
target Detectors for tracking
and identification of
secondary-reaction
Detectors for tracking products
Multiple-sampling ionization and identification of
chamber (for Z-identification) incoming particles,
e.g. 1011C or 14150
Time projection chamber (for
particle tracking)
36 meter

FIGURE 3 | Schematic view of the symmetric FRS branch (projection in the horizontal dispersive plane) and the experimental setup to measure the interaction
cross-section and nuclear charge composition of the beam fragmented in water. Red double-sided arrows indicate remotely removable detectors.

OCTAVIUS 1000P. The first one consists in a 2D array of 1405
ICs distributed in a chessboard matrix of 27 x 27 cm?. The center-
to-center distance between two ICs is about 7.1 mm and the dose
resolution is 0.1 mGy. The OCTAVIUS 1000P is a detector
prototype consisting of 977 ICs of 2.3 x 2.3 x 0.5 mm’ volume
with a spatial resolution of 2.5 mm in the 5.5 x 5.5 cm® central
area and 5 mm in the 11 x 11 cm” outer area. A schematic of the
WERNER setup and a typical dose map are depicted in Figure 4.
Additionally, beam profiles and beam divergence will be
measured with high spatial resolution Gafchromic® EBT films
(International Specialty Products, Wayne, NJ) free in air or a stack
of films interlaced with plastic absorbers. An accurate calibration
of the beam delivery system in terms of fluence - and thus dose-
with the precision standards required for therapy applications will
be achieved following the standard GSI protocol for beam
monitoring chamber calibration (49).

UMCG PET

The dual-panel positron imaging system of the University
Medical Center Groningen (UMCG) is 1/6 of a Siemens
Biograph mCT clinical positron emission tomography (PET)
scanner (50) with custom-modified detectors. The two detector
panels are installed opposite to each other, typically at a distance
of 25-30 cm. The phantom in which the beam is stopped is
placed in-between the panels (Figure 5).
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FIGURE 4 | Schematic representation of the experimental setup and typical dose distributions measured with water column and the WERNER setup. (A) Technical
drawing of the water column. (B) FLUKA simulation of laterally integrated 1D depth dose distribution for carbon ion isotopes of 250 MeV/u. (C) schematic
representation of the WERNER setup. (D) 2D dose distribution map for a 4 cm- 2C SOBP.

Being designed for a ring-shaped scanner with a detector ring
diameter of 84.2 cm, the detector panels are curved with a radius
of curvature of 42.1 cm in one direction and are flat in the other,
perpendicular, direction. Each panel covers an area of 22.0x22.5
cm? and is composed of a 4x4 array of block detectors. A block
detector comprises a 13x13 array of 4x4x20 mm® LSO
scintillation crystals read out by 4 photomultiplier tubes
(PMTs). Anger logic performed on the 4 PMT signals from
one event enables to identify the scintillation crystal in which the
gamma ray interaction took place. The detectors have been
custom-modified such that they can be switched off and on
with switching times of less than a millisecond. This switching
has been essential in earlier work on nitrogen-12 positron
imaging in proton and helium therapy, where short and
intense beam pulses were used (51, 52). Whether this option
will be useful when imaging radioactive beams will depend on
the time structure and intensity of the beams.

Each time a valid coincidence between the two panels is
detected, the listmode data acquisition registers which
scintillation crystals are involved, the coincidence time

(the time difference between the gamma ray detection by the 2
detectors) as well as a clock time stamp with an accuracy of 1 ms.
A coincidence is valid if the energy detected is within a user-
defined energy window around 511 keV, typically 435-650 keV,
and the coincidence time is within the user-defined coincidence
time window, typically 4 ns. Knowing which scintillation crystals
were involved in a coincidence enables to establish the Line-of-
Response (LoR) as the line connecting the two crystals. The
LoR’s are subsequently used to generate an image. The 550 ps
(FWHM) time-of-flight (ToF) resolution of the system restricts
the position of positron annihilation along a LoR of about 8 cm
(FWHM). The ToF information will be useful to improve the
contrast-to-noise ratio of the images in case the size of the
irradiated area is comparable to or larger than this 8 cm.

LMU DETECTOR

The hybrid detector able to visualize PET, PG and even triple
coincidence emissions (e.g., from '°C) for the BARB project is
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distance of 30 cm.

FIGURE 5 | The dual-panel UMCG positron imaging system installed at the Fragment Separator FRS at GSI. A beam of radioactive ions is coming from the right
hand side and stopped in the PMMA phantom seen in the middle of the picture. The two detector panels are installed above and below the phantom each at a

going to be developed at LMU by combining detector
technologies currently under investigation for PET and PG (7)
imaging, as well as a combination thereof in the context of
proton therapy (53). In particular, the absorber component of
the envisioned hybrid BARB detector will rely on a high
resolution PET detector which was recently developed at LMU,

in collaboration with NIRS-QST, for an in-beam small animal
PET scanner prototype within the ERC-funded project “Small
Animal Proton Irradiator for Research in Molecular Image-
guided Radiation-Oncology” (SIRMIO) (10). This LMU-PET
detector aims to achieve sub-millimeter spatial resolution along
with the capability of identifying the Depth-Of-Interaction
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(DOI) (54). The latter DOI information reduces the effect of
parallax errors, which cause degradation of a PET image at the
peripheral areas of a field of view. Figure 6A shows the LMU-
PET detector, which is composed of a 3-layer Lu,; Y ;SiOs5
(LYSO, density: 7.25 g/cm3) scintillator block (EPIC, China)
and a SiPM array. The scintillator pixel size is 0.9 mm x 0.9 mm x
6.67 mm. The 1%, 2@ and 3" layers consist of arrays of 23 x 20, 23 x
23 and 24 x 24 pixels, respectively, to form a staggered DOI
detector. An 8 x 8 multi-pixel photon counter array (MPPC,
micro-cell size: 50 um x 50 wm, each sensitive area: 3 mm x 3 mm,
total area: 25.8 mm X 25.8 mm, Hamamatsu photonics K.K,
S14161-3050HS-08, Japan) is used as photo detector. A light
guide with a thickness of 1 mm is inserted between the 3-layer
scintillator block and the MPPC array. We use a charge division
circuit to reduce the 64 signals from the MPPC array to 4 single-
ended readouts (55). The 4 single-ended readouts are processed by
an amplifier circuit board and converted to a differential signal. The
differential signals are fed to a digitizer (R5560, CAEN, Italy). An
Anger calculation is used to project an interaction position between
the scintillator pixel and a y-ray on a 2-D position histogram. The
Anger calculation result of the scintillator pixel forms a pixel
response as a cluster in the 2-D position histogram, which is
called a flood map. Because each pixel response is drawn without
overlapping each other, the interaction position can be identified.
Figure 6B shows the flood map obtained by irradiating 511 keV
annihilation y-rays from a **Na point source. Pixel responses of
each layer are clearly separated, indicating the pixel resolution of
0.9 mm.

BARB4D

The treatment of targets in intrafractionally moving organs poses
a significant challenge (56), not only in conformal delivery
strategies (57), but especially also in visualizing complex
motion within the patient (58). The workhorse for current 4D-
treatment planning is time-resolved computed tomography
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(4DCT) in combination with Deformable Image Registration
(DIR). Both have caveats: the 4DCT depicts a single synthesized
breathing cycle, and DIR has known inaccuracies and is hard to
verify, especially in organs that offer low contrast in the CT, such
as the liver or heart.

PET offers an exciting opportunity to study 4D-dose
deposition in complex geometries or patients. Time-resolved
PET imaging has the advantage of showing the deposited
activity, which moves with the respective organ, following also
complex deformations or rotations not visible with other
methods. Previous research (13, 59) was hampered by low
activity and the dissociation of dose and activity, both of which
can be resolved with RIBs.

We propose a proof-of-concept study in small, rotating
phantoms that both fit into the small Volume-Of-Interest
(VOI) of the planned BARB detector and still offer a
significant motion amplitude (Figure 7). High-resolution PET
will resolve both uncompensated interplay distortion of dose and
the efficacy of motion mitigation strategies in this complex
scenario. Ideally, experiments would continue in a larger
animal model, which permits to study realistic complex motion
patterns that are difficult to simulate in phantoms. In this way,
time-resolved RIB PET provides an endpoint to test motion
detection and DIR as well as 4D-dose reconstruction and motion
mitigation strategies. This work could be continued in a later
clinical facility with human patients, but will already provide
valuable input for 4D-delivery research in the project lifetime
of BARB.

RADIOBIOLOGY

The final goal of BARB is a tumor treatment in an animal model
with RIBs. This will be the final proof of the potential of RIBs in
particle therapy, and will assess the real advantages compared to
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FIGURE 6 | LMU hybrid y-PET detector (A) A 3-layer PET detector developed at LMU Munich in collaboration with NIRS-QST. The PET detector consists of a
3-layer scintillator block, a light guide and an 8 x 8 SiPM array. (B) A flood map of the 3-layer PET detector exposed to a 22Na radioactive point source.
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stable ions. The RIB will be then directed to biological targets,
first in vitro mammalian cell cultures and finally a mouse tumor.

In Vitro Experiments

Measurement of the Relative Biological Effectiveness (RBE) is
essential in heavy ion therapy, because the RBE varies along the
Bragg peak and can be high in the distal part (60). The Local Effect
Model (LEM), coupled to the deterministic transport code TRiP98,
is used in the European clinical centers for treatment planning
(61). In fact, LEM reproduces very well the survival of mammalian
cells to both carbon (62) and oxygen beams (63). LEM assumes
that the RBE depends on the charge and velocity of the ion, so no
significant differences are expected between radioactive isotopes
and stable '*C and '°O ions. Similar RBE values for stable and
radioactive light ions at different depths in the spread-out-Bragg-
peak (SOBP) are also predicted by the microdosimetric kinetic
model (64, 65). However, models are affected by large uncertainties
(66, 67) and differences may be caused by the different nuclear
interactions and the production of secondary particles. We will
therefore repeat the dosimetry experiments using a cellular
phantom (62), where cell killing can be accurately measured at
different depths along the SOBP (Figure 8). Results of the survival
curves in Chinese Hamster Ovary (CHO) cells at different
positions will be compared to the TriP98/LEM predictions.

Animal Experiments

The final test of our method will be the first ever treatment of a
tumor by RIB. We will use a mouse model, which can be
visualized with the small Filed-Of-View (FOV) of our hybrid

FIGURE 7 | The BARB4D setup: (1) SIRMIO cage with 32 PET detectors, (2) cylindrical phantom, (3) Compton camera, (4) Amplifier circuit boards for PET detectors,
(5) translation stage, (6) rotating stage. The beam is entering the phantom from below. Right: Planned dose distribution for a static delivery with ellipsoidal target region.

detector (see LMU Detector). We will focus on an orthotopic
mouse model and, for comparison, a xenograft. Syngeneic
allografts will be prepared for abdominal tumors in nude mice,
while xenograft will be implanted in immune-competent strains.

We have previously worked on an autochthonous model of
murine soft tissue sarcoma in the mouse leg (68). In that
experiment, the tumors were irradiated with a 3-cm SOBP from
a 110 MeV/u '2C beam in the whole leg (69). With similar large
fields, we have irradiated LM8 osteosarcomas in the hind limb of
C3H mice (Figure 9) with C-ions (70). In fact, control of the
beam in the small mouse tumors would be very difficult without
online imaging. Here we aim to reduce the margins to show that
we can precisely irradiate small murine tumors whilst sparing the
surrounding normal tissue. The choice of the RIB isotope will
come from the output of the experiments in Dosimetry. A single
dose will be used, and the RIB physical dose in Gy will be
corrected for the RBE, based on the results in In Vitro
Experiments, in order to compare equally effective doses. For
the orthotopic model, we will plan the mouse treatment based on
uCT, available in our experimental room Cave M at GSI, and will
apply a very small margin of approximately 0.5 mm for a tumor,
whose diameter will be approximately 5-6 mm. The pCT data can
be imported into the MEGAIib geometry file (71) of the SIRMIO
hybrid detector (10), thus allowing full Monte Carlo simulation of
the experiment (Figure 9). We will irradiate anesthetized and
immobilized mice with a single beam port, a situation where
range uncertainty is critical. The hybrid detector prototype for
small animals will be used for online monitoring of both stable
and radioactive beams. Tumor growth will be measured every
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FIGURE 8 | Cellular phantom used for radiobiological measurements along a SOBP. The cells grow in monolayer on plastic plates that can be plunged at different
position in the tank filled with water-equivalent growth medium. Plates are then removed after irradiation and the cell survival is measured in every position. In the BARB
experiment, stable and radioactive carbon and oxygen isotopes will be used to irradiate CHO cells, under the null-hypothesis that no difference will be observed.

three days. Animals will be finally sacrificed 21 days post-
exposure and following a final CT scan. Histological analysis
will be used to determine the irradiated tissue. Our working
hypothesis is that the improved accuracy with RIB translates into
improved local control compared to stable ion treatments with
small margins that may miss the target. These experiments will
provide the best accuracy achievable in vivo with RIB and the
impact of the improved precision on the control of small tumors.

RIB as In Vivo Tracers

Additional experiments will be performed using RIBs as
radioactive tracers implanted in the tumors. The purpose will be
to clarify the role of vascular damage in single-fraction high-dose
radiotherapy (72). One hypothesis of the clinical success of single-
dose radiotherapy (73), even compared to hypofractionation (74),
is the vascular dysfunction (75) via ischemia/reperfusion injury
(76). Other authors contend that the increased effectiveness of
single-fraction is well explained by the classical radiobiology in
terms of reduced repair, i.e. increased biologically effective dose,
and no special role of the vascular system is necessary to explain

the clinical results (77, 78). A recent study using dynamic contrast-
enhanced magnetic resonance imaging in a rat tumor model
showed that high doses of X-rays or C-ions enhance vascular
damage and increase permeability of the tumor (79, 80). We have
the opportunity of using the RIB as very precise monitor of the
vascular permeability, because essentially we deposit a high
concentration of radiotracers in the tumor in a very short time.
By measuring in PET the washout of the signal with the
arrangement shown in Figure 9, corrected for the physical half-
life after low and high doses, we will assess the different vascular
permeability at different doses and will assess whether at doses
higher than a threshold this mechanism can lead to tumor control.
This will clarify whether vascular damage plays a role in high-dose
single-fraction.

CONCLUSIONS AND OUTLOOK

For many years, RIBs have been proposed as the ideal bullet for
image-guided particle therapy (29). The practical advantage of
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FIGURE 9 | (A) Mouse CT image, coronal and sagittal planes, (B) example of an osteosarcoma in the C3H mouse hind limb; (C) the proposed hybrid Compton-
PET scanner for the radioactive ion beam range verification, (D, E) the scanner configuration with the CT image of the mouse (sagittal and coronal planes are plotted,

respectively) positioned along the scanner bore.

RIB therapy compared to conventional stable-ion treatments
remains howbeit unproven. The theoretical advantage can be
estimated with a treatment planning calculation of the
dosimetric advantage gained by reducing the margins (81).
Figure 1 suggests that beam visualization with RIB can
essentially eliminate the range uncertainty (3.5% of the range),
leaving only the setup margin. We applied this concept to the
patients treated at GSI during the pilot project for adenoid cystic
carcinoma (ACC) with a boost of carbon ions after intensity-
modulated radiotherapy in Heidelberg (82, 83). We have re-
evaluated the C-ions treatment plans using robust planning and
looking at the potential reductions in normal tissue toxicity when
the clinical target volume (CTV) margin is reduced to the re-
positioning uncertainty (3 mm) only. Tolerance of the optic
nerve was set according to the recommendations of the European
Particle Therapy Network as Dy o3 <55 Gy and o/B= 2 Gy (84).
As shown in Figure 10, we found that margin reduction using
RIB leads to a significant sparing of the optical nerves in more
than 50% of the patients.

The BARB project will therefore clarify the real advantage of
RIB therapy, reaching the stage of the treatment of an animal
patient with ''C and >0 and simultaneous beam visualization.
BARB will exploit the intensity upgrade in FAIR-phase-0 and a
novel y-PET detector for beam visualization. It can be contended
that even positive and exciting results will hardly have clinical
impact, because in-flight production of RIBs would be
impractical in current medical synchrotrons. However, already
during the pilot heavy ion project at the Lawrence Berkeley
Laboratory (CA, USA), it was proposed to produce the RIBs at
low energy and then inject them in the high-energy medical
accelerator (85). The idea is to build a small cyclotron that can
produce low-energy RIBs with an ISOL system (86), and these
ions are then injected in conventional synchrotrons. A source
using low-energy electron beams for the production of ''C has
been designed and produced at HIMAC (87). Within the
MEDICIS-Promed project (88), CERN has proposed a charge
breeding scheme based on an Electron Beam Ion Source for
beam preparation of a radioactive 1C beam (89). The charge

Frontiers in Oncology | www.frontiersin.org

27

August 2021 | Volume 11 | Article 737050


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Boscolo et al.

Radioactive Beams in Radiotherapy

Right nerve spared, % scenarios

Dose, b) 12C, 3.5% range margin C) 11C, no range margin
Gy(RBE) 100 100 -
3.24 w @
3 2 8
g 75 g 75
8 8
* X
g 50 -g‘ 50
© ©
% 28
o o
s 25 s 25
c [ =4
= E=~
et et
0 0
0 25 50 75 100 0 25 50 75 100

Right nerve spared, % scenarios

FIGURE 10 | Impact of range margin reduction in robust optimization on the optic nerves sparing for a set of ACC patients. (A) Example of CT and two-field dose
distribution for one of the analyzed patient plans. CTV, optic nerves, eyes and brainstem are contoured with black, white, purple and turquoise colors, respectively. Color
bar represents the dose distribution (prescribed dose 3 Gy(RBE)). Primary goal of the robust optimization was achieving at least 95% of the prescribed dose in 95% of
uncertainty scenarios (21 scenarios in total). Graphs represent sparing of left and right optic nerves in the analyzed plans with '2C beams (B) (3.5% range and 3 mm
setup margin) and "'C plans (C) (3 mm setup margin only), respectively. Each point corresponds to a single patient case (15 patients total).

breeder is coupled to a medical synchrotron currently used for
'>C-ion therapy to treat patients with ''C using the same beam
delivery devices of conventional heavy-ion therapy (90). The
future of this ambitious project will depend on the results of the
BARB project in the coming five-year period.
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The popularity of particle radiotherapy has grown exponentially over recent years owing to
the marked advantage of the depth-dose curve and its unique biological property.
However, particle therapy is sensitive to changes in anatomical structure, and the dose
distribution may deteriorate. In particle therapy, robust beam angle selection plays a
crucial role in mitigating inter- and intrafractional variation, including daily patient setup
uncertainties and tumor motion. With the development of a rotating gantry, angle
optimization has gained increasing attention. Currently, several studies use the variation
in the water equivalent thickness to quantify anatomical changes during treatment. This
method seems helpful in determining better beam angles and improving the robustness of
planning. Therefore, this review will discuss and summarize the robust beam angles at
different tumor sites in particle radiotherapy.

Keywords: particle radiotherapy, beam angle optimization, robust planning, water equivalent pass length,
dose distribution

1 INTRODUCTION

Radiotherapy (RT) aims to deliver the prescription dose to the target lesion while causing minimal
damage to the surrounding normal tissues. Beam-angle selection and optimization play crucial roles
in obtaining satisfactory dose distributions. Angle optimization varies with different types of beams
owing to the different depth-dose curves. In conventional RT, the photon beam exhibits a
characteristic pattern of deposited dose distribution that has an initial dose buildup on the
patient’s surface and decreases as penetration depth increases on entering the body (1).
Consequently, the doses at the surface and the normal tissue upstream of the target are usually
higher than those at the target. Thus, conventional RT normally involves applying multiple beams
with various angles while modulating the beam intensity to address this concern; thus, the
prescribed dose is comparably easy to guarantee by image-guided RT (IGRT) (2). Conversely,
the dose distribution deposited by the particle (proton and carbon) beam exponentially increases to
a sharp maximum at the end of the trajectory. This is known as the Bragg peak (1, 3). Hence, particle
RT can obtain a satisfactory dose distribution with very few beams (only two to four beams are
usually required). Recently, a number of studies (4-12) have reported promising clinical outcomes
with particle therapy for various tumors.

However, the uncertainty in particle therapy is far more complicated than photon RT, mainly because
of the presence of dose perturbation caused by intra- and interfractional changes (13-17). The beam
range may vary in daily treatment due to the uncertainty of anatomical changes, thereby leading to
severely insufficient dose coverage and overirradiation of organs at risk (OAR), wherein the accumulated

Frontiers in Oncology | www.frontiersin.org

32 September 2021 | Volume 11 | Article 715025


https://www.frontiersin.org/articles/10.3389/fonc.2021.715025/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.715025/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:sakai-m@gunma-u.ac.jp
https://doi.org/10.3389/fonc.2021.715025
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.715025
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.715025&domain=pdf&date_stamp=2021-09-21

Zhou et al.

Angle Optimization in Particle Therapy

dose volumes covered by 95% of the prescribed dose (V95%) of the
clinical target volume (CTV) could drop by approximately 1-10%
in thoracic and abdominal tumors with bone matching registration
(18-23). To mitigate the uncertainty, research has increasingly
focused on robust planning for particle RT. Selecting a beam
angle arrangement that can maintain robust dose distribution
against intra- (e.g., respiratory motion and gastrointestinal gas
movement) and inter- (e.g., setup error and shape change of
organs and tumor) variation, defined as robust beam
arrangement, is an effective method. Because the variation in the
beam range mainly depends on the beam direction, multiple factors
should be carefully considered in selecting the beam arrangement of
particle RT, such as minimal path length, sparing of nearby OARs,
maintaining the beam path as homogenous and continuous as
possible, and optimization in the position of both the proximal and
distal side of the spread-out Bragg peak (SOBP). In general, the basic
principle of angle optimization is to select a particle beam angle
where the beam range is relatively robust while avoiding vital organs
in the beam path.

With the wide application of the rotating gantry in treatment in
recent years, research on angle optimization has also received more
attention than previously (Figure 1), and the concept of robust
beam arrangement is emerging. This is important to enable
selection of beam angles that can avoid the uncertainties of
anatomical changes along the ray path to achieve satisfactory dose
distribution. Thus, this report will primarily review recent research
on plan optimization with robust beam angle in particle RT in
various tumor sites, which may provide a reference, along with
other related information, for physicians in treatment planning. All
the descriptions of the angle in this article refer to Figure 2.

2 DEVELOPMENT OF BEAM DELIVERY
SYSTEMS IN PARTICLE RT

Particle RT was first used clinically in the 1950s (24) with a fixed
beam field system. This system can provide horizontal and/or

vertical fields, and a 45° angle field has recently been available in
some facilities (25, 26) (Figures 3A, B). More beam angles can be
obtained by adjusting the couch angles (usually within +£15°).
However, these angles remain limited in terms of various clinical
requirements. Additionally, there may be potential uncertainties
in positioning reproducibility when adjusting the couch angles
(29). Rotating gantries were developed to solve this problem. In
1991, the Loma Linda University Medical Center became the first
hospital-based proton therapy center to have a rotating gantry
(30). This rotating gantry can rotate 360° and is composed of
several normal-conducting magnets, which means that it can
bend proton beams at the desired angles. Presently, rotating
gantries have wide application in proton RT and have become
standard practice. In addition, some centers equip their
treatment rooms with a partially rotating gantry to save space
and cost (27) (Figure 3C). Although gantries are commonly
available for proton therapy, fixed fields are still in use. However,
it is extremely difficult to integrate a rotating gantry into a
carbon-ion facility. The required magnetic rigidity for carbon
beams with an energy of 430 MeV/u is approximately three times
higher than that for proton beams of 250 MeV/u energy. Hence,
the size and weight of the gantry structure for carbon beams
would become considerably larger. In 2009, the first C-ion
facility with a 360° rotating gantry was installed at the
Heidelberg Ion-Beam Therapy Center; it has a magnetic
rigidity of 6.6 Tm, a range of carbon-ion energies between 50
and 430 MeV/u, and a gantry that is roughly 26 m long and
weighs 600 tons (31). Owing to its large size, weight, and cost, it
is difficult to commercialize a rotating gantry for use in carbon-
ion radiotherapy. To promote this technique, the first compact
rotational gantry composed of superconducting magnets was
developed successfully at the National Institute of Radiological
Sciences (NIRS) in 2015 (28). This specific gantry can transport
ions with energies of 48-430 MeV/u. The superconducting
rotating gantry weighing 300 tons and 13 m in length had its
weight and length significantly reduced compared to older
models; the performance was also comparable to those of
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FIGURE 1 | The number of particle therapy centers in operation and publications on “angle optimization” in the past 10 years (2010-2020). The number of facilities
was verified on the webpage of the Particle Therapy Cooperative Group (PTCOG https://www.ptcog.ch/). The papers were filtered by searching for the following
keywords: “carbon ion radiotherapy” OR “proton radiotherapy” OR “angle optimization” using Google Scholar (https://scholar.google.com/).
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185° for proton therapy at Barnes-Jewish Hospital (27) (Source: Missouri Medicine, Copyright 2015. Used with permission); and (D) treatment room with the
superconducting rotating gantry at the National Institute of Radiological Sciences (28) (Open Assess).
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proton gantries in operation (Figure 3D). Currently, a better
improved version of a gantry is being constructed at Yamagata
University (32). In summary, the development of a compact
rotating gantry plays a crucial role in promoting gantry system
for particle therapy, especially carbon-ion therapy, worldwide.

3 WATER EQUIVALENT THICKNESS IN
ANGLES SELECTION

The agreement between the tumor position and the spread-out
Bragg peak is important for particle RT, particularly with
thoracic and abdominal tumors. Anatomical motion, mainly
caused by respiratory and gastrointestinal activity, can take the
tumor out of the irradiation field, which may significantly
degrade the target dose. Therefore, tumor motion tracking
technologies, which mainly involve external motion tracking
and internal tumor tracking, have been widely applied in
particle RT. External motion tracking can provide tumor
movement information by monitoring the respiration using
respiratory-correlated imaging, while internal tumor tracking
can monitor, in real time, the tumor position directly, with or
without fiducial markers (33). Using gated CT, a relatively stable
tumor position can be obtained for planning and irradiation, and
a 30% amplitude level is generally used in clinical practice (33,
34). However, this is not sufficient compensation for particle RT
because the potential changes in surrounding tissues caused by
tumor motion should also be considered. Additionally, some
anatomical variations in the particle beam path, such as
gastrointestinal deformation, have a great impact on the beam
range and affect the dose distribution (35, 36). Thus, accurate
knowledge of the beam range of a particle beam is very important
for particle RT. The range of particle beams is usually calculated
in terms of the water equivalent thickness (WET), which is the
radiological thickness of all the materials along the path
converted to the thickness of water. Many studies have
quantitatively analyzed the dose distribution with WET
variations (36-38). Chang et al. (37) and Yu et al. (38)
concluded that the variation in the dose that covers 95%
(D95%) of CTV is <1% when the WET variation is <5 mm in
thoracic cancers. Thus, the WET variation can serve as a metric
to quantify the impact of anatomical change, thereby optimizing
beam angles.

4 ROBUST BEAM ANGLE SELECTION

4.1 Thoracic Malignancies

4.1.1 Lung Cancer

Currently, horizontal and vertical fields are commonly used to
treat lung cancer in facilities using fixed fields (18, 19). To obtain
a satisfactory dose distribution, the beam angles are usually
adjusted by £15° roll (obtained by rotating the couch along the
long axis) according to the tumor site. However, the accumulated
doses are sometimes insufficient even in cases in which the

internal margin is obtained by four-dimensional computed
tomography (4D-CT) because of potential interfraction
deviation between treatment fractions. Li et al. (19) reported
accumulated doses in 10 patients using fixed fields, wherein the
dose distributions of three cases were unacceptable and the worst
CTV D95% decreased from 100% to 70.4%. To verify both intra-
and interfractional robustness of the current beam angle
arrangement, several studies (36, 37, 39) incorporated 4D-CT
or images with the breath-hold technique to derive a map of the
WET variation to the target (for all relevant studies, beam angles
that enter the contralateral lung were excluded) (Figure 4).

Chang et al. (37) calculated the intrafractional WET variation
over 350° with a rotating gantry and concluded that the
intrafractional WET variation is minimal around the anterior
and posterior directions and that more than 80% of voxels of the
internal gross tumor volume have a WET variation of <5 mm in
the anterior and posterior directions. Matney et al. (36) reported
similar results. However, Casares et al. (40) illustrated that, in
peripheral lung cancer, the WET variation of the gantry angle in
the right lateral direction (240-270°) is minimal (average WET
variation <5 mm) in intrafractional change. This may be due to
the fact that all beam paths in this study were less affected by
diaphragm movement and were comparably shorter at 240°-
270°. This indicates that the tumor location (peripheral or
central) plays a role in beam angle selection. However, there is
limited clinical evidence, and further studies with larger samples
are required.

The interfractional changes in WET could be caused by
changes in normal tissue or possible tumor displacement and
tumor volume changes during the treatment course. It has been
observed that the minimum WET change (<3 mm on average)
could be obtained in the posterior direction (gantry angles range,
160°-200°) under breath-hold CT, particularly for locally
advanced lung cancer, which is associated with a greater
potential for interfactional changes in WET than early-stage
non-small cell lung cancer, due to larger tumor volume and
longer treatment duration than early-stage non-small cell lung
cancer (39). Another study (41) reached similar conclusions by
simulating the tumor baseline shift and selecting beam angles
corresponding to the minimal WET change to compare with the
original treatment plan. These results indicated that new gantry
angle configuration (295°, 230°, and 185°) with setup
uncertainties was more robust than those originally planned
(145°, 245° and 345°). Furthermore, lung relative volumes
receiving more than 5 Gy (Vsgy) (26.5 vs. 28.5 Gy) and spinal
cord Dy, (21.7 vs. 249 Gy) were lower than those originally
planned, although the results showed slightly worse heart Dy;ean
(1.8 vs. 0.2 Gy). Additionally, variations in anterior chest wall
thickness appear more obvious than those in the posterior wall in
fixed anterior—posterior (AP) fields (42). The mean variations in
chest wall thickness in the anterior and posterior beams were 2.3
and 1.7 mm, respectively. The greatest changes in thickness were
in the upper lung (5.2 vs. 2.1 mm). Thus, the posterior angle
appears to be more robust than the anterior angle in the
interfraction. This result has also been confirmed by other
studies (39, 41).
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of beam angle (37) (Source: Elsevier. Used with permission). (B) The mean (blue), median (black), and 95th percentile (red) of the absolute value of the AWET of
intrafractions as a function of beam angles (36) (Open Assess). (C) The absolute difference of water equivalent path length (WEPL) (same as AWET) of interfractional
variation as a function of the beam angle for locally advanced lung tumor. The black dots indicate the median value over all beam angles, the blue box indicates the
5th and 75th quartiles, and the blue bar indicates the range of AWEPL (39) (Source: Taylor & Francis. Used with permission).
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Beam angles around the anterior and posterior directions
appear to be the most robust in the majority of situations with
4DCT, although beam angles around the posterior direction are
probably the better option for dose degradation in the
interfractional changes. The dose difference in the OARs
between different beam angle arrangements appears small.
However, they may not be suitable for some tumor positions,
such as peripheral cancer, and nearby vital organs need to be
considered as well. Additionally, it should be noted that all the
above studies were performed in the supine position setting. For
facilities with fixed fields, the posterior beam is irradiated in a
prone position setting, which may result in slightly
different results.

4.1.2 Esophageal Cancer

The motion of esophageal cancer is small under free breathing,
accounting for only 1.6 and 1.4 mm in AP and right-left (RL)
directions, respectively (43). However, the intrafractional dose
change is significant for different beam configurations.
According to a study on intrafractional variation by 13 gantry
angle arrangements (44), the anterior (0°) and/or posterior
(180°) fields and oblique posterior fields (combinations of 155°
and 205°, 135° and 175°, and 185° and 225°) are more reliable for
treatment planning than the bilateral horizontal fields or gantry
angle arrangements in the horizontal and vertical directions. The
V95% in the planning target volume (PTV) of all 4DCT phases
was >80% in the oblique posterior field (compared to 50%-95%
in the horizontal fields). Additionally, a study with 4DCT
examined the WET changes for coplanar beam angle in the
supine position and estimated that the average of WET changes
on the maximum inhale and exhale phase is minimum (the WET
reached approximately 5 mm) around 0° (gantry range, 320°-

60°) and 200° (gantry range, 180°-220°); it becomes maximum
(WET =20 mm) around the bilateral horizontal directions (38).
Thus, the anterior and posterior directions appear to be the most
robust angles. The most likely explanation for this finding is that
the posterior fan-shaped area containing the esophagus is
relatively stationary with respect to diaphragm movement
because the diaphragm is attached to the lumbar spine through
the left and right crus tendons (38). For OARs, Zeng et al. (45)
compared the planning dose distribution with the following
three beam gantry angle arrangements under respiratory
motion with 4DCT: PA (one posterior field), AP (anterior and
posterior fields), and LPO (posterior and left posterior oblique
fields). The authors found that the PA plan reduced the
accumulated dose in the 4DCT of the heart, lungs, and liver at
the cost of a slightly higher spinal cord maximum dose (Dmax),
while compared to the AP/PA, the PA plan significantly reduced
the heart Dy,eo, (14.10 vs. 24.49 Gy), stomach Dyeap (22.95 vs.
31.33 Gy), and liver D,y (3.79 vs. 5.75 Gy). Compared to the
LPO, the PA plan achieved better lung V5Gy (17% vs. 30%).
Although the PA plan resulted in higher spinal cord D,y (44.50
vs. 35.79 vs. 35.15 Gy) than AP and LPO, it was still acceptable.

In summary, even if slightly higher in spinal cord D,y
posterior beams between 150° and 220° should be recommended
for esophageal cancer with 4DCT in treatment planning.

4.2 Abdominal Malignancies

4.2.1 Pancreatic Cancer

Box arrangements with four fixed fields (anterior, posterior, and
bilateral horizontal directions) are commonly used in the particle
plan for pancreatic cancer. However, some beam angles of the
fixed four fields may cause dose coverage reduction due to
anatomical changes (20-22, 35). A previous study (35) found
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that although particle therapy plans with respiratory
management taking 4D-CT results into consideration
effectively mitigate uncertainties of respiratory motion, dose
distributions in the anterior and left direction beams are still
affected by intra-fractional deviations (Figure 5), and the CTV
D95% was degraded from 98.2% to 88.3%. This decrease in the
dose distribution is also caused by interfractional changes, and
the internal CTV (ICTV) D98% of the accumulated dose
declined by approximately 16.0% in another study (21). A
possible reason for this is that intra- and interfractional
gastrointestinal movements in the ray path greatly affect the
target coverage.

Thus, angle optimization is a field where one prefers to focus
on avoiding gastrointestinal movement to mitigate uncertainties
upstream of the target. Pancreatic tumors are seen in limited
locations compared with lung and liver tumors; thus, it seems
easier to find an optimal beam angle arrangement for most
patients. Currently, some facilities with a rotating gantry (46-48)
recommend posterior oblique beams as a standard proposal.
The study reported by Batista et al. (46), which analyzed the
robustness of the treatment plan under the impact of interfractional
change with six different beam angle arrangements, found that the
single anterior field in the supine position showed the worst
coverage (88.7%) and that the two oblique posterior angle
arrangements could substantially reduce the impact of
interfractional changes to maintain the dose coverage. Yet,
another study (47) concluded that a single posterior field
appeared to be the most robust plan for different topographical

conditions. However, particular attention should be paid to the
spinal cord and left kidney, which may be irradiated with a higher
dose than the doses in the four-field box treatment (46-48).
Opverall, a better beam angle arrangement seems to be possible in
the posterior direction (the range 150°-245°) for pancreatic cancer,
although the dose administered to the kidney and spinal cord
should be monitored.

4.2.2 Hepatocellular Carcinoma

The conventional beam angle used in hepatocellular cancer
treatment is the fixed horizontal and vertical beam fields, and
each field is adjusted within the very restricted limits roll of £15°
by couch depending on tumor location. The robustness of the
fixed field for hepatocellular carcinoma appears to be
satisfactory. The dose degradations caused by intra- and
interfractional changes seem acceptable. Kubota et al. reported
that D98% of CTV changed from 99.87% (plan-dose) to 99.20%
(intra-dose) and 96.0% (inter-dose) (23). However, the number
of samples used in the study was small (only 10 cases), and the
insufficient statistical power limits the generalization of these
conclusions. Yang et al. (49) studied the effect of the anatomical
changes of gastrointestinal filling or liver deformation with three
or four beam angles on the liver side with a rotating gantry and
found that the average of accumulated dose decreased by only
2.5% (D98% to CTV from 68.90 to 66.48). However, the coverage
of some cases was insufficient, and further analysis of the dose
degradation revealed that the difference in WET between the
planning CT and CT-on-rail of the last fraction showed a

F G

FIGURE 5 | Dose distributions of a carbon ion RT in axial sections. The top images show the dose distribution of planning CT (A), the dose distribution with a delay
time of (B) 35 s (intra-CT), and (C) 145 s (intra-CT), respectively. Beam overshoot (yellow arrows) and undershoot (white arrows) were observed at scan intervals of
35 and 145 s. The bottom images show the dose distributions of (D) 0°, (E) 90°, (F) 180°, and (G) 270° at 145 s. The green and yellow lines show the shapes of
the gross tumor volume and the clinical target volume, respectively. The rainbow contours show the dose distribution (35) (Source: Elsevier. Used with permission).

Frontiers in Oncology | www.frontiersin.org

37

September 2021 | Volume 11 | Article 715025


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Zhou et al.

Angle Optimization in Particle Therapy

noticeable change (the maximum WET change >30 mm), which
was observed at 40°, and the smallest WET change of the beam
angle was between 230° and 330° (WET change <5 mm) (49)
(Figure 6A). The authors then evaluated two strategies based on the
minimum values of WET changes (four gantry angles of 325°, 295°,
265° and 235° and seven gantry angles of 30°, 5°, 340°, 315°, 290°,
265°, and 240°) and compared these with the original gantry angle
arrangement (25°, 355°, 325° and 295°). There was a clear
improvement in dose coverage of both revised plans, and CTV
D95% exceeded 95%, although the normal liver tissue dose was also
increased, as shown in Figure 6B.

Generally, avoiding cavity organs (range of gantry angles
between 230° and 330°) will make the plan more robust but
carries the risk of increasing the normal liver tissue dose. In
addition, fixed fields treatment for hepatocellular carcinoma may
be acceptable under stringent management of the tumor
movement with daily CT verification, although studies
involving large samples are required to investigate this further.

4.2.3 Prostate Cancer

Particle RT in prostate cancer uses the bilateral horizontal
direction as a regular beam angle in many clinical centers.
However, with this arrangement, the anterior aspect of the
rectum is within the lateral penumbra of the particle beam,
and this is associated with a high risk of rectal injury, particularly
involving the anterior rectal wall (ARW). To mitigate the high-
dose distribution to the rectum and femoral head, many studies
(50-52) tried to optimize beam angles instead of using bilateral
horizontal beams. Tang et al. (51) attempted two strategies,
namely, the straight anterior field and the two anterior-oblique
fields with gantry angles of +30° from the vertical and compared

AWET (cm)

Beam Angle (°)
A

© Beam angles of the original 4-field plan

A Beam angles of the WET based 4-field plan

© Boam angles of the 7-field IMPT plan

these with the bilateral horizontal field. The study found that the
proposed arrangements were superior to the conventional
bilateral horizontal fields with regard to sparing the rectum
and ARW (with anterior, two anterior-oblique, and bilateral
direction beams; rectal V95% were 1.2%, 0.8%, and 9.4% of the
prescribed dose, respectively) (Figure 7). The anterior-oblique
beam angles could be more sensitive than the bilateral horizontal
angles for interfractional change. Moteabbed et al. (52) verified
the robustness of the anterior-oblique gantry angle ( + 35°) for
interfractional change and found that the accumulated dose
showed an obvious decline. The average V100%/D95%/Dycan
of the CTV in the anterior-oblique beam plan dropped by 10.6%/
3.2 Gy/0.5 Gy, respectively, compared with the planned dose,
whereas the reduction in the bilateral horizontal beam plan was
only 0.7%/0.1 Gy/0.1 Gy, respectively.

Anatomical variation is a possible cause of target coverage
reduction. Prostate displacement is mainly caused by variations
in the bladder and rectal volume (53). The variation in rectal
volume is irregular, and intrafractional variation is expected to be
smaller than interfractional variation because the intrafractional
variation of the bladder volume and respiratory motion are
small. Thus, a treatment plan that is robust to interfractional
variation is also expected to be robust to intrafractional variation.
Many clinical centers have investigated prostate displacement
(50, 53, 54). Intrafractional prostate motion was found to occur
predominantly in the anteroposterior direction far beyond the
RL direction (54). The mean magnitude of intrafractional shifts
(= SD) was 0.01 + 0.4 mm, 0.2 = 1.3 mm, and 0.1 + 1.0 mm in
the left, anterior, and superior directions, respectively. Another
study (50) reported similar results in carbon RT for
interfractional movement. Therefore, the two parallel-opposed

FIGURE 6 | (A) The black line is the AWET (the difference of water equivalent thickness between the planning CT and the CT-on-rail) curve. The beam angles of the
original IMPT plan (25°, 355°, 325°, and 295°), the WET-based four fields plan (325°, 295°, 265°, and 235), and the revised seven fields plan (30°, 5°,340°, 315°,
290°, 265°, and 240°) are indicated with the red circle, the green triangle, and the blue circle, respectively. (B) The axial view of the same planar doses and fields for
(a) the original IMPT plan, (c) the IMPT plan with beam angles of the minimum values of AWET, and (e) the seven-field IMPT plan. The dose—volume histograms of the
planned dose (solid line), the accumulated dose (dashed line), and the bands for all fractional doses of (b) the original IMPT plan, (d) the IMPT plan with beam angles
of the minimum values of AWET, and (f) the seven-field IMPT plan (49) (Source: Elsevier. Used with permission).
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FIGURE 7 | (A) Examples of dose distributions for two parallel-opposed lateral fields, (B) one straight anterior field, and (C) two anterior-oblique fields in an axial
plane. The prostate, rectum, anterior rectal wall, bladder, bladder wall, and femoral heads are outlined by cyan lines (51) (Source: Elsevier. Used with permission).

horizontal beam arrangements are more robust than the vertical
fields, and the AP may be carefully selected when the dose
description cannot be guaranteed with the bilateral horizontal
fields in particle RT.

4.3 Head and Neck Malignancies

Achieving an effective treatment plan is particularly challenging in
photon RT for head and neck (HN) malignancies, as multiple vital
organs around the tumor must be considered. Although particle RT
can provide superior dose distribution in tumors and OARs, the
distribution is very sensitive considering the proximity of OARs and
significant heterogeneities of the HN region.

Toramatsu et al. (55) used the heterogeneity of the trajectory as
an indicator to select the beam angle. When a pencil beam passes
through a high heterogeneity region, the Bragg peak position
becomes unarranged, leading to a gentle dose distribution at the
distal fall-oft region, which tends to worsen the dose distribution.
The dose distributions were significantly improved with this
method compared with those with the manually selected beam
angles in HN cancer patients (Figure 8). In addition, the dose
distribution was robust against a setup error of +2 mm and a range
calculation error of +2.5% (the variation of CTV D95% was reduced
to 7.8%-8.2% compared to 8.7%-24.6% for manual selection).

Gu et al. (56) developed a method considering worst-case
optimization and heterogeneity to investigate robust planning in

proton therapy with a gantry against setup errors of £3 mm and
range calculation errors of +3%. The worst-case optimization will
be discussed later in another section. After optimization of the
treatment plans of two bilateral HN cancer patients, three non-
coplanar beam directions were selected for each patient, and dose
distributions were compared with the plan of the manual beam
arrangement method. Against both the setup and range
calculation error, the lowest CTV D95% increased while
sparing OARs.

In the HN region, intrafractional changes are relatively unlikely,
while interfractional changes associated with tumor shrinkage and
body mass changes have a large impact. Some studies reported that
the accumulated dose to the CTV D95 was decreased by
approximately 10% due to tumor volume changes (shrinkage or
growth) (57, 58). Kim et al. (59) estimated the angular dependency
of geometric changes in the HN tumor using the variation of WET
to guide beam angle selection. Their results indicated that posterior
oblique gantry angles (120°-160°) and the anterior angle (0°) were
the most sensitive and that the WET changes were minimal in the
anterior oblique beam gantry angle (40°-90°) for the left side of the
tumor. The authors recommended single or bilateral anterior
oblique beams as a robust beam angle arrangement.

Regarding the tumors located in the nasopharynx, and
sinonasal region, the robustness of dose distribution should
consider not only tumor shrinkage but also aeration changes.
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FIGURE 8 | Comparison of dose distributions between selected fields based on low tissue heterogeneities and treatment fields. Panels (A, C, E, G) represent dose
distribution and the corresponding DVH in the CTV of the manually selected beam angles, and panels (B, D, F, H) indicate dose distribution and the corresponding
DVH in the CTV of selected fields based on minimal tissue heterogeneities. The gantry and couch pitch angles are 8 and ¢, respectively. The CTVs are visible in red.
The solid lines in panels (C, D, G, H) are DVHs for the dose distributions without setup and range errors. The shaded areas are the variation of the DVHs with range

Some studies (60-62) have found that the high irradiation area
shifts forward or backward in the direction of the beam as the
aeration within the irradiated cavity increases or decreases.
Shusharina et al. (61) revealed that the non-involving beams
crossing the sinus cavities were the most robust to change in
aeration and that with posterior beam directions, aeration
changes affect only the exit dose; therefore, the dose
distribution was not substantially compromised.

In summary, the heterogeneity of the HN region and the
variation in tumor size and aeration need to be considered. In
choosing an angle, one must take into account the possibility of
increasing dose to critical organs due to the change of the beam
range. Despite the great complexity of the HN region, only a
limited number of studies with a relatively small number of cases
have been reported. Therefore, the possibility of a robust angle
remains to be proven. It is necessary to conduct further studies
with a large number of cases for each site.

4.4 Intracranial Malignancies

Intracranial tumors are an important target of particle
radiotherapy because the physical property of particle therapy
allows the suppression of the dose to vital organs, especially the
normal brain. In addition, the intracranial tumor is generally
located in the region that is surrounded by the skull bone,
indicating that anatomical changes are minimal, and it is
generally easy to irradiate as expected. However, the effects of
range calculation errors, setup errors, changes in tumor volume,
and intracranial edema are unavoidable.

For example, in the case of whole brain irradiation and
craniospinal irradiation, robustness is important because the
brain is irradiated close to many important organs in the HN
region, among which the lenses are the most important due to
the high sensitivity to low-dose irradiation. Farace et al. (63)

error (£ 2%) and setup error ( = 2 mm) (55) (Source: IOP Publishing. Used with permission).

evaluated the robustness of the treatment plan with three gantry
angle beam arrangements (90°, 270° and 180°) in 12 patients by
worse-case robust evaluation (3.5% range uncertainty and 2 mm
setup errors) and compared the dose distribution with two
different beam arrangements (two oblique-posterior and two
opposed-lateral gantry angles). The results showed that the
treatment plan with three fields in the worst scenario still
provided adequate target coverage (D98% to PTV >97%) while
maintaining lower OARs, among which the lens D« (9 GyE)
was lower than that of the other beam arrangements in the
nominal scenario (15.7 GyE in two oblique-posterior and 17.5
GyE two opposed-lateral gantry angles).

In addition, due to the extremely complex intracranial
structure, the robustness of the plan should consider the tissue
heterogeneities of the intracranial region as well, especially for
the skull tumor, because high heterogeneity makes the plans
sensitive to setup uncertainties and range calculation errors (16,
17, 64). Thus, Ammazzalorso et al. (65) attempted to create a
robust plan accounting for setup errors minimizing
heterogeneity for skull base tumors. Compared to a
conventional plan with manually selected directions (lateral-
opposed beam angles), the losses of the dose coverage to CTV
(CTV V95%) significantly declined in the plan with minimal
heterogeneity-based beam arrangements. Similar results have
also been found by Gu et al. (56)

The positional relationship between beam angles and
intracranial edema is also important. Intracranial edema
should be avoided when selecting the beam angle because the
dose to the OARs at the downstream may increase as the edema
shrinks. Lassen-Ramshad et al. (66) studied the impact of a
change in the volume of intracranial edema on plan robustness
and indicated that the dose distribution for the OARs changed
significantly as the edema along the field gradually disappeared.
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D pax of the optical nerve and the brainstem increased by 6.4 and
5.1 Gy, respectively.

In summary, the plan with the beam angles avoiding the
edema and high heterogeneity region along the beam path may
help improve the treatment robustness.

5 AUTOMATIC ANGLE SELECTION

Currently, beam angle arrangement is often manually selected based
on the planner’s experience. However, beam angle optimization in
particle RT is extremely complex due to the need to consider the
dose distribution and the uncertainty factors such as setup errors,
range calculation errors, and intra- and interanatomical changes.
Thus, beam angle optimization using computational algorithms is
more likely to become a common trend for particle RT. In recent
years, automatic angle optimization algorithms for particle RT have
been proposed by several studies (55, 56, 67-69) with attempts to
select the optimal beam angle configuration by optimizing one or
more uncertainty factors.

Previously, we discussed in detail the automatic angle selection
with quantification of heterogeneity on patients with HN tumors
(55, 56). Another study (67) involving patients with lung cancer
used a similar method to assess the angular dependence of the
heterogeneity variation along the path. Angle selection was based on
minimizing heterogeneity, ensuring a satisfactory dose distribution
(the path length is maximized within PTV while minimized within
OARs) and minimizing the overlap of beam trajectories. The results
indicated angles between 300° and 350° as the optimal beam gantry
angles for left central lung cancer. This result appears to contradict
the studies mentioned above, where the optimal beam is around the
posterior directions. This discrepancy may be explained by the fact
that although the posterior beam angles may be robust angle against
anatomic changes, an obvious variation in heterogeneity is observed
in the posterior direction because the beam passes through complex
structures such as the spine.

The worst-case robust optimization is one of the main topics
in robust planning research on particle RT, which normally seeks
to optimize dose distribution based on the selected beam angle
arrangement. Even if the selected beam angle arrangement is
sensitive for anatomic changes and includes obvious setup errors
and range errors, the worst-case robust optimization tries to
maintain the robustness of dose distribution, but it may cause
more dosimetric compromise. Thus, it is interesting to combine
robust beam selection and the worst-case robust optimization.
Cao et al. (68) developed algorithms of automatic angle selection,
based on the worst-case optimization, and tested these in three
patients with prostate cancer patients. The worst-case robust
optimization simulates multiple-dose distributions caused by
possible uncertainties (such as range uncertainty and setup
error). The worst-case dose distribution comprises the
minimum (in the target area) and the maximum (in the
normal tissue) dose for each voxel. This study manually
selected candidate beam angles in advance, and each candidate
beam was exchanged with one of its neighbors by a local
neighborhood search algorithm; then, a comparison was made

between dose distributions that were optimized by worst-case
optimization to select improved angle arrangement. In the study
by Cao et al, lateral gantry angles (90° and 270°) were mostly
selected in optimized beam angle arrangements of prostate
cancer. These findings are comparable to the results presented
above. Additionally, a further study (69) used the same method
to select three gantry angles (10°, 140°, and 270°) as the optimal
beam angle arrangement, indicating that the worst-case robust
optimization tends to emphasize the horizontal angle to provide
a more uniform dose coverage, while limiting dose coverage by
the vertical angle (10°) (Figure 9). It also shows that the
horizontal beam is more robust than the vertical angle, which
confirms the above conclusion. However, it is unrealistic to
handle the algorithm with full angle optimization and to
promote its clinical use because of the extremely long
running time.

Automatic angle selection can take into account various
indices and can even select non-coplanar beams. This will
improve the possibility of minimally invasive treatment. On
the other hand, current automatic angle selection is mainly
limited to optimization based on the planning-CT information.
Heterogeneity is strongly related to setup error and range
calculation error and may be robust to interfractional
changes. However, it is difficult to take into account the
robustness against respiratory movement and anatomical
changes only with the planning CT. With the accumulation
of further research, the robustness to respiratory motion and
anatomical changes should be statistically investigated and
incorporated into automatic angle selection methods.
Automatic angle selection could be improved by combining
with the WET-based angle selection methods, such as the
studies introduced in the previous sections.

6 DISCUSSION

Currently, the number of particle therapy facilities is rapidly
growing worldwide owing to the advantages of their physical and
biological properties. However, robust planning for particle RT
remains a considerable challenge. Various methods, including
angle optimization, have been proposed to mitigate
uncertainties. As the rotating gantry opens new applications,
angle optimizations have the opportunity for an in-depth study.

The robust angle selection in particle RT is completely
distinct from photon therapy owing to the great advantage of
the depth-dose curve. Thus, optimizing beam angles from the
viewpoint of WET variation can serve as a metric to quantify the
impact of anatomical change, thereby improving the overall
robustness of the beam angles. In this article, we summarized
the relatively robust beam angles at different tumor sites. For
thoracic tumors, particularly esophageal cancer, clinical beam
angle arrangement around the posterior direction should be
considered first (36-45). In abdominal tumors, the beam angle
arrangement avoiding the gastrointestinal tract will improve the
robustness of the dose distribution (46-52). Although we could
conclude that angle optimization is an effective method for
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FIGURE 9 | Dose distributions for each beam angle in the transverse plan for comparing the nominal plan and worse-case robust plan of three-beam IMPT plan for

improving the robustness of the dose distribution, the
appropriate directions vary greatly depending on the location
of the tumor, particularly in the lungs and HN region, and
further studies with larger numbers of cases for each site
are needed.

To select optimal direction beams, a flexible and compact full
360° gantry represents a powerful option for particle RT.
However, the wide application of the rotating gantry in particle
centers, particularly for carbon-ion radiotherapy, is limited by
the high cost and large floor space requirements. Additionally,
based on the conclusions presented above, most robust angles
may be implemented by a partially rotating gantry (27).
Therefore, it may be reasonable to encourage the use of
partially rotating gantries in particle therapy in view of the
lower associated costs and smaller space requirements.

While some studies reviewed in this article have proposed
certain fixed angles as optimal angles, in our view, a range of
angles should be recommended as a reference for beam selection.
It may also be helpful for arc therapy. In recent years, arc therapy
in particle therapy has gained increasing attention due to the

rotating gantry and spot-scanning technique used in a wide range
of applications. Ding et al. (70) first proposed the spot-scanning
proton arc (SPArc) as a novel arc optimization algorithm.
Compared with IMPT, SPArc based on robust optimization has
been demonstrated to provide more conformal dose distribution
and a significantly lower dose of OARs in HN cancers, lung
cancer, and prostate cancer, and, specifically, parotid Dy,e.n
decreased by 30% (70); the average lung V5 and V20 for lung
doses decreased by 4.6% and 3.2%, respectively (71); and rectum
V30 and mean dose were reduced by an average of 12.13% and
7.32 Gy, respectively (72). Moreover, SPArc shortened the total
delivery time (70-72). The knowledge of the range of robust angles
remains important because the planner can select the arc or adjust
the weight of certain directions within the arc by referring to the
range of robust angles. However, some obstacles remain, such as
developing a submillimeter accuracy rotating gantry and
implementing a new arc quality assurance program. Although
further multicenter studies involving large samples are required to
assess the robustness and quality assurance of arc therapy in
particle therapy, proton and carbon-ion arc therapy with a more
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flexible and compact rotating gantry represent promising
strategies for the future.

Automatic angle selection algorithms have been an important
focus in radiotherapy. For photon therapy, several automatic
angle optimization algorithms have been applied, such as class
solutions (73). However, automatic angle optimization
algorithms of particle RT are currently limited and not widely
available in the treatment planning system. To date, research on
the optimal angle selection is limited, and the number of cases
involved is small. Moreover, it is difficult for a single study to
consider all aspects (setup errors, range errors, and intra- and
interfractional anatomical changes) to optimize beam angle
selection. At present, it may be difficult to fully consider the
anatomical changes in the studies of automatic angle
optimization algorithms. Additionally, it is often necessary to
manually select the range of candidate beams before applying the
algorithms mentioned in this article. Thus, the robust angles
based on the WET change discussed in this article may be used as
a reference and a help for automatic angle selection.
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With the increasing technological maturity and further
development of imaging technologies in particle RT, robust
angle selection will become more precise and individualized,
improving the effectiveness of particle RT.
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Purpose: To investigate the potential clinical benefits of using stereotactic body radiation
therapy (SBRT) with simultaneous integrated boost (SIB) technique for locally advanced
pancreatic cancer (LAPC) among different treatment modalities and planning strategies,
including photon and proton.

Method: A total of 19 patients were retrospectively selected in this study: 13 cases with
the tumor located in the head of the pancreas and 6 cases with the tumor in the body of
the pancreas. SBRT-SIB plans were generated using volumetric modulated arc therapy
(VMAT), two-field Intensity Modulated Proton Therapy (IMPT), and three-field IMPT. The
IMPT used the robust optimization parameters of + 3.5% range and 5-mm setup
uncertainties. Root-mean-square deviation dose (RMSD) volume histograms were used
to evaluate the target coverage robustness quantitatively. Dosimetric metrics based on
the dose-volume histogram (DVH), homogeneity index (HI), and normal tissue
complication probability (NTCP) were analyzed to evaluate the potential clinical benefits
among different planning groups.

Results: With a similar CTV and SIB coverage, two-field IMPT provided a lower maximum
dose for the stomach (median: 18.6GyE, p<0.05) and duodenum (median: 32.62GyE,
p<0.05) when the target was located in the head of the pancreas compared to VMAT and
three-field IMPT. The risks of gastric bleed (3.42%) and grade > 3 Gl toxicity (4.55%) were
also decreased. However, for the target in the body of the pancreas, VMAT showed a
lower maximum dose for the stomach (median 30.93GyE, p<0.05) and toxicity of gastric
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bleed (median: 8.67%, p<0.05) compared to two-field IMPT and three-field IMPT, while
other maximum doses and NTCPs were similar. The RMSD volume histogram (RVH)
analysis shows that three-field IMPT provided better robustness for targets but not for
OARs. Instead, three-field IMPT increased the Dmean of organs such as the stomach,
duodenum, and intestine.

Conclusion: The results indicated that the tumor locations could play a critical role in
determining clinical benefits among different treatment modalities. Two-field IMPT could
be a better option for LAPC patients whose tumors are located in the head of the
pancreas. It provides lower severe toxicity for the stomach and duodenum. Nevertheless,
VMAT is preferred for the body with better protection for the possibility of gastric bleed.

Keywords: normal tissue complication probability (NTCP), stereotactic body radiation therapy (SBRT),
simultaneous integrated boost (SIB), pancreatic cancer, intensity modulated proton therapy (IMPT), volumetric

modulated arc therapy (VMAT)

1 INTRODUCTION

Pancreatic cancer is a malignant tumor with a high mortality rate.
It is the sixth leading cause of cancer death in China and the fourth
leading cause of cancer death in the United States (1, 2). As of
today, surgery remains the only treatment to achieve long-term
survival. However, most patients are locally advanced and
unresectable when first diagnosed (3). For the locally advanced
pancreatic cancer (LAPC) patient population, stereotactic body
radiation therapy (SBRT) is the first-line treatment recommended
by the guidelines, providing better survival than chemotherapy
alone or conventional-fraction radiation therapy (CFRT) (4-6).
Although RT dosing for SBRT has not been specified in the
guidelines, prescription doses of three fractions (total dose 30-45
Gy) or five fractions (total dose 25-45 Gy) have been applied in
some clinical trials (6). In order to have better local control of the
hypoxic region in the center of the tumor, simultaneous integrated
boost (SIB) was proposed by escalating the dose in the central
region (7). A stage I clinical trial proved the safety of delivering 36
Gy in three fractions to borderline resectable pancreatic cancer
(BRPC), with a 9-Gy SIB to the positive posterior margins (PM) in
patients whose tumor was at least 3 mm away from the duodenum
(8). However, it is challenging to administrate such high doses
(e.g., the biologically effective dose (BED) of 45 Gy is 85.5 Gy) with
photon radiotherapy technique, e.g., volumetric modulated arc
therapy (VMAT), when the tumor is adjacent to gastrointestinal
(GI) tracts such as the stomach and duodenum with photon
therapy. Surpassing dose tolerance to these structures could cause
gastrointestinal perforation or ulceration, which could be fatal.
On the other hand, with the rapid development of proton beam
technology over the last decades, intensity-modulated proton
therapy (IMPT) based on the pencil beam scanning technique has
shown potential dosimetric advantage and flexibility to improve
organs at risk (OARs) sparing with a sharper fall-off of distal dose
compared to photon therapy (9). Proton has proven the advantage
to diminish acute toxicities in many diseases such as pediatric low-
grade glioma, thymic tumor, and locally advanced non-small cell
lung cancer (10-12). Previous studies have reported the potential
dosimetric advantage to provide a lower dose for the adjacent GI

organs in postoperative pancreatic cancer in comparison with
VMAT and passive-scattering technique (13). However, due to
the range uncertainties, the proton treatment plan normally
enlarges the high dose zone at the distal end of the beam angle,
in other words, less conformal to the target volume, in order to
provide a robust coverage. Since most of the proton beam angles for
LAPC were selected posteriorly, avoiding the bowel gas
uncertainties (14), the margin taking into account the range
uncertainty directly translated into the high dose spill to the GI
organs is critical to the pancreatic SBRT. As a result, not all the
studies found that proton beam therapy has the potential clinical
advantage in the management of LAPC over photon therapy. For
example, Thompson’s study showed that with standard fractions,
proton showed no dosimetric advantage in treating LAPC (14).
Additionally, Raturi showed that the normal tissue complication
probability (NTCP) is not statistically different between photon and
proton planning groups. However, these studies did not consider
the relationship between the OAR sparing, and the target location
since the patient-specific geometry plays a key factor in proton
planning (15). Additionally, the feasibility of proton SBRT-SIB for
pancreatic tumor has not been addressed yet.

Thus, this study performs a quantitative and comprehensive
dosimetric study based on the LAPC location and patient geometry
to explore the feasibility and potential clinical benefits of utilizing
SBRT-SIB among different treatment modalities and proton field
arrangement, including VMAT, two-field IMPT, and three-field
IMPT. Furthermore, the NTCP model is implemented to investigate
the potential clinical benefits among these planning groups. To the
best of our knowledge, this is the first investigation that evaluates the
SBRT-SIB plan quality by using the NTCP model for LAPC
patient population.

2 METHOD AND MATERIALS

2.1 Patient Section, Target Volume, and
OAR Definition

Nineteen patients with LAPC who received 50.4 Gy in 1.8 Gy per
fraction using the VMAT technique in our institution between
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2016 and 2020 were selected in this study. All data of the 19
patients we used were approved by Peking University First
Hospital Ethics Committee. Tumor location, the volume of the
clinical target volume (CTV), planning target volume (PTV), and
boost area were shown (Table 1). The patient groups were
divided by the location of the tumor (head: 13 patients, body:
6 patients). Gross tumor volume (GTV) includes primary tumor
and clinically apparent lymph nodes but does not include elective
nodal regions (16). GTV to CTV uniform expansions of 0.5 cm
were based on ESTRO guidelines (16). For photon therapy, PTV
was the CTV plus a 0.5-cm uniform margin. The boost area was
1 cm contracted with CTV to avoid extra dose delivered to
adjacent OARs (17). All patients were treated with breath-hold
technique, controlling motion in order to assess the maximal
potential benefit (18).

2.2 Treatment Planning

VMAT, robustness optimized two-field IMPT, and three-field
IMPT were all generated on Raystation v 7.0 (RaySearch
Laboratory AB, Stockholm). VMAT plans were generated
using 6-MV beams with two full arcs, delivered by the Varian
linear accelerator (Trilogy, Varian Medical System, Inc., Palo
Alto, CA). A collapsed-cone convolution superposition (CCC)
based algorithm was applied to calculate, and the dose grid used
was 0.3*0.3*0.3 cm”.

Proton planning uses CTV plus robustness optimization to
take into account the setup and range uncertainties. The plan for
IMPT-SIB was done using the single field optimization (SFO)
method. Considering the sensitivity of proton beams to
inhomogeneous materials and adjacent organs at risk, the
directions of the two-field proton plan were posterior, right
posterior oblique (19). For the three-field proton plan, the
other posterior oblique beam angle was chosen. A CTV-based
robust optimization was used, and the plan was evaluated using
the worst-case scenario perturbed dose with setup uncertainties

of £ 5 mm for x, y, z directions and +3.5% range uncertainties.
The dose calculation was done using the Monte Carlo dose
calculation. Proton relative biological effectiveness (RBE) was
assumed as 1.1 (20).

The prescription dose of the photon and proton was 30GyE/
5f for the target and 45GyE/5f for the boost area. In each plan,
95% volume of the target was requested to receive 95% of the
prescription dose. All plans V98 of CTV should reach 98%
prescription dose at least, and D95 of the boost area should
reach the prescription with the maximum dose limited to 107%
prescription. All the treatment plan meets the normal tissues
constraints, which were as follows: for the stomach, duodenum,
and intestine Dmax (0.5 cm’)<35 Gy; for the stomach PRV,
duodenum PRV, and intestine PRV Dmax (0.5 cm’)<38 Gy; for
the spinal cord (0.03 cm®)<25 Gy, combined kidneys V12<25 Gy
(volume that received 12 Gy should be less than 50% of the
volume) and liver V12<40 Gy (18).

2.3 Planning Quality Evaluation

To evaluate the dose metric of the photon and proton plans,
target coverage and OARs were all compared. Besides, HI of the
boost area was used to assess the homogeneity of the plan. HI
was defined as follows:

HI = D95/D5>

where Dgs represents the minimum dose in 5% of the target
volume, and Ds represents the minimum dose in 95% of the
target volume. The closer the value to 1, the better the
homogeneity of the target (21).

2.4 Evaluation of Proton Radiation

Plan Robustness

The plan robustness was evaluated using the worst-case scenario
perturbed dose with setup uncertainties of +5 mm for x, y, z
directions and +3.5% range uncertainties. The root-mean-square

TABLE 1 | Patient characteristics.

Case Gender (M/F) Age (years) Location Stage CTV volume (cc) PTV volume (cc) Boost area volume (cc)
1 M 57 head T4NTMO 134.52 221.19 31.60
2 F 71 body T3NOMO 29.92 61.52 2.49
3 M 71 head T3NOMO 47.33 93.92 4.47
4 F 61 head T4ANOMO 55.49 104.62 6.05
5 M 85 head T4N1MO 75.76 136.17 11.91
6 F 72 head T4NTMO 143.91 247.22 29.38
7 F 67 body T3NOMO 75.89 138.02 8.91
8 F 74 head T4NOMO 46.63 92.90 2.64
9 M 64 head T3NOMO 117.00 214.47 17.01
10 F 53 head T3NOMO 73.47 135.98 9.28
11 F 27 body T3NOMO 58.02 109.77 6.10
12 F 87 body T4N1MO 57.85 107.57 9.24
13 M 53 body T4NTMO 160.44 271.96 32.59
14 M 59 body T4ANOMO 85.43 147.31 16.15
15 F 64 head T3N1MO 113.60 202.22 17.94
16 M 69 head T3NOMO 69.88 126.23 9.73
17 M 67 head T4N1MO 170.75 264.99 49.14
18 M 39 head T3N1MO 65.13 124.91 6.38
19 M 61 head T3NOMO 356.46 585.90 80.31
M, male; F, female; CTV, clinical target volume; PTV, planning target volume.
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deviation doses (RMSD) volume histograms (RVHs) of all 21
scenarios were generated to evaluate plan robustness (22). The
two-field IMPT-SIB plan and three-field IMPT-SIB plan were
compared relatively with the area under the RVH curve (AUC)
(23). The smaller value of the specific structures indicated that
the plan had more robustness in the structure.

2.5 Evaluation of NTCP

The cumulative physical dose of all plans was exported from TPS
and converted into an equivalent dose in 2 Gy per fraction
(EQD2). The evaluation of NTCP was performed using the
Lyman-Kutcher-Burman (LKB) NTCP model shown in the
following equations (24):

1 b e
NTCP = —— e “dx 1
V2r /—m W
where
EUD -TD
t=—" 0 )
mTD50
with
EUD = (Sv,D})" 3)

TDs is the tolerance dose with a 50% probability of complications
in the organ; EUD is the equivalent uniform dose; v; is the volume
when a uniform dose D; is received. Besides, the parameters m and
n represent the slope of the dose-response curve and the volume
dependence of the NTCP, respectively.

All NTCPs were calculated from converted DVH via an in-
home program on Matlab version R2019b (MathWorks Inc.,
Natick, MA, USA). The reference LKB-NTCP parameters (n, m,
and TD50), the corresponding endpoints, and the L-Q-model o/
B parameter in the present work are shown in Table 2.

In this study, we analyzed the NTCP and compared the
results between the two patient populations with tumors
located in the head and body of the pancreas.

2.6 Statistical Analysis

Analyses were all performed using the SPSS version 24.0 software
(IBM, Armonk, NY). Dosimetric outcomes and estimated
NTCPs were compared by using Friedman’s test and pairwise
comparison with Bonferroni correction between VMAT photon
plans and two proton-based plans (two-field IMPT and three-
field IMPT). Besides, a two-sided Wilcoxon signed-ranked test
was used to compare AUC between two-field IMPT and three-
field IMPT. P<0.05 was considered statistically significant.

3 RESULTS
3.1 Planning Quality Evaluation

The detailed summary of target coverage and the dosimetric
parameters of OARs are all shown in Table 3. Representative
dose contributions are displayed in Figure 1, for two cases with
different locations of the tumors. The corresponding DVHs are
also shown in Figure 2.

3.1.1 Target Coverage

The targets of all treatment methods had reached clinical criteria.
As we had observed, all D95 of the boost area reached 45GyE,
and two proton plans had the higher D5. VMAT had a slight
advantage in HI of the boost area when the tumor was at the
head of the pancreas (median 1.03) compared to two-field IMPT
(median 1.04, p=0.013) and three-field IMPT (median 1.04,
p=0.018). The same HI value of the boost area was obtained
for tumors located in the body of the pancreas compared to two-
field IMPT and three-field IMPT (all p>0.05). No matter where
the tumor was located, the HI of the two kinds of IMPT plans
had no statistical significance (p>0.05).

3.1.2 Dose Sparing in OARs

With equivalent target coverage, the remarkable mean dose
reductions in most OARs were observed in IMPT planning
groups compared to the VMAT (Table 3). For the tumors
located at the head of the pancreas, the maximum dose of the
stomach was decreased from 21.82GyE with VMAT to 18.60GyE
with two-field IMPT (p=0.001) and 17.85GyE with three-field
IMPT (p=0.063). However, when the tumors were in the body of
the pancreas, opposite results were observed. The maximum
dose of the stomach in VMAT (median 30.93GyE) was increased
with both two-field IMPT (median 33.08GyE, p=0.012) and
three-field IMPT (median 32.06GyE, p=0.063).

3.2 Evaluation of Proton Radiation Plan
Robustness

All the AUC values of target volumes and OARs from the 19
cases were evaluated and are presented in Table 4. The typical
RVHs are shown in the Figure 3 with the same patients. The
targets showed better robustness when the tumor was at the head
of the pancreas when compared to two-field IMPT. The targets
include CTV (2.32 in three-field IMPT versus 2.48 in two-field
IMPT, p=0.021) and the boost area (1.19 in three-field IMPT
versus 1.32 in two-field IMPT, p=0.028). There is no statistical
difference among the stomach, duodenum, intestine, liver, and
kidneys (p>0.5). Similarly, for tumors located at the body of the

TABLE 2 | Reference LKB-NTCP model parameters (n, m, TDso), the corresponding endpoints, and the L-Q-model o/B parameter in the present work.

OAR n m TDs0(Gy) ao/f Endpoint Source
Intestine 0.15 0.79 55 4 Diarrhea Reinartz. et al. (25)
Intestine 0.15 0.16 55 4 Ulceration/perforation Burman. et al. (26)
Duodenum 0.193 0.51 299.1 4 Grade >3 Gl toxicity Holyoake. et al. (27)
Stomach 0.07 0.3 62 4 Gastric bleed Pan. et al. (28)

LKB-NTCP model, Lyman—Kutcher-Burman model; OAR, organs at risk; TDso, the tolerance dose with a 50% probability of complications in the organ.
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TABLE 3 | Dosimetric parameters evaluation.

Dosimetric Treatment modality P value
parameters
VMAT (median and  2-field IMPT (median 3-field IMPT (median VMAT vs 2-field VMAT vs 3-field 2-field IMPT vs 3-field

IQR) and IQR) and IQR) IMPT IMPT IMPT
Boost area
D5(GyE)
Head 46.28 (46.26-46.47) 46.70 (46.60-46.86) 46.63 (46.54-46.74)
Body 46.01 (45.85-46.18) 46.65 (46.46-46.74) 46.67 (46.59-46.78)
D95(GyE)
Head 45.00 (45.00-45.00) 45.00 (45.00-45.03) 45.00 (45.00-45.00)
Body 45.00 (45.00-45.00) 45.01 (45.00-45.04) 45.00 (45.00-45.01)
HI
Head 1.03 (1.02-1.03) 1.04 (1.03-1.04) 1.04 (1.03-1.04) 0.013 0.018 1.000
Body 1.02(1.02-1.03) 1.04 (1.03-1.04) 1.04 (1.04-1.04) 0.250 0.091 1.000
Mean (GyE)
Head 45.77 (45.65-45.83) 45.95 (45.88-46.06) 45.93 (45.87-45.99)
Body 45.69 (45.53-45.71) 45.99 (45.88-46.00) 45.98 (45.86-46.02)
CTV
V98(%)
Head 99.92 (99.84-99.98) 99.55 (99.08-99.83) 99.71 (99.57-99.90)
Body 99.96 (99.95-99.99) 99.94 (99.88-100.00) 100.00 (99.97-100.00)
Stomach
Dmax (GyE)
Head 21.82 (12.21-29.23) 18.60 (11.50-28.98) 17.85 (11.48-28.97) 0.001 0.003 1.000
Body 30.93 (27.13-32.48) 33.08 (32.30-34.56) 32.36 (31.21-35.06) 0.012 0.063 1.000
Mean (GyE)
Head 4.01 (1.83-6.53) 0.49 (0.26-1.61) 0.70 (0.24-2.28) <0.001 0.001 1.000
Body 9.87 (6.62-11.30) 3.07 (1.55-6.39) 5.62 (2.42-8.19) 0.007 0.091 1.000
Duodenum
Dmax(GyE)
Head 35.39 (34.16-35.87) 32.62 (31.77-32.83) 31.94 (31.24-32.85) 0.001 <0.001 1.000
Body 25.52 (19.46-31.58) 25.26 (14.23-31.25) 26.32 (14.79-31.65) 0.607 0.607 0.607
Mean(GyE)
Head 21.14 (18.18-23.56) 17.283 (14.15-17.79) 16.19 (14.23-18.57) <0.001 0.005 1.000
Body 6.65 (5.18-8.55) 2.79 (1.565-3.62) 3.35 (1.563-3.89) 0.063 0.012 1.000
Intestine
Dmax(GyE)
Head 33.11 (31.66-35.26) 32.90 (32.06-34.75) 33.52 (32.88-35.02) 0.775 0.775 0.775
Body 32.21 (29.78-34.14) 32.84 (30.83-34.20) 32.94 (32.38-34.35) 0.311 0.311 0.311
Mean(GyE)
Head 8.71 (7.89-10.44) 1.83 (1.07-2.88) 2.57 (1.19-3.70) <0.001 0.010 0.233
Body 5.05 (3.52-7.79) 1.49 (0.98-2.13) 1.56 (1.12-2.29) 0.003 0.182 0.447
Kidneys
Mean (GyE)
Head 5.67 (4.63-5.83) 4.10 (3.08-5.42) 4.14 (3.75-5.01) 0.199 0.199 0.199
Body 411 (3.12-5.13) 3.52 (3.22-3.93) 3.02 (2.49-4.12) 0.607 0.607 0.607
Liver
Mean (GyE)
Head 3.62 (2.39-3.82) 0.48 (0.12-0.98) 0.43 (0.12-1.13) <0.001 <0.001 1.000
Body 2.89 (2.68-3.85) 0.30 (0.24-0.55) 0.32 (0.24-0.84) 0.007 0.091 1.000
Spinal Cord
Dmax
Head 19.28 (15.46-19.98) 22.25 (19.79-24.39) 21.50 (18.54-23.02) 0.002 0.043 0.980
Body 11.32 (9.37-14.82) 17.82 (16.01-19.30) 18.42 (13.80-18.58) 0.028 0.028 1.000

VMAT, volumetric modulated arc therapy; IMPT, intensity modulated proton therapy; Mean, mean dose; HI, homogeneity index.

pancreas, three-field IMPT improved robustness in CTV (2.32 in
three-field IMPT versus 2.47 in two-field IMPT, p=0.028) and
the boost area (1.19 in three-field IMPT versus 1.32 in two-field
IMPT, p=0.028). There was no statistical significance between
two-field IMPT and three-field IMPT in OARs (all p>0.05).

3.3 NTCP Analysis

NTCP values of the stomach, duodenum, and intestine for
VMAT, two-field IMPT, and three-field IMPT plans are shown
in Table 5 and Figure 4. When the tumor was at the head of the
pancreas, both two- and three-field IMPT plans provided lower
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VMAT 2-field IMPT 3-field IMPT

FIGURE 1 | Representative dose contributions for (A) tumor located in the head of the pancreas: left (VMAT), middle (two-field IMPT), right (three-field IMPT) patient
#5; (B) tumor located in the body of the pancreas: left (VMAT), middle (two-field IMPT), right (three-field IMPT) in axial, sagittal, and coronal views, patient #14.

toxicity of gastric bleed for the stomach (median 2.68%, 1.62%) p=0.001). For the intestine, ulceration/perforation of the three
compared to VMAT (median 3.94%) (p=0.002 and p=0.001, treatment plans were 0.17, 0.10, and 0.18, respectively (all p>0.5).
respectively). The risk of grade > 3 GI toxicity of the duodenum  However, when the tumor was located in the body of the
was also reduced from a median value of 4.61% with VMAT to  pancreas, VMAT provided a lower risk of gastric bleed for the
4.42% (two-field IMPT, p<0.001) and 4.38% (three-field IMPT, stomach (median 8.67%) with two-field IMPT and three-field
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2-field IMPT

DVH

Dose [cGy]

DVH

Dose [cGy]

TABLE 4 | Proton therapy robustness evaluation.

3-field IMPT

o Boostarea
M Duoduenum
Cord
Intestine
Kidneys
Stomach

Liver

FIGURE 2 | A representative dose volume histogram (DVH) for VMAT, two-field IMPT, and three-field IMPT. (A) Tumor located in the head of the pancreas; data are
from patient #5; (B) tumor located in the body of the pancreas; data are from patient #14.

Structure Target Location: Head of the pancreas Target Location: Body of the pancreas
2-field IMPT AUC 3-field IMPT AUC P value 2-field IMPT AUC 3-field IMPT AUC P value

Boost area 1.25(1.20-1.31) 1.02 (0.97-1.15) 0.021 1.32 (1.27-1.39) 1.19 (1.05-1.35) 0.028
CTV 2.48 (2.41-2.58) 2.32 (2.18-2.37) 0.002 2.47 (2.40-2.57) 2.32 (2.14-2.47) 0.028
Stomach 0.33 (0.20-0.63) 0.42 (0.21-0.73) 0.504 1.73 (1.06-2.71) 1.76 (1.20-2.64) 0.416
Duodenum 3.23 (0.47-1.12) 3.09 (2.94-3.18) 0.506 0.77 (0.75-0.87) 0.82 (0.78-0.89) 0.344
Intestine 0.88 (0.47-1.12) 0.92 (0.565-1.11) 0.239 0.55 (0.30-0.76) 0.57 (0.33-0.78) 0.104
Cords 0.81 (0.67-1.10) 0.70 (0.61-1.04) 0.009 0.58 (0.53-0.72) 0.52 (0.50-0.57) 0.131
Liver 0.10 (0.08-0.29) 0.10 (0.07-0.30) 0.859 0.17 (0.10-0.26) 0.18 (0.10-0.31) 0.343
Kidneys 0.73 (0.563-0.83) 0.71 (0.64-0.75) 0.754 0.58 (0.43-0.83) 0.59 (0.39-0.74) 0.917

IMPT, intensity modulated proton therapy; AUC, the area under root-mean-square deviation doses volume histograms curve; CTV, clinical target volume.

IMPT (median 12.83%, 16.32%), although statistical significance
was not observed (all p>0.05). The risks of duodenum GI toxicity
and ulceration/perforation of the intestine had no statistical
significance between VMAT and two-field IMPT (all p>0.05).
Besides, VMAT provided better NTCPs of ulceration/perforation
(p=0.042) and diarrhea for the intestine (p=0.018). Comparing
the two kinds of IMPT plans, all values of NTCP have
nonexistent statistical significance (all p>0.05).

4 DISCUSSION

In the treatment of LAPC, the application of photon therapy is
limited because sometimes it fails to deliver a high dose to the target
due to the existence of many radiosensitive OARs around. Proton

can address this problem due to its unique physical properties. Some
studies have shown that proton therapy as part of CRT can achieve
satisfying tumor control with low toxicity (29, 30). This study
investigated the potential clinical benefits of utilizing the IMPT-
SIB technique in the management of the LAPC population through
a comprehensive dosimetric comparison among two- and three-
field IMPT and VMAT. Under good CTV and boost area dose-
coverage obtained from both the IMPT plans and the clinically used
photon plans, the results showed that IMPT plans provided lower
severe toxicity risks and maximum doses when the tumors were
located in the head of the pancreas. However, when the target was
located in the body of the pancreas, the clinical benefit of utilizing
IMPT diminished due to range overshooting that resulted from the
inferior dose conformality. More specifically, for the target located
in the pancreatic head, two- or three-field IMPT-SIB reduced the
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FIGURE 3 | A representative robustness evaluation using RVH: (A) tumor located in the head of the pancreas; data are for patient #5; (B) tumor located in the body
of the pancreas; data are from patient #14.

TABLE 5 | NTCP value.

OAR Endpoint NTCP (%) [median and IQR]
Head of the pancreas Body of the pancreas
VMAT 2-field IMPT 3-field IMPT VMAT 2-field IMPT 3-field IMPT
Stomach Gastric bleed 6.73 (0.70-14.83) 3.42 (0.54-11.98)"  2.59(0.49-14.59)"  8.67 (5.13-11.34) 12.83(9.93-16.10) 16.32 (11.58-18.50)
Duodenum Grade >3 Gl toxicity 4.88 (4.64-5.22) 455 (4.28-4.77)" 458 (4.45-4.71)" 3.58 (3.31-3.72) 3.56 (3.02-3.85) 3.50 (3.05-3.75)
Intestine Ulceration/Perforation ~ 0.56 (0.23-1.31) 0.27 (0.10-2.06) 0.35 (0.17-2.12) 0.05 (0.02-0.09) 0.05 (0.03-0.11) 0.10 (0.06-0.70)"
Diarrhea 30.38 (26.52-32.37) 28.66 (26.48-33.88) 29.24 (27.50-33.99) 24.87 (23.47-26.17) 25.02 (24.36-26.7) 26.43 (25.73-30.44)"

OAR, organs at risk; IQR, Interquartile range;, VMAT, volumetric modulated arc therapy; IMPT, intensity modulated proton therapy.
"Compare with VMAT p<0.05.

NTCPs of gastric bleed of the stomach and intestinal toxicity of  the accuracy of treatment delivery (35-37). It makes more fields
grade 3 and above. For tumors located in the body of the pancreas, ~ of IMPT unfavorable or not clinically feasible. However, the
VMAT showed lower toxicity of the stomach while other NTCPs  recent breakthrough in the rotation arc treatment delivery or call
were similar. These findings indicated that the model-based  spot-scanning arc therapy (SPArc) introduces more degrees of
approach for patient selection could be an option due to the  freedom while improving the treatment delivery efficiency, which

complicated patient-specific anatomical position (31, 32). is worthy of investigating in the management of LAPC (38). Such
Moreover, we investigated the impact of the beam number  technique has shown to be potentially clinically beneficial to

and arrangement on the quality of the proton treatment plan.  various disease sites, including prostate, lung, head, neck, and

As the degree of freedom increased, the three-field IMPT-SIB breast cancer (39).

plan indeed improved the robustness of targets; but we found The application of proton therapy in LAPC using SBRT still

that for the OARs, for example, the Dmean of the stomach,  faces several challenges. Since organs such as the stomach and

intestine, and kidneys was increased due to more entrance dose, ~ the small intestine have significant interfractionation

raising the chance for low-grade toxicities such as nausea and  uncertainties such as deformation and gas movement, the
emesis using three-field IMPT-SIB (33, 34). These findings  accuracy of beam delivery faces difficulties that are critical to
agreed with the study reported by Stefanowicz et al; adding  the clinical implementation of SBRT (40). Thus, it limits the
one to two beams had no profit in the Dmax and Dmean of = beam angle selection, which is mostly posterior or posterior
OARs with two-field IMPT in pancreatic cancer (17). Adding  oblique. Some portions of the intestine or the stomach are
more fields requires more delivery time and potentially  located behind the target, normally receiving a high dose due
introduces more intrafraction motion, which might undermine  to the required margin to cover the range uncertainties. Dual-
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energy CT (DECT) might be able to help in reducing such range
uncertainties and make the IMPT plan more conformal
compared to the current limitation of using 3.5% range
uncertainties (41). Motion mitigation strategies are also critical
because the pancreas moves with breathing-induced motion
(42). This study is based on the breath-hold technique, which
effectively mitigates motion-induced uncertainties. However,
such technique has its own limitation. For example, patient
training might not work for the person who cannot stand with
breath-hold or having an irregular respiratory rhythm that
exceedingly prolongs treatment delivery. Gating and tracking
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FIGURE 4 | NTCPs comparison of VMAT (green), two-field IMPT (blue), and three-field IMPT (yellow): (A-D) (the tumor located in the head of pancreas): ulceration/
perforation for stomach, grade > 3 Gl toxicity for duodenum, gastric bleed for intestine, and diarrhea for intestine, respectively. (E-H) (the tumor located in the head
of pancreas): the same order with (A-D).

would be a direction that we shall investigate in the treatment of
LAPC (37). Furthermore, online adaptive MRI-guide
radiotherapy will provide the possibility to control the dose
distribution and migrate the dose to the OARs with diverse
anatomical variations of GI organs such as the gas-filled intestine
in the future (43).

Based on the study results, the potential future directions for
proton application to LAPC might rely on the following two
aspects. On one hand, maximum dose sparing for the stomach
and bowel remains a challenge when using proton beam therapy,
in which the target space between the intestine and tumors was
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critical. It indicated that the application of the absorbable
hydrogel spacer (TracelT, Augmenix, Bedford, MA) to
separate the head of the pancreas and duodenum could be
useful in these cases (44). On the other hand, we should
explore the feasibility of different-level dose escalation by
increasing the probability of local target control while sparing
the OARs utilizing new generation of treatment and planning
techniques such as SPArc, minibeams, and functional image-
guided dose painting (39, 45, 46).

There are still several potential limitations to our study. The RBE
value we used was 1.1, which is the current clinical standard (20).
However, recent studies implied that the value of RBE varied
depending on the different positions of the SOBP. With the
increasing linear energy transfer (LET), the RBE value could
reach 1.15-1.7 at the distal edge of the Bragg peak, even 4-6 in
the fall-off part (47). For the general anterior beam of the pancreatic
cancer plan, the distal edge is generally near the intestine or the
stomach. This uncertainty might affect the potential clinical benefits
of utilizing the proton beam therapy. The outcomes of proton
NTCPs may be reevaluated in the future. To mitigate such RBE
uncertainty, the first step is to control better the LET distribution,
which could lead to the clinical implementation of the LET
optimization algorithm (48, 49).

Besides, the outcomes of our studies rely on the accuracy of
the three NTCP models we applied. Please note that the absolute
values of ANTCPs for the duodenum (grade > 3 GI toxicity)
and the intestine (diarrhea) are small. These differences may not
be observed in the clinical outcome study due to the uncertainties
and variance of the NTCP model itself. However, the trend of the
OAR protection from different treatment modalities and
planning strategies might give clinical users a hint to further
improve the dosimetric plan quality.

CONCLUSION

We have compared the SBRT-SIB plan quality and potential
clinical benefits between VMAT, two-field IMPT, and three-field
IMPT based on the NTCP model. In the current stage, two-field
IMPT is a better option for LAPC patients whose tumor is
located in the head. It could provide lower severe toxicity for the
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Prognostic biomarkers that can reliably predict the disease-free survival (DFS) of locally
advanced cervical cancer (LACC) are needed for identifying those patients at high risk for
progression, who may benefit from a more aggressive treatment. In the present study, we
aimed to construct a multiparametric MRI-derived radiomic signature for predicting DFS of
LACC patients who underwent concurrent chemoradiotherapy (CCRT).

Methods: This multicenter retrospective study recruited 263 patients with International
Federation of Gynecology and Obetrics (FIGO) stage IB-IVA treated with CCRT for whom
pretreatment MRI scans were performed. They were randomly divided into two groups:
primary cohort (n = 178) and validation cohort (n = 85). The LASSO regression and Cox
proportional hazard regression were conducted to construct the radiomic signature (RS).
According to the cutoff of the RS value, patients were dichotomized into low- and high-risk
groups. Pearson’s correlation and Kaplan—Meier analysis were conducted to evaluate the
association between the RS and DFS. The RS, the clinical model incorporating FIGO
stage and lymph node metastasis by the multivariate Cox proportional hazard model, and
a combined model incorporating RS and clinical model were constructed to estimate DFS
individually.

Results: The final radiomic signature consisted of four radiomic features: T2W avelet-LH_

glszm_Size Zone NonUniformitys ADC_waveIet—HL—first order_ Medians ADC_waveIet—HH—gIrIm_Long Run Low
Gray Level Emphasiss and ADC_vvavelet _LL_gldm_Large Dependence High Gray Emphasis- Higher RS was
significantly associated with worse DFS in the primary and validation cohorts (both

p<0.001). The RS demonstrated better prognostic performance in predicting DFS than
the clinical model in both cohorts (C-index, 0.736-0.758 for RS, and 0.603-0.649 for
clinical model). However, the combined model showed no significant improvement (C-
index, 0.648, 95% Cl, 0.571-0.685).
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Conclusions: The present study indicated that the multiparametric MRI-derived radiomic
signature could be used as a non-invasive prognostic tool for predicting DFS in LACC

patients.

Keywords: locally advanced cervical cancer, concurrent chemoradiotherapy, multiparametric magnetic resonance
imaging, disease-free survival, radiomics

INTRODUCTION

Cervical cancer is one of the most frequent malignancies in
women, with over 604,000 new cases annually worldwide,
associated with 342,000 deaths in 2020 (1). For patients
diagnosed with locally advanced cervical cancer (LACC),
concurrent chemoradiotherapy (CCRT) including pelvic
external beam radiotherapy (EBRT), cisplatin-based
chemotherapy, and brachytherapy, was the primary choice.
However, about 1/3 patients suffer treatment failure; they
experience unnecessary treatment-related complications and
low locoreginal control rates, which worsen the prognosis
(2). Usual clinical features and standard exploitation of
imaging fail to deliver actionable predictive models with
sufficient accuracy in cervical cancer (3, 4). Improving the
patients’ risk stratification in order to individualize the
treatment or surveillance schemes in cervical cancer patients
would fulfill an unmet clinical need.

Magnetic resonance imaging (MRI) is recognized as the first-
line image modality for diagnosing, staging, treatment planning,
treatment response evaluating, and monitoring during the whole
process for LACC patients (5, 6). Radiomics is an emerging field
that reflects spatial and temporal heterogeneity of tumors, via the
extraction of high-dimensional quantitative features from
clinically accessibly commonly performed medical images
using automated data mining algorithms, with the aim to
support clinical decision-making (7-9). Previous radiomic
studies in cancer have shown the potential to discover hidden
information that was inaccessible with single-parameter
approaches (9). For early-stage cervical cancer patients who
underwent radical hysterectomy, radiomic features could
predict patients’ survival with high accuracy (10). Nevertheless,
whether the multiparametric MRI-derived radiomic features
could be used to predict survival in LACC patients underwent
CCRT remains uncertain.

Therefore, the aim of this study was to develop a radiomic
signature by pretreatment MRI and evaluate the performance of
different models to predict DFS in LACC patients.

Abbreviations: MRI, magnetic resonance imaging; DFS, disease-free survival;
FIGO, International Federation of Gynecology and Obstetrics; LASSO, least
absolute shrinkage and selection operator; PET/CT, positron emission
tomography-computed tomography; T2W, T2-weighted; ADC, apparent
diffusion coefficient; DWI, diffusion-weighted imaging; DICOM, Digital
Imaging and Communications in Medicine; PACS, picture archiving and
communication system; ROI, regions of interest; LACC, locally advanced
cervical cancer; ROC, receiver-operating characteristic; AUC, area under
the curve.

METHODS

Patients

The hospital ethics review board approved this study; written
informed consent was not required for this retrospective study.
All procedures performed in the study involving human
participants were in accordance with the 1964 Helsinki
declaration and its later amendments.

This retrospective study included patients with biopsy-
confirmed locally advanced cervical cancer from three tertiary
centers in different parts of China (Xijing Hospital, Shanxi
Traditional Chinese Medical Hospital, and Jinshan Hospital)
between October 1, 2014, and December 1, 2017. The patients’
baseline demographics, laboratory test results, pretreatment MRI
images, pathological results, and survival outcome were
reviewed. All patients were enrolled with strict inclusion and
exclusion criteria, which are shown as follows:

Inclusion criteria

1) primary cervical cancer confirmed via biopsy;

2) locally advanced disease (Federation of Gynecology and
Obstetrics [FIGO] stage IB-IVA) determined based on
pretreatment MRI of the pelvis;

3) patients underwent pelvic MRI scans within a 2-week
period before CCRT started;

3) the largest diameter of the cervical mass was 1.0 cm or larger;

4) age of 18-75 years;

5) no other treatment before MRI scan;

6) finished the entire CCRT treatment.

Exclusion criteria

1) patients with a history of cancer <5 years;

2) patients with insufficient clinical and/or follow-up data.

Finally, 263 patients were recruited in this study. Figure 1
displays the patient selection flowchart from the three hospitals.
Eligible patients were randomly divided into a primary cohort
(n = 178) and an independent validation cohort (n = 85) at a
ratio of 2:1.

CCRT Treatments and Follow-Up

All patients were treated with a combination of external beam
radiotherapy (EBRT) and intracavitary brachytherapy (ICBT).
EBRT was delivered to the whole pelvis with 15-MV photon
beams at a daily dose of 2 Gy, 5 times per week, for a total dose of
50 Gy. EBRT was accompanied by concurrent chemotherapy: six
cycles of weekly cisplatin (30 mg/mm?) in 30 patients and three
cycles of 5-fluorouracil (1,000 mg/mm?) plus cisplatin (60 mg/
mm?) at 3-week intervals in 18 patients. ICBT was delivered
twice a week in 4 fractions with a fractional dose of 7 Gy at point
A. the median overall treatment time was 59 days (range 45-71
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Patients with FIGO stage I B to IVA cervical cancer
Center 1 (n=320), Center 2 (n=100), and Center 3 (n=85)

cm:

Excluded from analysis:

Center 1 (n=162), Center 2 (n=45), and Center 3 (n=45)
® Lack of pathological results:

Center 1 (n=44), Center 2 (n=10), and Center 3 (n=9)
® Lack of MR images before CCRT:

Center 1 (n=21), Center 2 (n=7), and Center 3 (n=8)
® Largest diameter of cervical mass shorter than 1.0

Center 1 (n=14), Center 2 (n=4), and Center 3 (n=2)
® Insufficient medical/follow-up records:

Center 1 (n=63), Center 2 (n=18), and Center 3 (n=19)
® Incomplete CCRT procedure:

Center 1 (n=20), Center 2 (n=6), and Center 3 (n=7)

Patients included in the final analysis
Center 1 (n=158), Center 2 (n=65), and Center 3 (n=40)

FIGURE 1 | Flow diagram of patient enrollment.

days). The selection of the chemotherapeutic regime was
individualized according to local tumor extent, pelvic lymph
node involvement, and general patient condition (11).

Regular follow-up was conducted every 3 months during the
first 2 years after treatment, 2 times annually for 3-5 years, and
once a year thereafter or as clinically indicated. The endpoint of
our study was DFS, which is defined as the period from the date
of CCRT completion to the date of the first locoregional
recurrence, distant metastasis, death, or the last visit in follow-
up. Locoregional recurrences and distant metastasis were
confirmed by gynecological examination and imaging
modalities such as CT, MRI, and PET/CT. Available
information was collected from patients’ medical records.

MR Image Acquisitions

Pelvic MRI scans were conducted before the biopsy to avoid the
impact of inflammation. All patients underwent pelvic MRI
protocol that include T2WI and DWT with two b values (0 and
800 s/mm?). ADC maps were automatically generated and
included both b values in a mono-exponential decay model.
The MRI images were obtained by different MRI devices at three
institutions. Detailed MRI acquisition parameters are presented
in Supplementary Methods 1.

Radiomic Analyses

The radiomic analysis workflow included five steps as illustrated
in Figure 2: tumor image segmentation, radiomic feature
extraction, feature selection, radiomic signature construction,
and validation.

Tumor Image Segmentation
The open-source ITK-SNAP software was used for three-
dimensional manual segmentation. The regions of interest

(ROIs) were delineated manually on each slice obtained in
T2WI and ADC (delineated on DWI images with a b value of
800 s/mm?2 and then copied to the corresponding ADC maps).
Three radiologists with at least 3 years’ experience in
gynecological MR imaging interpretation were chiefly
responsible for the evaluation of tumor masking. To ensure
reproducibility, each radiologist repeated the tumor
segmentation and generation of radiomic features twice with
an interval of at least 1 month, following the same procedure. To
ensure the accuracy of tumor segmentation, the tumor masks
were validated by a senior radiologist with 10 years of experience
in segmentation result validation.

Radiomic Feature Extraction

All images of each MRI scan for each patient were normalized
separately using Z-scores to obtain a standard and normal
distribution of image intensity. Then, we extracted radiomic
features from T2WI and ADC respectively through an open-
source package PyRadiomics, to extract 120 dimensional
radiomic features of the segmented lesions. We extracted the
following radiomics features: 19 first-order statistics features, 16
shape-based 3D features, 10 shape-based 2D features, 24 gray-
level co-occurrence features, 16 gray-level run-length features, 16
gray-level size zone features, five neighboring gray tone
difference features, and 14 gray-level dependence features.
Details of the feature extraction are presented on the webpage
of PyRadiomics (12). These features described the tumor
information from multiscale space which incorporate the very
detailed and macroscopic tumor texture patterns.

Radiomic Signature Construction

and Validation

The radiomic signature was constructed with multiparametric
MRI (T2WI and ADC) based on the primary cohort. The imaging
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features were first normalized, and then a coarse-to-fine feature
selection strategy was used to reduce the risk of bias and potential
overfitting. Then, we conducted a three-step feature selection
method to retain only the most robust features that are
significantly associated with DFS. First, univariate Cox analysis
was used to detect the associations between each feature and the
DFS. All features were then ranked in ascending order according
to the Cox p value, and the top 20% of the features with p<0.1 was
used for the next step. Second, among these features, the Pearson
correlation coefficients for each feature were then calculated.
Features with |r|>0.6 were selected for the next step. Finally, the
LASSO algorithm with Cox analysis was used to identify the most
useful prognostic features for constructing the radiomic signature.

The potential association between the radiomic signature and
DES was initially assessed in the primary cohort and then
validated in the validation cohort based on Kaplan-Meier
survival analysis. The median value for the radiomic signature
in the primary cohort was used as the cutoff for dividing patients
into groups with high- or low-risk groups. The same cutoft value
was applied to the validation cohort. The receiver-operating
characteristic (ROC) curves for 1-, 2-, and 3-year DFS were
plotted for each cohort, and the AUCs were quantified. Kaplan-
Meier survival analysis was also performed to explore whether
the radiomic signature was associated with DFS within FIGO
stage subgroups for each cohort.

Wavelet
Lno 01 02 03 04 0s 06 or 08 09

L1 Norm

FIGURE 2 | Radiomics framework of predicting the DFS of LACC patients. DFS represents disease-free survival; LACC represents locally advanced cervical cancer;

Development and Validation of the
Clinicopathological Model and Radiomic
Signature on DFS Prediction

Among the clinicopathological factors, we firstly conducted the
univariate Cox proportional hazard model to select the
significant prognostic factors in the primary cohort. Then,
significant factors were included in the multivariate Cox model
to build a clinical model for DFS prediction.

We also evaluated whether the radiomic signature showed a
superior value than the clinical model for predicting DES in
cervical cancer patients. These models were tested in the primary
and validation cohorts. The prognostic performance of each
model in predicting 3-year DFS was evaluated based on
Harrell’s concordance index (C-index) and ROC analysis.

Statistical Analysis

All the statistical analyses in this study were performed with SPSS
v.22.0 (IBM; Armonk, NY) and R software v.4.1 (R Foundation
for Statistical Computing, Vienna, Austria). Descriptive statistics
were summarized as mean + SD. Comparisons between groups
were made with the t test or Mann-Whitney U test, when
appropriate, for quantitative variables and with the X* test or
Fisher’s test for qualitative variables. The interobserver
agreement of feature extraction was calculated by ICC from the
different radiologists’ tumor segmentation of the three
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radiologists. The AUC, ACC, specificity, and sensitivity with the
cutoff of 0.5 and the 95% CI by the DeLong (13) method were
used to assess the ability of different models to predict DFS. The
Kaplan-Meier survival curve method and Cox proportional
hazard model were used to analyze DFS. All tests were two-
sided, and results were considered significant at p<0.05.

RESULTS

Patient Characteristics
A total of 263 patients were included from three centers. The patient
characteristics are displayed in Table 1. The mean age of the
patients was 53.77 + 8.93 years. The median follow-up time was
45.0 months (interquartile range [IQR]: 32.2-56.7 months) in the
primary cohort, 43.2 months (interquartile range [IQR]: 28.6-58.5
months) in the validation cohort. The comparisons between the two
cohorts showed no significant difference (p = 0.099-0.984).
Satisfactory inter- and intraobserver reproducibility was
observed for the tumor segmentation and radiomic feature
extraction (ICC>0.60) (14) when we compared results for three
radiologists and results from the same radiologist at baseline and
at least 1 month later.

Radiomic Signature Construction and
Validation

A total of 4 radiomic features were selected for the RS
construction (Supplementary Table 1). The selected features
were combined into a LASSO-Cox regression model to define the

radiomic signature (RS) (Supplementary Figure 1). For the
primary cohort and the validation cohorts, patients were
dichotomized into high- and low-risk groups based on the
median RS of the primary cohort as the cutoff value for further
analyses. Figure 3 shows two representative patients with similar
clinicopathological features, but distinctively different DFS time,
due to the different risk stratification by the radiomic signature.

The Kaplan-Meier survival curves confirmed a significant
difference in DES between the high- and low-RS groups (p<0.0001)
(Figure 4, upper), with relatively high hazard ratios (HRs = 10.688) in
the primary cohort (Table 2). In the primary cohort, the RS showed
good performance on DFS prediction (C-index, 0.758; 95% CI:
0.691-0.815). In the validation cohort, the performance of the
radiomic score was further confirmed (C-index, 0.736; 95% CI:
0.673-0.800) (Table 3). The areas under the curve (AUCs) at
different follow-up times (1, 2, and 3 years) also confirmed that the
RS had good prognostic accuracy in the primary and validation
cohorts (Figure 4, lower). The hazard ratio (HR) for RS was 10.688
(p<0.001, 95% CI: 6.605-17.294) in the primary cohort and 10.880
(p<0.001, 95% CI: 6.660-17.774) in the validation cohort.

Subgroup analyses further confirmed that the RS could
predict prognosis according to the FIGO stage from primary
and validation cohorts (Figure 5). These results confirmed the
high prognostic accuracy of the RS.

Performance and Validation of the Clinical
Model on DFS Prediction

Only two clinical features (FIGO stage and lymph node
metastasis) were selected to create a clinicopathological model

TABLE 1 | Characteristics of the patients at baseline.

Characteristics Primary cohort (n = 178) Validation cohort (n = 85) p value
Age (years, mean + SD) 54.28 + 9.40 53.17 + 9.36 0.843
SCC (ng/ml) 8.98 + 12.10 8.74 + 11.83 0.766
FIGO stage 0.984
B 3 (1.69%) 1(1.18%)
A 8 (4.49%) 4 (4.71%)
1B 112 (62.92%) 56 (65.88%)
A 8 (4.49%) 3 (3.53%)
B 18 (10.11%) 8 (9.41%)
ll[e} 9 (5.06%) 4 (4.70%)
IVA 20 (11.24%) 9 (10.59%)
Histology 0.449
Squamous cell carcinoma 136 (76.41%) 61 (71.76%)
Adenocarcinoma 34 (19.10%) 17 (20.00%)
Adenosquamous carcinoma 8 (4.49%) 7 (8.24%)
Tumor size 0.099
<4cm 107 (60.11%) 60 (70.59%)
>4 cm 71 (39.89%) 25 (29.41%)
Differentiation 0.797
Well 85 (47.75%) 41 (48.24%)
Moderate 40 (22.47%) 21 (24.70%)
Poor 53 (29.78%) 23 (27.06%)
Lymph node metastases 0.611
Positive 45 (25.28%) 24 (28.24%)
Negative 133 (74.72%) 61 (71.76%)
Mean DFS time (months, mean + SD) 42.82 + 16.40 40.76 + 20.17 0.452

SCC, squamous cell carcinoma antigen; FIGO, Federation of Gynecology and Obstetrics; DFS, disease-free survival.
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FIGURE 3 | MR images of two patients with similar clinicopathological features but significantly different DFS time. DFS, disease-free survival.

(Table 2). This model achieved a poor performance in DFS
estimation, with a C-index of 0.631 (95% CI: 0.562-0.691) in the
primary cohort and 0.603 (95% CI: 0.530-0.669) in the validation
cohort (Table 3). The combined model incorporating the RS and
clinicopathological features showed no improvement in both
cohorts (primary cohort, C-index: 0.648, 95% CI: 0.571-0.685;
validation cohort, C-index: 0.585, 95% CI: 0.511-0.637) when
compared with RS.

3-Year DFS Probability Prediction of
Clinical Model and the RS

For 3-year DFS probability prediction, the clinical model
achieved an AUC of 0.608 (95% CI: 0.533-0.681), sensitivity of
0.504 (95% CI: 0.353-0.642), specificity of 0.715 (95% CI: 0.638-
0.778), and accuracy of 0.610 (95% CI: 0.540-0.671) in the
validation cohort (Figure 6A and Table 3). The RS yielded an
AUC of 0.787 (95% CI: 0.687-0.839), sensitivity of 0.771 (95%
CI: 0.627-0.880), specificity of 0.762 (95% CI:0.679-0.832),
and accuracy of 0.767 (95% CI: 0.687-0.839) in the validation
cohort (Figure 6A and Table 3). The RS showed significant
difference between patients with DFS time >3 years and <3
years (Figure 6B).

DISCUSSION

In this study, we developed and validated the prognostic value of
multiparametric MR-derived radiomic features on LACC
patients underwent CCRT. The results showed that LASSO-
Cox-based RS had favorable predictive performance in DFS
estimation than the traditional clinical model. The higher value
of the RS was associated with worse outcomes, confirming that
more heterogeneous tumors tended to have a poorer prognosis.
Our study would help to determine whether more intensive
surveillance and aggressive treatment regimens should be
administered to patients with worse DFS, to assist clinical
treatment and healthcare decisions.

Radiomics provided a non-invasive technique to obtain
essential information of “macro-heterogeneity” underlying
diagnostic, therapeutic, and prognostic information by non-
invasively extracting useful imaging features from medical
images (15). Radiomic biomarkers may eventually complement
existing genomic and proteomic biomarkers to form a unique
patient profile that informs personalized care strategies.
Radiomics has been proposed for characterizing cervical cancer
subtypes (16), predicting tumor staging (17), histological grading
(18), and lymph node metastasis (19-21) and predicting the
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TABLE 2 | Univariate and multivariable analyses between DFS, RS, and clinicopathological features in the primary cohort.

FIGURE 4 | Kaplan-Meier analysis and time-dependent ROC curves of the radiomic signature. p values were calculated using a two-sided log-rank test, and AUCs
at 1, 2, and 3 years were calculated to assess the prognostic accuracy within the (A) primary cohort (n = 178) and (B) validation cohort (n = 85). Shadows represent
95% Cl. DFS represents disease-free survival. Cl represents confidence interval.

Variables Univariate Cox regression Multivariable Cox regression
HR (95% CI) p value HR (95% CI) p value

Radiomic signature 10.688 (6.605-17.294) <0.001 10.880 (6.660-17.774) <0.001
Age 1.002 (0.974-1.032) 0.877
FIGO stage
[l - -
Il 0.931 (0.522-1.660) 0.808 0.793 (0.432-1.455) 0.453
IVa 2.014 (1.015-3.994) 0.005 1.582 (0.566-2.971) 0.046
Histological type

Squamous cell carcinoma - -

Adenocarcinoma 3.030 (0.413-22.214) 0.276

Adenosquamous carcinoma 1.929 (0.603-6.173) 0.269
Differentiation

Well - -

Moderate 0.977 (0.567-1.684) 0.933

Poor 1.520 (0.539-4.288) 0.429
Lymph node metastases

Negative - -

Positive 2.007 (1.098-3.666) 0.002 1.599 (1.050-2.976) 0.0383
SCC 1.015 (0.998-1.031) 0.088
CA 125 1.007 (0.999-1.016) 0.088
CEA 0.999 (0.958-1.042) 0.972
Tumor size 1.010 (0.847-1.204) 0.914

FIGO, Federation of Gynecology and Obstetrics; SCC, squamous cell carcinoma antigen; CEA, carcinoembryonic antigen.
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TABLE 3 | Model performance on predicting DFS and 3-year DFS probability.

Models Cohorts C-index (95% CI) AUC (95% Cl) ACC (95% Cl) Sensitivity (95% CI) Specificity (95% Cl)
Clinical model Primary 0.631 (0.562— 0.649 (0.574- 0.644 (0.574~ 0.588 (0.437-0.713) 0.700 (0.621-0.765)
0.691) 0.719) 0.702)
Validation 0.603 (0.530~ 0.608 (0.533— 0.610 (0.540— 0.504 (0.353-0.642) 0.715 (0.638-0.778)
0.669) 0.681) 0.671)
Radiomic Primary 0.758 (0.691— 0.816 (0.751— 0.792 (0.691— 0.792 (0.650-0.895) 0.792 (0.712-0.858)
signature 0.815) 0.870) 0.878)
Validation 0.736 (0.673- 0.787 (0.726- 0.767 (0.687— 0.771 (0.627-0.880) 0.762 (0.679-0.832)
0.800) 0.845) 0.839)
Combined model Primary 0.648 (0.571- 0.683 (0.609— 0.682 (0.605— 0.958 (0.857-0.995) 0.407 (0.322-0.497)
0.685) 0.751) 0.744)
Validation 0.585 (0.511— 0.612 (0.536— 0.612 (0.533~ 0.854 (0.722-0.939) 0.369 (0.286-0.458)
0.637) 0.684) 0.679)

Cl represents confidence interval. C-index represents Harrell’s concordance index, which measures the performance of the DFS prediction. AUC represents the area under the receiver
operating characteristic curve, and ACC represents accuracy. AUC and ACC evaluate the performance of the 3-year DFS prediction.

response to treatment either by CT, MRI alone or in combination
with PET/CT (22-26).

Treatment response of cervical cancer patients varied, even
patients with the same disease stage, which makes accurate
prognostication essential for treatment selection (27). In the
current study, we confirmed that RS was a robust predictor of DFS
from a multicenter study. Furthermore, we also showed that RS was a
better predictor of DFS with superior predictive potency than
traditional clinicopathological features, based on larger C-index
and AUCs in primary and validation cohorts. This may be because
clinicopathological factors only reflect specific tumor characteristics,
while radiomics based on multiparametric MRI can comprehensively
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(B) validation cohort.

and quantifiably characterize the tumor phenotype (28, 29). It is also
possible that high-dimensional imaging features provide additional
information, allowing radiomics to be less affected by patient
distribution. Fang et al. investigated the potency of radiomic
biomarkers in DFS prediction with early-stage (IB-IIA) cervical
cancer patients who underwent hysterectomy by contrast-
enhanced TIWI and T2WI and reported AUCs of radiomic score
as 0.816 in the training cohort and 0.822 in the validation cohort (10),
which was consistent and similar to our results. Sun et al. adopted
T1WI- and T2WI-derived radiomic features for treatment response
prediction in cervical cancer patients who underwent
chemoradiotherapy; the combined model yielded an AUC of 0.998
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FIGURE 5 | Kaplan-Meier analysis according to the radiomic signature among locally advanced cervical cancer patient subgroups in (A) primary cohort and
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and 0.999 in the training and validation cohorts, respectively,
showing the prominent potential for treatment response evaluation
and prediction of radiomic features (30). However, the AUCs in our
study were 0.816 in the primary cohort and 0.787 in the training
cohort, which was significantly lower than theirs. This may be caused
by the different endpoints of the two studies; they defined responders
as complete response or partial response within two cycles of
chemotherapy regardless of the response after the final
chemotherapy cycle, while we chose DFS as the endpoint of our
study, which was sophisticatedly impacted by various factors. Thus,
the RS constructed in our study might be better instructing
personalized treatment, and the radiomic model they built was
more valuable in early treatment evaluation and prediction.
Although many features in MRI were significantly associated with
DFS, we selected the smallest subsets of features available to achieve
high accuracy for the clinical endpoint.

With excellent space definition and multiple functional imaging
modalities, MRI has become the prior imaging examination in
cervical cancer during the whole CCRT procedure. The clinical
advantage of the extraction of MRI-derived radiomic features is that
it exploits diagnostic images that are available already, so it does not
require additional examinations. Moreover, extracting the RS is
non-invasive and can be repeated at different time points during the
whole treatment procedure. The RS provides a high-dimensional
description of the intra-tumor heterogeneity. Interestingly, the
ADC sequence appears to be important, as three of the four
radiomic features of the RS were from ADC maps, which is
consistent with previous results that ADC maps were valuable for
evaluating the treatment response of various cancer types (29, 31),
which also supported the indication that RS is a fairly reliable
marker. Bourbonne et al. (32) and Lucia et al. (24) conducted an
external validation of a multicenter study confirming the good
prognostic predictive ability of ADC-derived radiomic features in
prostate cancer and cervical cancer, which supported our results.

100

Radiomic Signature-predicted DFS time
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80= ¢ Less than 3 years

60=e atieei e .,
% b

404 ° .

20+

Real DFS time (months)

FIGURE 6 | (A) ROC curves of the two models for 3-year DFS probability prediction. (B) Distribution of the DFS time for patients. The orange dots represent patients
who are predicted to have DFS time longer than 3 years by the RS, and the blue dots represent patients who are predicted to have DFS time less than 3 years by the
RS. RS represents radiomic signature; CM represents clinical model; ROC represents receiver-operating characteristics; DFS represents disease-free survival.

The present study has some limitations that merit consideration.
Firstly, this was a retrospective study with limited sample size, and a
larger prospective validation study should be conducted. The
accumulation of additional patients will also allow for the
collection of more information from various aspects, which can
make the RS more stable and accurate. Secondly, whether imaging-
derived digital biopsy features correlated with pathological biopsy
results and genomic sequencing remained undefined, and
molecular biology experiments should be conducted. Thirdly,
although the segmentation of all images was processed by
expertly trained radiologists, the use of semiautomatic
segmentation tools should reduce the user dependency.

In conclusion, this present study provided a multiparametric
MRI-derived radiomic signature that effectively predicted DFS in
LACC patients who underwent CCRT and the RS showed
superior performance than the traditional clinical model. Non-
invasive MRI-derived RS showed prominent ability in risk
stratification of cervical cancer patients, thus allowing radiation
oncologists to select more personalized treatment regimens.
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Experimental Comparison of Fiducial
Markers Used in Proton Therapy:
Study of Different Imaging Modalities
and Proton Fluence Perturbations
Measured With CMOS Pixel Sensors

Claire-Anne Reidel’, Felix Horst', Christoph Schuy ", Oliver Jikel??, Swantje Ecker?,
Katrin Henkner?, Stephan Brons?®, Marco Durante " and Uli Weber'

" Biophysics Department, GSI Helmholtzzentrum fir Schwerionenforschung GmbH, Darmstadt, Germany, 2 Division of
Medlical Physics in Radiation Oncology, German Cancer Research Center (DKFZ), Heidelberg, Germany, S Heidelberg lon
Beam Therapy Center (HIT), Heidelberg, Germany, 4 Institut fir Physik Kondensierter Materie, Technische Universitét
Darmstadt, Darmstadt, Germany

Fiducial markers are used for image guidance to verify the correct positioning of the target
for the case of tumors that can suffer interfractional motion during proton therapy. The
markers should be visible on daily imaging, but at the same time, they should produce
minimal streak artifacts in the CT scans for treatment planning and induce only slight dose
perturbations during particle therapy. In this work, these three criteria were experimentally
investigated at the Heidelberg lon Beam Therapy Center. Several small fiducial markers
with different geometries and materials (gold, platinum, and carbon-coated ZrO,) were
evaluated. The streak artifacts on treatment planning CT were measured with and without
iIMAR correction, showing significantly smaller artifacts from markers lighter than 6 mg and
a clear improvement with iIMAR correction. Daily imaging as X-ray projections and in-room
mobile CT were also performed. Markers heavier than 6 mg showed a better contrast in
the X-ray projections, whereas on the images from the in-room mobile CT, all markers
were Clearly visible. In the other part of this work, fluence perturbations of proton beams
were measured for the same markers by using a tracker system of several high spatial
resolution CMOS pixel sensors. The measurements were performed for single-energy
beams, as well as for a spread-out Bragg peak. Three-dimensional fluence distributions
were computed after reconstructing all particle trajectories. These measurements clearly
showed that the ZrO, markers and the low-mass gold/platinum markers (0.35mm
diameter) induce perturbations being 2-3 times lower than the heavier gold or platinum
markers of 0.5mm diameter. Monte Carlo simulations, using the FLUKA code, were used
to compute dose distributions and showed good agreement with the experimental data
after adjusting the phase space of the simulated proton beam compared to the
experimental beam.

Keywords: fiducial marker, dose perturbation, proton therapy, CMOS pixel sensor, image guidance, streak
artifacts, Monte Carlo simulation
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Fiducial Markers in Proton Therapy

1 INTRODUCTION

Over the last years, innovative techniques for particle therapy
were developed in order to deliver a more conformal dose to the
tumor and better spare healthy tissues. A mispositioning of the
patient can lead to severe under- and overdosage, especially for
proton and ion beams where high doses are delivered at the end
of their range (1, 2).

During radiation therapy, the positioning of the patient is
ensured by daily imaging, usually performed by X-ray
projections, cone beam computed tomography (CBCT), or in-
room mobile CT. In most cases, a patient is aligned to the
absolute coordinate system of the treatment room by matching
its bony structure, visible on the daily image, to the one
reconstructed from the treatment planning CT. In the case of
interfractional motion due to anatomical changes, e.g., prostate
cancer, the tumor can move in the range 0-2 cm due to the filling
of the bladder and rectum (3-5). Therefore, fiducial markers are
implanted inside or nearby the tumor before the treatment and
are used for image guidance during radiation therapy (6, 7) since
the alignment with the bony structure of the patient is not
reliable for tumor position in some regions. Their position on
the daily image is compared to the one from the treatment
planning CT, and the consistency of the tumor position is
assessed to decide if the treatment can be performed or if
corrections are necessary.

Several criteria are to be considered for the fiducial markers.
Three important ones were evaluated in this study: low streak
artifacts on the treatment planning CT, good visibility on the
daily images, and low perturbation of the dose distribution
during particle therapy. For a good visibility on the daily
image, the markers are generally composed of high density and
high atomic number materials such as gold or platinum, but also
fiducial markers with lower-density material such as zirconium
dioxide (ZrO,) were considered (8-10). However, due to their
high atomic number and density, metallic markers induce streak
artifacts on the treatment planning CT and may cause errors in
the dose calculation during treatment planning (11). Several
studies have been performed to evaluate the visibility of different
markers and the streak artifacts that they produce, showing that
high-density markers are necessary in order to be visible on X-
ray projections (8, 9). In addition to streak artifacts, high-density
fiducial markers induce dose perturbations and additional range
uncertainties during particle therapy, due to inhomogeneous
scattering through high-density gradient edges and their
different stopping power relative to water, respectively. The
multiple Coulomb scattering depends on the projectile species
and energy, as well as the material dimensions and composition,
and can be estimated by the Highland formula (12, 13). In
previous studies, the severeness of this effect was evaluated for
different markers by Monte Carlo simulations (14-16) and/or by
measurements with radiochromic films (17-19). Another
experimental study, conducted by our group, quantified the
fluence perturbation of carbon ions for different fiducial
markers with an advanced measurement technique, using
CMOS pixel sensors (20). These studies showed that the
strength of the perturbation mostly depends on the size and

density of the fiducial marker. The ZrO, marker showed less
perturbation than did gold markers of comparable size. On the
other hand, this marker was less visible on the daily X-ray
projection imaging. The present work intends to investigate
these effects and to discuss the trade-oft between the visibility
versus the dose perturbations during proton therapy, which is
more frequently used than carbon ion therapy. Moreover,
perturbations are larger for protons than carbon ions due to
the stronger multiple Coulomb scattering, which gives an
additional motivation for this work.

In the present work, a comprehensive study, including
imaging, experimental measurements for proton beams, and
Monte Carlo simulations, was performed for various fiducial
markers made of different materials and geometries. In a first
part, an imaging study was carried out to evaluate the streak
artifacts on the treatment planning CT, and the visibility on X-
ray projections and on the images taken with an in-room mobile
CT. In a second part, fluence perturbations of proton beams due
to fiducial markers were measured with CMOS pixel sensors,
where the maximum perturbation and its position along the
beam axis were quantified. Both experimental parts were
conducted at the Heidelberg Ion Beam Therapy Center (HIT)
(21). For the fluence perturbation measurements, a set of high
spatial resolution Mimosa-28 pixel sensors was used (22), as in
our previous work (20). In a last part, Monte Carlo simulations,
performed with the FLUKA code (23-25), were compared
against the experimental results, and dose perturbations in a
spread-out Bragg peak (SOBP) were computed for the same
markers and proton beams as in the experiment.

2 MATERIALS AND METHODS
2.1 Fiducial Markers

The experimental study was performed for 8 fiducial markers
clinically in use, with their properties listed in Table 1. The
folded Gold Anchor markers were evaluated during the imaging
study only, while the linear Gold Anchor was used during the
proton beam experiment because of its more defined geometry.
All the other listed markers were used in both experiments. In
the case of the Visicoil markers, the length and diameter were
given by the manufacturer and each marker was weighted. The
inner diameter, referred in Table 1, was calculated and adjusted
compared to the mass of the marker.

2.2 Imaging Study

The imaging was performed for 7 fiducial markers [all markers
listed in Table 1, except the linear Gold Anchor (5)]. This study
was conducted at HIT, using the treatment planning CT, the
recently installed in-room mobile CT, and the standard X-ray
projection method for daily imaging (see specifications in the
sections below). The fiducial markers were inserted in a
container of around 30 cm diameter, filled with a
homogeneous gelatin solution. To obtain a more realistic case,
two bone-like slabs of different density, manufactured by
GAMMEX, were placed at one side of the phantom. The X-ray
images were performed using two projections, one traversing the
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TABLE 1 | Properties of all fiducial markers used in this study for the imaging and proton beam experiments.

Marker Name Manufacturer Material Shape Length Diameter Mass
number (mm) (mm) (mg)
1 Visicoil RadioMed Gold Coiled 5 0.35% 3.8
2 Visicoil RadioMed Gold Coiled 5 0.5° 10.8
3 Visicoil RadioMed Platinum Coiled 5 0.35° 3.6
4 Visicoil RadioMed Platinum Coiled 5 0.5¢ 12.6
Gold Anchor Naslund Gold Linear 15 0.28 12.3
Medical AB
6 Gold Anchor Naslund Gold Folded 10 0.28 7.3
Medical AB
7 Gold Anchor Naslund Gold Folded 20 0.28 14.2
Medical AB
8 Acculoc Carbon Medical 2rO5 Bone 3 1 55
Carbon marker Technologies (carbon-coated)

Inner diameter calculated according to the mass (mm).
40.27, ©0.33, ©0.28, 90.32.

bone materials that shadowed the markers, and a second offset by
90° where the bone material does not shadow the markers.
Therefore, it was possible to compare the X-ray projections
with and without bone slabs in front of the markers. A
schematic of the phantom used for the imaging study is
sketched in Figure 1.

2.2.1 Streak Artifacts on Treatment Planning CT

The CT scans were acquired by a SOMATOM Confidence®
scanner (Siemens, Erlangen, Germany), using the standard
protocol for head planning CT at HIT, with 120 kVP, 255
mAs, and 500 mm field of view. The transversal pixel
resolution was 0.977 mm, and the scans were performed with
0.5 and Imm slice thicknesses, with and without applying an
iterative metal artifact reduction (iMAR) correction in the

Projection 1
Bone (B200) ¢
1 cm thick
p=1.15 g/em®

Container
with gelatin solution
(@ =30 cm, p ~1 g/em®)

Cortical bone (SB3)
1 cm thick
p=182g/m’

Projection 2 —>

7 fiducial markers

FIGURE 1 | Phantom used for the imaging study where 7 fiducial markers
were inserted inside a gelatin solution. Two bone-like slabs were placed on
one side of the phantom.

reconstruction. The images were later analyzed with the
software Image] (26). A square of 2mm length was drawn at
the marker position where the Hounsfield value was maximum.
Square-shaped rings with a thickness of one pixel (~1 mm) and
with an inner length as the one of the previous ring were then
drawn around the marker (see Figure 3C). The streak artifacts,
defined as the maximum and minimum values inside the
different square-shaped rings, were computed as a function of
the distance from the marker position.

2.2.2 Visibility on X-Ray Projections and In-Room
Mobile CT Images

A qualitative comparison of the visibility from the different
fiducial markers on X-ray projections was performed with an
AXIOM Artis (Siemens) robotic arm, installed in the treatment
room at HIT (8). This on-board imaging device is used for
patient position verification prior to the treatment. In this study,
imaging was performed with and without collimation, and with
and without the bone slabs in front of the markers. The settings
of the X-ray machine for the different acquisitions are listed
in Table 2.

The images analysis was then performed with the software
ImageJ (26). A rectangular window of 3mm height and 6mm
width was drawn perpendicularly to each marker placed in
vertical position. The profile was integrated within this
window, and the maximum value I,,,, was extracted from the
profile. In order to evaluate the background, a window of
identical size as the previous one was drawn close to the
marker position. In this work, the background I, was
computed as the mean value of the integrated window, while
the pixel noise was defined as the standard deviation G. The
errors on I,,,,, and I, were considered the same, and the contrast
C was then computed as

C=|lhx -/t o \/2/N,
where N is the sample number in the window area.

The in-room mobile CT images were obtained with an AIRO
(Mobius Imaging, LLC), which is the in-room mobile CT

(1)
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TABLE 2 | Settings of the X-ray machine for the different acquisitions of fiducial marker images at HIT.

In-line bone kVP Current time product (mAs) Exposure time (ms) Collimation
No 69 172 59 No
No 69 254 94 Yes
Yes 69 176 61 No
Yes 69 279 105 Yes

installed in one of the treatment rooms at HIT. The scans were
performed with 120 kVP, 80 mAs, and 493 mm field of view. The
transversal pixel resolution was 0.963 mm for a slice thickness
of 1 mm.

2.3 Fluence Perturbation Measurements
2.3.1 Mimosa-28 Pixel Sensor and Software Analysis
The Mimosa-28 (Minimum Ionizing MOS Active pixel sensor)
detector, based on CMOS technology, is a high spatial resolution
pixel sensor (22). The sensor has an active area of ~ 2 x 2 cm”
and is composed of 928 rows x 960 columns with squared pixels
of 20.7um length. The total thickness of the sensor is 50 um, with
an epitaxial layer of 14 um. Each pixel delivers a binary output
after discrimination of the signal, and the sensor has a readout
time of 186.5 Us (~5 kHz frame rate).

When a particle passes through the sensor, charges produced
by ionization are collected by a certain number of pixels in the
sensor. The analysis software Qarivi (27), based on the Roor (28)
and GEaNT4 (29) libraries, reconstructs the groups of fired pixels,
referred to as clusters. The cluster position is defined as the
center of mass of the group of fired pixels, and a straight line
(called track) matching the clusters in the different sensors is
reconstructed. The tracking procedure was performed with the
implemented algorithm based on multiple Coulomb scattering.
The resolution of a single track is better than 10 um, and the
performance of the algorithms is described in the study from
(30). In order to reach a high track resolution, it is necessary to
align the sensors using a dedicated no-target run to compensate
mechanical mispositioning of the sensors via a software
alignment procedure (31).

2.3.2 Experimental Setup

The fluence perturbation measurements of proton beams due to
fiducial markers were conducted in the experimental room at
HIT, placing a tracker system of 7 Mimosa-28 pixel sensors along
the beam axis. The experimental setup was similar to the one
used in our previous work (20). A water aquarium of 4cm length,
representing the tumor volume, was positioned in between two
sets of three sensors. To improve their handling, the markers
were glued to a thin polymethyl methacrylate (PMMA) plate of
Imm thickness and 1.18g/cm’ density. The markers were
positioned along the vertical axis perpendicular to the beam at
the isocenter of the experimental room. The PMMA plate,
including the marker, was glued behind the water aquarium. In
our last study with carbon ion beams, the marker was immersed
in the water aquarium. However, the maximum perturbation of
proton beams was expected to be closer to the marker; therefore,

their position was adjusted in order to place the tracker system
closer to the marker. The markers were surrounded by a thin
layer of gelatin solution to have a more realistic setup where the
edges of the marker were surrounded by tissue-like material. In
addition, a polyethylene (PE) block of 9cm length was placed in
front of the first set of three sensors to simulate the healthy
tissues of a patient. Another sensor was positioned in front of the
PE block in order to monitor the stability of the beam profile
between different measurements, and a 5mm plastic scintillator
(BC-400) monitored the beam intensity by counting the
incoming particles. A range modulator (2D RM) (32) was
placed in front of the first Mivosa-28 sensor. The modulator
used in the present work was optimized for a proton SOBP of
5 cm and is composed of 13 x 13 pins within an area of around 4
x 4 cm”. The pin length is 5 cm, and the modulator is composed
of Rigur, which is a polypropylene-like material for 3D printing.
The experimental setup is depicted in Figure 2A.

The beam time campaign was divided in several parts. First,
the runs were performed only with the 7 Mimosa-28 sensors and
the plastic scintillator in order to properly align the sensors and
tune the initial beam parameters for the Monte Carlo
simulations. Second, the measurements were performed with
the PE block and the water aquarium to obtain a reference
measurement without marker. In a next step, the fiducial
markers were placed behind the water aquarium, as explained
above. These measurements were performed with two single-
energy proton beams (142.10 and 169.02 MeV), which were
chosen to have a range difference of 5 cm. In a last step, the 2D RM
was positioned in front of the first sensor and the measurements
were performed with the PE block and the water aquarium, with
and without fiducial marker. For this set of measurements, a single
proton energy of 170.05 MeV together with the 2D RM was used to
produce a 5cm SOBP. The primary energy was chosen slightly
higher than 169.02 MeV because of the additional base plate of the
2D RM. The primary beam energies, their full width half maximum
(FWHM), and their range in water are listed in Table 3. The
energies and FWHM at isocenter position were assumed as the
nominal values from HIT (ensured by the regular QA), while the
ranges were calculated with LISE++ (33). In Figure 2B, the depth-
dose profiles in water equivalent are shown for 142 and 169MeV
protons, as well as the SOBP produced by the 2D RM for a primary
beam of 170MeV protons. The PE block, the water aquarium, and
the positions of the fiducial marker and of the last sensor S7 are also
indicated. The total range of the different proton beams used in the
experiment was chosen to have enough energy to pass through the
PE block, the water aquarium, and the sensors placed behind the
water aquarium.
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FIGURE 2 | (A) Experimental setup for fluence perturbation of proton beams due to fiducial markers, measured with 7 Mimosa-28 pixel sensors. (B) The depth—dose
profiles in water equivalent are shown for 142 and 169MeV protons, as well as for the 170-MeV proton beams modulated by a 2D RM. The depth—dose profiles
were laterally integrated and obtained with the Monte Carlo code FLUKA (23-25). In this panel, the PE block, the water aquarium, and the positions of the fiducial

2.3.3 Beam Profile Analysis

The beam profiles, measured with the Mimosa-28 pixel sensors,
were used to validate the Monte Carlo simulations. The beam
profiles were extracted from the cluster maps, defined by the
position of all clusters in x and y, for all 7 CMOS pixel sensors
placed at different positions along the z-axis (see Figure 2A for
the coordinate system). The beam profiles in x and y were
obtained after integrating (averaging) the cluster maps over the
perpendicular directions y and x, respectively. The profiles were
used to adjust the initial beam parameters of the Monte Carlo
simulations for 142.10 and 170.05 MeV. In a next step, the beam
profiles were computed with the fiducial markers. For this, the
profiles were obtained after integrating the cluster maps over a
given window along the y-axis that was chosen according to the
marker length.

2.3.4 Fluence Distribution Analysis

This study aims at determining the maximum perturbation and
its position along the beam axis with high spatial resolution. For
this, a three-dimensional (3D) fluence distribution was
computed after reconstructing the trajectory of each particle

crossing the tracker system. This distribution was computed
from all tracks, which are defined by 3D vectors, reconstructed
with the tracker placed behind the aquarium (sensors S5-S7 in
Figure 2A), and extrapolated to the fiducial marker position.
Voxels of 20 x 20 x 200 m’ were defined, and the fluence in each
voxel was determined as the sum of all the tracks passing through
this voxel. Therefore, the 3D fluence distribution scores the total
number of intersections between the reconstructed tracks and
the voxels. The 2D fluence distributions (referred to as fluence
maps), extracted from the 3D fluence distributions, are presented
in this study to quantify the propagation of the perturbation in
the (x,z) plane. The fluence map was computed by integrating the
tracks over a given window along the y-axis that was chosen
according to the marker length. From the integrated fluence
map, the perturbation at any position along the beam axis can be
assessed. The fluence maps with and without marker were
reconstructed, and the beam profiles were extracted at the
position along the beam where the perturbation was
maximum. The maximum fluence perturbation was then
quantified by comparing the beam profiles (x,y) with and
without marker. The fluence maps were computed for the case

TABLE 3 | Primary beam energy, FWHM at the isocenter, and range in water (calculated with LISE++) of the proton beams used for the measurements.

Energy (MeV) FWHM (mm) Range in water (mm)
142.10 1.7 143.6
169.02 10.0 194.3
170.05 10.0 196.4
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(1) Visicoil gold (@ = 0.35 mm) (2) Visicoil gold (@ = 0.5 mm)

(6) Gold anchor (1= 10 mm) (7) Gold anchor (1 = 20 mm)

(1) Visicoil gold (@ = 0.35 mm) (2) Visicoil gold (@ = 0.5 mm)

(4) Visicoil platinum (@ = 0.5 mm)

(6) Gold anchor (I = 10 mm)

(3) Visicoil platinum (@ = 0.35 mm)

(4) Visicoil platinum (@ = 0.5 mm)

(8) ZtO, (carbon-coated)

(3) Visicoil platinum (@ = 0.35 mm)

(7) Gold anchor (I = 20 mm)

(8) Z10, (carbon-coated)

FIGURE 3 | Reconstructed images for conventional treatment planning CT (A) and with iIMAR correction (B) of 0.5mm slice thickness for 7 different fiducial markers
(Table 1). (C) Square-shaped rings (yellow lines) used to determine the minimum and maximum values as a function of the distance from the marker, as explained in

Section 2.2.1.

of single-energy beams and for the modulated beam by the 2D
RM. It is important to note that during the experiment the beam
moved due to unintended drift effects of the ion optics, which
made it difficult to use the reference measurement, in
particular for the 2D RM case. Therefore, the beam profile
from the reference measurement could not be used to quantify
the perturbation. For this case, the beam profile of the
corresponding maximum perturbation was computed, and the
reference was defined as the fit of the profile without taking into
account the perturbation. Since the beam was slightly shifted and
tilted compared to the tracker system, the beam profiles obtained
after the tracking were not perfectly Gaussian-like. Therefore,
they were fitted by convoluting three Gaussian functions. This
method was verified and validated on the beam profiles with a
single energy, where the reference measurement could be
used properly.

2.4 Monte Carlo Simulations

The Monte Carlo simulations were performed with the
FLUKA2020 code version 0.10 (23-25). The default PRECISIO
settings were used. In FLUKA, single Coulomb scattering events
are condensed in a multiple scattering algorithm. Fluence and
dose profiles were calculated using the USRBIN scorer.

2.4.1 Setup Geometry

The setup geometry of the FLUKA simulations reproduced the
one used during the experiment. For this, several layers of
different thicknesses and materials were placed along the beam
axis. The beam nozzle, which is composed of several detectors
and air gaps, was simulated by a water volume of 320mm length
and 0.0115 g/cm”’. The MiMosa-28 sensors were simulated by a
silicon volume of 50um thickness, and the scoring volume was
defined as the sensitive layer of the sensor of 14-um thickness.
The sensor is surrounded by a printed circuit board (PCB) of
1.7mm thickness. The PCB of the sensor was also implemented
in the simulation since low-energy particles can be stopped in
this material layer. The primary energy of the proton beams was
chosen as the ones used during the experimental campaign (see
Table 3). The simulations were also performed for an initial
beam shift (and tilt), which means that the beam position and
divergence in front of the exit window were set as the ones
obtained from the CMOS measurements. The fiducial markers
were designed as tubes for the 4 Visicoil markers and as cylinders
for the Gold Anchor and the ZrO, markers. The approximations
of the markers as cylinder/tube neglect the helical structure of the
Visicoil and the bone shape of the ZrO, markers. Considering
the size of these fine structures compared to the resolution of the
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scoring grid, those assumptions are believed to be reasonable.
The dimensions used for the Monte Carlo simulations are
indicated in Table 1.

2.4.2 Benchmarking

To benchmark the Monte Carlo code FLUKA against the
Mimosa-28 pixel sensor measurements, the optical beam
parameters (FWHM and divergence) were tuned to reproduce
the measured lateral beam spread along the beam axis. The
transport code ScatTMaN (1, 34) was used to extract the ion
optical parameters (phase space), in particular the beam width
and divergence in front of the vacuum exit window. The
parameters were obtained based on the measured beam
profiles and were used as initial parameters for the Monte
Carlo simulations. The beam profiles from the Monte Carlo
simulations were computed in the scoring volume, which
represents the CMOS sensors, at different positions along the
beam axis. First, the simulated beam profiles were compared to
the measured ones on one hand without any target and on the
other hand with the PE block and the water aquarium. Second,
the simulations were performed with the PE block, the water
aquarium, and the fiducial marker. For these simulations, the
PCB of the sensor and the initial beam tilt and shift were also
implemented. In addition, the primary beam energy of the
Monte Carlo simulations was verified to the one calculated
from the energy loss estimation in the sensors (35). To
compare the perturbation from the fiducial markers, the 2D
beam profiles were extracted at each sensor position for the
simulated and experimental results. The beam profiles were then
computed after integration over a given window along the y-axis
that was chosen according to the marker length. The
perturbations were quantified by comparing the beam profiles
with and without fiducial markers.

2.4.3 Dose Distribution

The dose distributions were computed with a simple setup
composed of a water phantom and the fiducial markers
implanted at 15cm depth. A 5cm length SOBP from 14 to
19 cm (lateral extensions 5 x 5 cm?) was simulated with
several proton pristine Bragg peaks. The lowest and highest

energies were set to 142 and 169 MeV as the ones used during
the experiment, respectively. The dose distributions in the water
phantom were scored as 2D maps to quantify the cold spots. The
resolution of the 2D maps was 0.02 mm in x and 0.4 mm in z,
after integrating over the length of the marker in y. A reference
simulation without marker was also performed to quantify the
cold spot. The maximum cold spot and its position along the
beam axis could then be evaluated.

3 RESULTS

3.1 Imaging Study
3.1.1 Treatment Planning CT Streak Artifacts
The images from the treatment planning CT of 0.5mm slice
thickness with and without iMAR correction are presented in
Figure 3 for 7 different markers (see Table 1). It is important to
note that the markers are smaller than one voxel in the
reconstruction. Therefore, the maximum HU values are
determined by the marker density and partial volume effects.
The maximum and minimum gray levels of the recorded
images with the treatment planning CT were computed for 7
fiducial markers, as described in Section 2.2.1. In Figure 4, the
minimum and maximum values in Hounsfield units (HU) are
shown as a function of the distance to the fiducial marker for the
conventional planning CT and the one with iMAR correction.
For all fiducial markers, the maximum value reaches 3060 in
the marker area, while for the Gold Anchor also -1024 is reached,
even if the markers fill only a partial volume of the reconstructed
voxels. Before treatment planning, these saturated voxels need to
be overwritten by a realistic value. In Table 4, the distance from
the fiducial marker position, at which the maximum and
minimum values of the streak artifacts become lower than 3%
of the background level, is summarized for the 7 fiducial markers
for the conventional treatment planning CT and the one with
iMAR correction. The folded Gold Anchor of 20mm length (7),
which is also the heaviest marker, shows the strongest streak
artifacts. The Visicoil markers (1) and (3) of 0.35mm diameter
(gold and platinum) and the ZrO, marker (8), which are the
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FIGURE 4 | Maximum and minimum HU as a function of the distance to the fiducial marker for the conventional treatment planning CT (A) and with iIMAR correction
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TABLE 4 | Distance from the fiducial marker position, at which the streak artifacts become lower than 3% of the background level for 7 fiducial markers (Table 1), for

the conventional treatment planning CT and the one with iIMAR correction.

Marker number 1 2 3 4 6 7 8
CT distance artifacts 7 16 7 19 11 18 7
(mm)

CT distance artifacts 4 5 4 5 5 6 5
iIMAR (mm)

lighter studied markers, are the ones producing less intense
streak artifacts. The Viscoil markers (2) and (4) of 0.5mm
diameter and the Gold Anchor of 10mm length (6) show
similar values. Figure 4B shows that streak artifacts are
significantly reduced when using an iMAR correction. The HU
drops down to the background level around the marker, while for
the conventional treatment planning CT, the artifacts propagate
at further distances from the marker. Therefore, the application
of an iMAR correction could significantly reduce the errors in
dose calculation due to fiducial markers and should be
investigated further in the future.

3.1.2 X-Ray Visibility

The images acquired during the X-ray measurements are shown
in Figure 5 for the different scenarios with and without
collimation, as well as with and without bone slabs placed in
front of the markers. The contrast of the different fiducial
markers was computed as described in Section 2.2.2. In
Figure 6, the contrast of 7 fiducial markers is shown for the X-
ray imaging with the 4 different scenarios.

Figure 6 shows that the contrast is significantly improved
when a collimation is applied during the imaging, which is the
common practice in order to reduce the patient exposure. In a
more realistic case, where a bone slab was placed in front, the

contrast decreases. The heavier markers, with high-density
materials and a mass larger than 10 mg, such as the Gold
Anchor (7) and the two Visicoil markers of 0.5mm diameter
(2) and (4), show a contrast of around 400. For the Gold Anchor
(6) and the ZrO, (8) of mass between 5 and 10 mg, the contrast is
around 300. For the smaller Visicoil markers (1) and (3) of mass
lower than 5 mg, the contrast is around 200. However, all
markers are visible on the images. The images from the in-
room mobile CT study are shown in Figure 7 for 7 fiducial
markers. All markers are clearly visible with this imaging
method. Streak artifacts are also present, but not particularly
important when the images are not used for dose calculation.

3.2 Fluence Perturbation:

CMOS Measurements

Fluence perturbations due to the fiducial markers are induced by
multiple Coulomb scattering, which means that the perturbation
varies along the beam axis. In addition, for low-energy beams,
fiducial markers can also create considerable range shifts due to
energy losses in the markers. In this section, the results of the
maximum perturbation due to the fiducial markers were
computed from the fluence map of all reconstructed tracks, as
explained in Section 2.3.4.

(A)

(©)

Bone

in front of the markers without and with collimation, respectively.

FIGURE 5 | X-ray images of 7 different fiducial markers for the different settings described in Table 2. From left to right: Gold Anchor (6), Gold Anchor (7), ZrO, (8),
Viscoil (2), Visicoil (3), Visicoil (4), and Visicail (1), listed in Table 1. (A, B) show the images without and with collimation. (C, D) show the images with the bone slabs
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FIGURE 6 | Contrast of different fiducial markers (listed in Table 1) from the X-ray imaging study for the different settings of Table 2.

3.2.1 Single-Energy Proton Beam

In this study, the perturbation of proton beams was measured for
6 fiducial markers and two different energy proton beams of
142.10 and 169.02 MeV. To determine the maximum
perturbation, the beam profile with marker was compared to
the beam profile without marker for the same integrated window
at the same position along the beam axis. In Figure 8, an example
of fluence maps and the corresponding profiles from the
maximum fluence perturbations are shown for 4 fiducial
markers and different energy proton beams. The zero positions
in x and z are the coordinates of the fiducial marker position. The

(1) Visicoil gold (@ = 0.35 mm)

(2) Visicoil gold (@ = 0.5 mm)

(6) Gold anchor (I = 10 mm)

(3) Visicoil platinum (@ = 0.35 mm)

(7) Gold anchor (1 = 20 mm)

statistical uncertainties on the maximum perturbation values
were calculated as the quadratic sum of the uncertainty on the
beam profiles with and without marker. The uncertainty on the z
position, where the maximum perturbation is present, was
determined as 1.5 mm, comprising the uncertainty of the
sensor positioning and the uncertainty of the reconstructed
track. A summary of the maximum fluence perturbation values
from the fiducial markers and their corresponding position along
the beam axis is listed in Table 5. These values were obtained
from the back-projected tracks to the marker position, measured
in air (see experimental setup in Figure 2A). The maximum

(4) Visicoil platinum (@ = 0.5 mm)

(8) ZrO, (carbon-coated)

FIGURE 7 | In-room mobile CT images of 7 different fiducial markers listed in Table 1.
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FIGURE 8 | Measured fluence maps and beam profiles of 142.10 and 169.02MeV proton beams through Visicoil (1), Visicoil (3), Visicoil (4), and ZrO, (8), placed at
position zero along the z-axis and x-axis. (A, C, E, G) show the fluence maps reconstructed from all tracks. (B, D, F, H) show their corresponding profile at the z
position where the perturbation is the strongest. The black vertical dash-dotted line on the fluence map represents the corresponding position along the beam axis
where the fluence perturbation is maximum. In (B, D, F, H), the red line shows the profile at this position with the marker, while the black line shows the profile
without marker for the same z position. In the same panels, the vertical dotted line indicates the position in x of the maximum perturbation while the dotted horizontal
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TABLE 5 | Maximum fluence perturbation values and their position along the beam axis for the different fiducial markers for 142.10 and 169.02 MeV proton beams.

Marker 142.10 MeV protons 169.02 MeV protons
Perturbation (%) z position (mm) Perturbation (%) z position (mm)

Visicoil (1) 176 +£1.3 5+15 3114 9+15
Visicail (2) 525+1.2 3+15 145+1.3 8+15
Visicail (3) 20213 515 59+14 9+15
Visicoil (4) 56.2+1.2 3+15 154 +1.4 9+15
Gold Anchor (5) 17113 2+15 7314 7+15
ZrO, (8) 585+ 1.1 3+15 6.2+14 13+1.5

The given error on the perturbation value is the statistical uncertainty.

perturbations and their position vary as a function of the markers
and the primary beam energy. The lower the energy is, the
stronger is the effect induced by the marker. Moreover, markers
with high density and high atomic number create stronger and
larger perturbations. For 142.10MeV protons, the perturbation
is significantly higher for the fiducial markers with diameter
> 0.5 mm, which additionally stop the low-energy particles and
induce a significant range shift.

3.2.2 2D Range Modulator

In this study, the perturbation of proton beams was measured for
4 fiducial markers, and the fluence maps were reconstructed for a
170.05MeV proton beam modulated by a 2D RM in order to
obtain a more realistic case (see Figure 2B for the position of the
marker). To determine the maximum fluence perturbation, the
beam profile with the marker was computed for a certain
integrated window. As explained in Section 2.3.4, the reference
measurement was considered as the fit of the beam profile
without taking into account the perturbation. In Figure 9, the
fluence maps and the corresponding profiles of the maximum
fluence perturbations are shown for the studied fiducial markers.
The uncertainties were computed as the ones obtained for the
single-energy beams. A summary of the maximum perturbation
values of the fiducial markers and their corresponding position
along the beam axis are listed in Table 6. As for the single-energy
beams, these values were obtained from the back-projected
tracks to the marker position, measured in air (see
experimental setup in Figure 2A).

3.3 Monte Carlo Simulations

3.3.1 Initial Beam Parameter Tuning

Monte Carlo simulations were performed with the FLUKA code
(23-25), as described in Section 2.4. The initial beam optics were
tuned to reproduce the experimental data as explained in
Section 2.4.2. In Table 7, the initial beam width and beam
divergence, extracted from ScatTMan (1, 34) and introduced in
the FLUKA simulations, are listed for 142 and 170 MeV. The
initial beam optics for 169 and 170 MeV were found to be
the same.

In Figure 10, the beam width as a function of the distance to
the vacuum exit window was computed for 142 and 170 MeV
with the initial ion beam optics listed in Table 7. The results are
shown for the Scattman code, as well as for the CMOS
measurements and the FLUKA simulations. The Monte Carlo
simulations were performed with and without including the

initial beam shift (and tilt) and the PCB of the sensors (as
explained in Section 2.4.1).

In all cases, the beam width of the FLUKA simulations and
the CMOS measurements are in good agreement. The good
agreement between ScATTMAN and the measurements were
expected since the ion optical parameters in the ScATTMAN
model were adapted from the CMOS measurements. In
Figure 10C, deviations can be observed between the FLUKA
simulations and the CMOS measurements. However, these
deviations are significantly reduced when the simulation takes
into account the PCB layer and the initial beam tilt. For 142 MeV
with the PE block and the water aquarium, the proton beam has
an energy of around 8 MeV in the last sensor, which is equivalent
to around 2mm range in water. Therefore, the PCB of the first set
of sensors plays a role in the energy loss, and this effect becomes
significant only for low-energy beams.

3.3.2 Fluence Perturbation Comparison With Marker
The FLUKA simulations with fiducial markers were compared to
the CMOS measurements following the simulated setup
described in Section 2.4.1. The beam profiles were obtained
with the Monte Carlo simulations and the CMOS
measurements as explained in Section 2.4.2. In Figure 11, the
beam profiles at sensor 5 position (see Figure 2A) are shown for
the Visicoil (3) for 142MeV protons and for the Visicoil (2) for
169MeV protons.

In Tables 8, 9, the fluence perturbation values are compared
for the FLUKA simulations and the CMOS measurements for
142 and 169MeV protons, respectively. The fluence
perturbations were computed for several positions (sensor 5,
sensor 6, and sensor 7) to compare its propagation along the
beam axis.

The results show a good agreement between the Monte Carlo
simulations and the CMOS measurements within the
uncertainties. For 142MeV protons, the deviations are bigger
than for 169 MeV. This was expected since the primary protons
of 142 MeV have an energy of around 10 MeV behind the water
aquarium, compared to around 80 MeV in the case of the
169MeV primary proton beam. This means that small
variations of the layer thicknesses of the simulated geometry,
in the case of 142MeV protons, lead to larger fluctuations of the
energy losses compared to the 169MeV proton beam. Therefore,
small geometrical uncertainties in the simulated setup have a
stronger impact on the perturbation values for low-energy
beams. However, the results from both the simulations and the
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FIGURE 9 | (A, C, E, G) show the fluence maps reconstructed from all tracks. (B, D, F, H) show their corresponding profile at the z position where the perturbation
is the strongest. The black vertical dash-dotted line on the fluence map represents the corresponding position along the beam axis where the fluence perturbation is
maximum. In (B, D, F, H), the red line shows the profile at this position with the marker, while the black line shows the profile without marker for the same z position.
In the same panels, the vertical dotted line indicates the position in x of the maximum perturbation while the dotted horizontal lines quantify the strength of the

experiments are in good agreement, showing the same
tendencies. The Monte Carlo simulations could reproduce
correctly the perturbation and its propagation along the

beam axis.

3.3.3 Dose Perturbation: FLUKA Simulations

Compared to our previous work (20), where only fluence
measurements were performed, dose distributions were also
simulated in the present work. The dose distributions were
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TABLE 6 | Maximum fluence perturbation values and their position along the
beam axis for the different fiducial markers for the 170.05MeV proton beam
modulated by a 2D RM.

Marker Perturbation (%) z position (mm)
Visicoil (1) 7714 9+15
Visicoil (3) 6.3+1.4 9+15
Gold Anchor (5) 8.1+1.3 8+15
ZrO5 (8) 75+13 12+15

The given error on the perturbation value is the statistical uncertainty.

computed following the description in Section 2.4.3, where a
5cm SOBP was created with protons and the fiducial markers
were placed at the beginning of the SOBP at the 15cm depth. The
simulated depth-dose profiles showed a very similar distribution
to the measured ones from other experiments (32). In Figure 12,
the dose maps are shown for the gold Visicoil (@ = 0.35 mm) and
the platinum Visicoil (@ = 0.5 mm).

In Figure 13, the depth-dose profiles in the central line
obtained from the dose maps are presented for all the studied
markers. A reference simulation without marker is also shown in
the same figure. The maximum perturbations and their position
behind the fiducial marker along the beam axis are listed in
Table 10 for 6 fiducial markers. The two Visicoil markers of
0.5mm diameter (2) and (4), which are the heaviest markers used
in this study, show the strongest perturbation of around 8%. The
Gold Anchor (5) shows a maximum cold spot of around 6%,
while the other lighter markers (1), (3), and (8) produce a
perturbation of around 3-4%. The dose perturbations
presented in this section show the same tendency as for the
fluence measurements presented in Section 3.2.2.

4 DISCUSSION

In this work, a comprehensive study was performed for fiducial
markers used for image guidance in proton beam therapy. Three
main criteria for these markers, which are streak artifacts on
treatment planning CT, visibility on daily imaging methods, and
dose perturbations during particle therapy, were evaluated.
Fiducial markers composed of different materials (gold,
platinum, and ZrO,) and with different geometries were
studied. The markers of high-density materials (such as gold
and platinum) had a diameter <0.5 mm, which is recommended
for particle therapy (8, 20).

The streak artifacts on treatment planning CT, reconstructed
with and without iMAR correction, were quantified for 7 fiducial
markers. The maximum and minimum HU were computed as a
function of the distance to the fiducial markers. The gold and
platinum Visicoil of 0.5mm diameter and the two Gold Anchor

TABLE 7 | Initial ion beam optics (FWHM and divergence at the vacuum exit
window) used for the Monte Carlo simulations for 142 and 170 proton beams.

Energy (MeV) FWHM (mm) Divergence (mrad)
142 3.5 7.0
170 35 7.5

markers, which have a mass bigger than 6 mg, were the ones
inducing the strongest streak artifacts. The distance at which the
streak artifacts were lower than 3% of the background level was
found to be bigger than 10 mm for these markers, and 7 mm for
the gold and platinum Visicoil of 0.35mm diameter and the ZrO,
markers, which were lighter than 6 mg. For the case of treatment
planning CT with iMAR correction, the streak artifacts are
significantly reduced. The distance at which they are lower
than 3% of the background level is reduced by a factor 2
compared to the conventional treatment planning CT in all
cases. However, the iMAR correction would need to be further
investigated to be applied for clinical treatment planning. It is
important to note that the markers are smaller than a CT voxel;
however, they appear in up to 4 neighboring voxels. Before
treatment planning, the voxels need to be overwritten by a
realistic value, considering the partial volumes and the
stopping power of the marker material relative to water. This
could lead to inaccurate range predictions around the marker.

The visibility of fiducial markers on X-ray projections was
measured in 4 different scenarios with and without collimation,
as well as with and without bone slabs in front of the markers. As
expected, the contrast of the fiducial markers with bone slabs is
significantly reduced. In a realistic case, with bone slabs and
collimation, the heavier the marker is and higher is its density,
the stronger the contrast is. However, all markers were visible in
all cases.

The fluence perturbation from different fiducial markers was
measured for proton beams with an advanced technique by using
high resolution CMOS pixel sensors. With this method, 3D
fluence distributions could be computed after reconstructing
the trajectory of each particle. The measurements were
performed with two single-energy beams and with a
modulated beam using a 2D range modulator, producing an
SOBP of 5cm length. The maximum fluence perturbation,
created behind the fiducial marker and its position along the
beam axis, was quantified, using the 2D fluence map. As in our
previous study (20), the perturbations creating a small
overdosage were not reported since it is less critical than a
local underdosage that could cause a recurrence of the tumor.
The created fluence perturbations can be caused by edge
scattering but also due to particles stopping in the marker
when the particle beam is at the end of its range. Both
phenomena were observed in this study for the single-beam
energy experiments, using 142.10 and 169.02MeV protons. For
fiducial markers of diameter smaller than 0.5 mm, the
perturbations were found to be lower than 8%, while the two
Visicoil markers of 0.5 mm showed a maximum perturbation of
around 15% for 169.02MeV protons. In the case of the lower
energy proton beam, the maximum fluence perturbation was
found to be around 50% for the markers thicker than 0.5 mm.
These strong perturbations were due to high-energy losses in the
fiducial markers, which fully stopped the low-energy proton
beam. The perturbations induced by the Visicoil markers of
0.35mm diameter, the Gold Anchor, and the ZrO, marker were
also measured for a modulated beam. These measurements
provided a more realistic situation of a mixed beam, where
the markers were positioned at the entrance of a 5cm SOBP.
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FIGURE 10 | Beam width as a function of the distance to the vacuum exit window for 142 MeV (A, C) and 170 MeV (B, D) with the initial beam optics from
Table 7. The beam width was computed for Scatmman, the CMOS measurements, and the FLUKA simulation without target (A, B) and with the PE block and the
water aquarium (C, D). The Monte Carlo simulations were performed with and without including the initial beam tilt and the PCB of the sensors.
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FIGURE 11 | Beam profile comparison between the FLUKA simulations (A, B) and the CMOS measurements (C, D) for 142MeV protons passing through the
Visicail (3) (A, C) and 169MeV protons passing through the Visicoil (2) (B, D). The red and black lines show the beam profiles with and without marker, respectively.
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TABLE 8 | Comparison of the fluence perturbation values at several positions (sensor 5, sensor 6, and sensor 7) between the FLUKA simulations (Sim.) and the CMOS
measurements (Meas.) for the different fiducial markers for the 142MeV proton beam.

Marker Perturbation on S5 (%) Perturbation on S6 (%) Perturbation on S7 (%)
Sim. Meas. Sim. Meas. Sim. Meas.
Visicail (1) 82+14 9.0+1.4 34+14 42+14 1.8+1.4 3.7+14
Visicoil (2) 156.8+1.3 191 £1.3 80+x14 72+14 4114 47 +£1.4
Visicoil (3) 6.4+1.4 8814 34+14 50+14 31+14 3.1+14
Visicoil (4) 172+1.3 214 +13 6.8+1.4 83+14 38+14 3914
Gold Anchor (5) 94+14 11.3+13 38+1.4 52+14 2414 30+1.4
ZrO5 (8) 140+14 249 +13 6.4+14 9.7+14 3.8+14 24+14
The given error on the perturbation value is the statistical uncertainty.
The created fluence perturbations were found to be between 6% 5 CONCLUSIONS

and 8% in all cases, which is closer to the perturbations created
for 169.02MeV protons. This was expected since the marker was
positioned in the plateau region of the pristine Bragg peak with
the higher weight in the SOBP. The maximum perturbation
depends on the position of the fiducial marker. The closer the
marker is to the end of the SOBP, the bigger the perturbation is
due to the stronger scattering and higher energy losses of the
protons with the higher weighted pristine Bragg peak (36).

In addition, Monte Carlo simulations were performed with
FLUKA (25) to compute a 5cm length SOBP, from 14 to 19 cm,
created with protons in a water target. Dose perturbations
induced by the fiducial marker were computed, and the created
cold spots were quantified. The simulations, with and without
fiducial marker, were first validated against the experimental
measurements performed with the CMOS sensors. The FLUKA
simulations and CMOS measurements were in good agreement.
The perturbation of the different fiducial markers was computed
for a marker placed at 15cm depth at the beginning of the SOBP.
The maximum cold spot was found to be around 8% for the
heaviest markers and around 4% for the smallest ones.

In this work, the perturbations were measured and simulated
for a single field. However, in a realistic case, a patient would be
treated with multiple fields, partly compensating the
perturbation from one field to another (37). Moreover, daily
alignment, which is generally performed with the bony structure
of the patient, can be performed with an accuracy of only 0.5 cm.
This would also blur out the effect during the particle therapy
treatment between different fractions. However, the
perturbations remain the same in the tissue for every fraction.

In this work, streak artifacts on treatment planning CT, visibility on
daily imaging, and dose perturbations during proton therapy were
studied for different fiducial markers that are used for image
guidance in radiotherapy. The markers of different geometries
were composed of different materials such as gold, platinum, and
ZrO,. The streak artifacts on a treatment planning CT were found
to be the lowest for fiducial markers with a mass lower than 6 mg.
However, the treatment planning CT reconstructed with iMAR
correction showed a significant reduction of the streak artifacts for
all markers. Visibility on X-ray projections was also evaluated, and a
better contrast for heavier markers was found. However, all markers
were visible in all studied scenarios. Imaging with in-room mobile
CT was also performed showing a clear visibility from all markers.
An advanced measurement method was used to quantify fluence
perturbations due to fiducial markers in proton therapy, using high
resolution CMOS pixel sensors. Based on the fluence maps, the
measurements showed that the perturbations due to fiducial
markers are reduced for small and low-density markers of mass
lower than 6 mg. Monte Carlo simulations were performed with a
comparable setup as the one used during the experiments. The
simulations were validated against the experiments with and
without fiducial marker, showing good agreement with the
experimental data after adjusting properly the ion optical
parameters (beam width and divergence). Dose maps were
simulated for an SOBP in water created with protons, where the
fiducial marker was positioned at the beginning of the SOBP. From
this work, fiducial markers with a low mass, such as the gold and
platinum Visicoil of 0.35mm diameter as well as ZrO, (carbon-

TABLE 9 | Comparison of the fluence perturbation values at several positions (sensor 5, sensor 6, and sensor 7) between the FLUKA simulations (Sim.) and the CMOS
measurements (Meas.) for the different fiducial markers for the 169MeV proton beam.

Marker Perturbation on S5 (%) Perturbation on S6 (%) Perturbation on S7 (%)
Sim. Meas. Sim. Meas. Sim. Meas.

Visicoil (1) 46 +1.4 3.7+14 20+14 25+1.4 22+1.4 16+14
Visicoil (2) 9.4 +1.4 93+ 1.4 4.6+ 1.4 40+ 1.4 36+1.4 33+ 1.4
Visicoil (3) 52+ 1.4 46+1.4 25+14 28+ 1.4 21+1.4 25+14
Visicoil (4) 123+14 121 +£1.4 54+14 69+14 39+14 46+1.4
Gold Anchor (5) 52+1.4 42+1.4 21+14 24 +1.4 15+14 16+14
2rO5 (8) 6.1+1.4 53+14 3114 32+1.4 29+14 25+14

The given error on the perturbation value is the statistical uncertainty.
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TABLE 10 | Maximum cold spot values and their position behind the fiducial
marker along the beam axis for 6 different markers (Table 1), computed with

FLUKA simulations.

Marker Cold spot (%) z position (mm)
Visicail (1) 43+14 41+£05
Visicoil (2) 75+14 46+05
Visicail (3) 3.6+14 3.6+05
Visicoil (4) 84+14 51+05
Gold Anchor (5) 57+14 26+05
ZrO5 (8) 3414 4.6 +0.5

The given error on the cold spot value is the statistical uncertainty.

coated), can be recommended for image guidance in proton therapy
since they provide a good trade-off between visibility versus dose
perturbation. In principle, even smaller markers could be used as
long as they are still visible on the daily imaging method.
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Evaluating Proton Dose and
Associated Range Uncertainty
Using Daily Cone-Beam CT

Heng Li*, William T. Hrinivich, Hao Chen, Khadija Sheikh, Meng Wei Ho, Rachel Ger,
Dezhi Liu, Russell Kenneth Hales, Khinh Ranh Voong, Aditya Halthore
and Curtiland Deville

Radiation Oncology and Molecular Radiation Sciences, Johns Hopkins University School of Medicine, Baltimore,
MD, United States

Purpose: This study aimed to quantitatively evaluate the range uncertainties that arise
from daily cone-beam CT (CBCT) images for proton dose calculation compared to CT
using a measurement-based technique.

Methods: For head and thorax phantoms, wedge-shaped intensity-modulated proton
therapy (IMPT) treatment plans were created such that the gradient of the wedge
intersected and was measured with a 2D ion chamber array. The measured 2D dose
distributions were compared with 2D dose planes extracted from the dose distributions
using the IMPT plan calculated on CT and CBCT. Treatment plans of a thymoma cancer
patient treated with breath-hold (BH) IMPT were recalculated on 28 CBCTs and 9 CTs,
and the resulting dose distributions were compared.

Results: The range uncertainties for the head phantom were determined to be 1.2% with
CBCT, compared to 0.5% for CT, whereas the range uncertainties for the thorax phantom
were 2.1% with CBCT, compared to 0.8% for CT. The doses calculated on CBCT and CT
were similar with similar anatomy changes. For the thymoma patient, the primary source of
anatomy change was the BH uncertainty, which could be up to 8 mm in the superior-
inferior (SI) direction.

Conclusion: We developed a measurement-based range uncertainty evaluation method
with high sensitivity and used it to validate the accuracy of CBCT-based range and dose
calculation. Our study demonstrated that the CBCT-based dose calculation could be
used for daily dose validation in selected proton patients.

Keywords: dose calculation, CBCT, radiation measurement, radiation therapy, proton radiation therapy (PBT)

INTRODUCTION

The use of daily cone-beam CT (CBCT) guidance has improved patient setup accuracy and
precision in various radiotherapy delivery modalities, including proton therapy (1, 2). Since the
proton range, and hence the proton dose distribution, is sensitive toward any density change along
the beam path, CBCT can provide an additional benefit of verifying proton range and dose
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distribution, complementing the geometrical verification of the
patient anatomy daily (3-5). However, the Hounsfield unit (HU)
accuracy and image quality of the CBCT images are inferior to
those of regular CT and often considered inadequate for proton
dose calculation without correction. Methods to correct the HU
of CBCT and generate synthetic CT from CBCT images using
regular CT images as a priori information have been extensively
studied (6-8). However, problems arise when there is a difference
between CBCT and regular CT. The CBCT data could be skewed
and biased toward the regular CT, masking the very information
we seek from CBCT. For example, Veiga et al. proposed to use
deformable image registration (DIR) to create virtual CT (vCT)
from CBCT and planning CT (pCT) (8-10). However, an
additional correction step, which has an unknown impact on
the final result, was necessary because the DIR process could
artificially change the patient’s anatomy as observed on CBCT
(8). In general, when a priori information such as pCT was used,
the bias it introduced and its impact on the range and dose
distribution would compound with the actual anatomy change of
the patient and could not be adequately quantified. On the other
hand, previous studies have shown that using CBCT HU to
density table (HU-D table) could produce mass density and dose
calculation results with accuracy on the order of 1% for intensity-
modulated radiation (photon) therapy (IMRT) treatments, even
with inferior HU accuracy compared to CT (11). However, for
proton radiotherapy, the proton range uncertainty arising from
CBCT images with HU to density conversion instead of HU
correction, and its impact on dose calculation, has not been
quantitatively studied (12).

This study proposes using a measurement-based technique to
quantify the proton range uncertainties arising from CBCT HU
to density conversion, as compared to helical CT. We will also
demonstrate the feasibility of CBCT-based daily dose validation
without HU correction using a patient case.

MATERIALS AND METHODS

Imaging Systems and Proton

Dose Calculation

The RayStation treatment planning system (versions 9A/10A,
RaySearch Laboratories, Stockholm, Sweden) was used for this
study. Proton dose engines in RayStation require a complete
description of the material composition, including mass density,
mass fraction of atomic elements, and mean ionization energy
for each voxel of the patient. With the use of CT images as input,
this was implemented by converting HU to mass density with the
HU-D table. Then, the mass fraction of atomic elements and
mean ionization energy of the voxel were determined from a
number of well-established core materials through the
interpolation of mass density (13).

A stoichiometric calibration method (14, 15) was used to
establish the HU-D table for the CT simulator used in this study
(Siemens SOMATOM Definition Edge plus, Siemens Healthcare,
Forchheim, Germany). Separately, a patient group-based method
(11) was used to create the HU-D table for the CBCT system

used in this study (integrated into the Hitachi Probeat CR proton
delivery system, Hitachi, Ltd., Tokyo, Japan). CT and CBCT
image datasets of brain, head and neck, and thorax patients were
used to establish the HU-D relationship on the CBCT images for
typical materials such as air, brain, bone, or lung. The HU-D
tables for CT and CBCT were then used for proton dose
calculation on images acquired with respective modalities.

Phantom Imaging

A CT electron density phantom with inserts of known density
(Gammex Inc., Middleton, WI, USA) and two anthropomorphic
phantoms (Radiological Support Devices Inc., Long Beach, CA,
USA) (one head phantom and one thorax phantom) were used in
this study. Figure 1A shows the CT electron density phantom,
Figure 1B shows the head and thorax phantoms put together on
the simulator, Figure 1C shows the head phantom on top of a
solid water slab at the simulator, and Figure 1D shows the head
phantom on top of a solid water slab and a 2D ion chamber array
(Octavius, PTW, Freiburg, Germany) at the treatment position
ready for CBCT.

Phantom Treatment Planning

The pCT images were sent to RayStation. A solid water “Base”
support was inserted posterior to the phantom, as it would be
placed on top of the detector array during delivery. A wedge-
shaped clinical target volume (CTV) was added posterior to the
head such that the gradient of the wedge intersected the solid
water slabs, as shown in Figure 2. This target design was chosen
so that range error could be estimated from the gradient region
of the wedge structure as measured using the detector array. For
example, if the gradient edge was measured further laterally than
computed by the TPS, this would indicate a measurement range
deeper than the TPS predicted. A single anterior—posterior (AP)
beam was optimized to deliver a homogeneous dose of 200 cGy
(relative biological effectiveness (RBE)) to the wedge target, with
robust optimization parameters of 0-mm setup uncertainties and
3.5% range uncertainties. The final dose was computed using a
Monte Carlo proton dose engine with a 1-mm isotropic dose grid
and exported in RT DICOM format to the Oncology
Information System (OIS, Mosaiq, Elekta, Crawley, UK).

Phantom Setup and

Cone-Beam CT Imaging

The head phantom was then set up to the “treatment” position,
as shown in Figure 1C with laser, followed by shifts guided by a
3D-3D rigid registration between the CBCT and the plan CT.
The CBCT images and the rigid registration were sent to OIS
and RT PACS (Evercore DICOM RT archive, TeraMedica,
Milwaukee, WI, USA).

Phantom Measurement

The treatment plan was then delivered using the proton
treatment delivery system. A 2D plane of the delivered dose
was measured using the 2D ion chamber array. A single 1-cm
slab of solid water was placed between the phantom headrest and
the detector array to ensure that the gradient region of the wedge
intersected the detector array, as shown in Figure 1C.
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cone-beam CT (CBCT).

FIGURE 1 | Phantoms that were used in the study. (A) CT density phantom, (B) head and thorax phantoms put together on the simulator, (C) the head phantom
on top of a solid water slab at the simulator, and (D) the head phantom on top of a solid water slab and a 2D ion chamber array at the treatment position ready for

FIGURE 2 | CT image of the head phantom with a wedge-shaped target.

Hounsfield Unit Difference Between CT
and Cone-Beam CT Images

The HUs of the CT and CBCT images for CT density inserts and
patient images were compared. The difference of HU for the
same material on the CT and CBCT images leads to different
HU-D calibrations for the two different modalities.

Phantom Cone-Beam CT-Based

Dose Calculation

The acquired CBCT images and the rigid registration were sent
to the TPS from PACS. The proton plan was recalculated on
CBCT with the isocenter placed using the registration.

Phantom Quantification of Range
Uncertainties From CT and

Cone-Beam CT

The proton dose distribution calculated on CT and CBCT was
exported from the TPS. The measured 2D dose planes with the
CT and CBCT doses were compared using Matlab (MathWorks,
Inc., Natick, MA, USA). The measurement plane was determined
on CT and CBCT, respectively. The corresponding dose planes
on CT and CBCT were extracted and compared with the 2D
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measurement by calculating the gamma indexes with criteria of
3 mm/3%. Because of the range uncertainties associated with the
HU-D-proton stopping power conversion process, the measured
dose plane may be shifted only on the range direction, assuming no
geometrical uncertainties. Therefore, the range uncertainties
between the calculated dose and the measurement could be
quantified by the difference between the calculated measurement
depth and the actual measurement depth. The actual measurement
depth could be determined by comparing various dose planes
extracted from the 3D dose calculated on CT/CBCT with the
measured 2D dose plane.

Determination of the range uncertainties from CT and CBCT
was repeated for head and thorax phantoms.

Workflow of Cone-Beam CT-Based

Dose Verification

Figure 3 shows the workflow of using CBCT for patient dose
verification. Black lines represent the data transfer of pCT and
the treatment plan, the blue line represents the data transfer of
CBCT, and the orange line represents the data transfer of rigid
registration. The workflow is similar to the phantom validation
workflow described above, and a large part of the workflow could
be automated through scripting.

Patient Case Study

A patient with thymoma treated with active breathing control
(ABC) (16), which is a breath-hold (BH) technique, and daily
CBCT-guided intensity-modulated proton therapy (IMPT) was
retrospectively studied. Three consecutive BH CT scans were
acquired during patient simulation for treatment planning.
Additionally, the patient acquired two additional sets of
repeated CTs throughout the treatment, each consisting of
three consecutive BH scans. The patient was given a total dose
to CTV of 5,400-cGy RBE in 27 fractions. The patient went
through CBCT imaging the first day on the treatment machine

without actual treatment delivery, followed by daily CBCT-
guided proton therapy, resulting in an additional set of CBCT
images. For daily CBCT acquired with BH, the patient held their
breath for ~25 s for each BH, and each full scan of CBCT
acquisition required ~3-4 BH. In summary, there were 9 CTs
and 28 CBCTs available for the patient.

Two treatment plans were created for the patient with
robustly optimized IMPT using a spot scanning technique (17,
18). The first plan was created with only one of the planning BH
CTs (19), whereas the second plan used all three planning BH
CTs with multiple-CT optimization (20, 21). With the IMPT
technique, all surrounding organs at risk (OARs), including the
lung and the heart, received doses well below clinical tolerance in
both plans. The main challenge was maintaining target coverage
with the intra-fractional and inter-fractional motions of the
patient. The proton plans were recalculated on all 9 CT and 28
CBCT scans to monitor and evaluate the impact of the motion.
The target coverage along with heart and lung doses on each scan
was evaluated.

RESULTS

Phantom Study
Figure 4 shows the comparison between HU from CT and CBCT
for the same materials. The figure shows the HUs for inserts in
the CT electron density phantom with known densities,
extracted from CT images (x-axis) and CBCT images (y-axis).
It also shows the HUs of volumes of interest (VOI) with nearly
homogenous densities on the reference CT and the daily CBCT
images (11), along with the HU-D curves for CT and CBCT
modalities. There is a substantial difference between HUs from
CT and CBCT for lung and soft tissue materials.

Figure 5 shows the proton dose distribution calculated on
pCT (Figure 5A) and CBCT (Figure 5B) for the head phantom.

—

Planning CT |

l

| Treatment Planning System ’.7

l

Rigid
Registration

| Oncology Information System |

l

| Treatment Delivery System I

Treatment Delivery

FIGURE 3 | Workflow of using cone-beam CT (CBCT) for patient dose verification. The black lines represent the data transfer of planning CT and the treatment
plan, the blue line represents the data transfer of CBCT, and the orange line represents the data transfer of rigid registration.
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FIGURE 4 | Hounsfield unit (HU) comparison between CT and cone-beam CT (CBCT) for the same materials. The solid line represents the HU-D calibration curve,
the circles represent inserts on the CT density phantom with known densities, and the crosses represent volumes of interest with nearly homogenous density on
patient images.

ey

FIGURE 5 | The proton dose distribution calculated on (A) planning CT and (B) cone-beam CT (CBCT) for the head phantom. Only the prescription dose of 200
cQy is shown in the red color wash, and the red contour represents the target.
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matched dose planes (dashed lines).

The prescription dose of 200-cGy RBE is shown in the red color
wash, and the red contour represents the target. As shown in the
figures, since zero setup uncertainties were used in treatment
planning, the prescription dose highly conformed to the target
contour on lateral directions of the beam. Since 3.5% range
uncertainties were used, there were margins on the proximal and
distal directions of the beam between the prescription dose and
the target. The 2D detector array could be easily identified from
the CBCT. Since the entire base was overridden as solid water
(shown in the figures as gray blocks), the material composition
difference between CT and CBCT was not of concern.

As described in the Materials and Methods section, 2D dose
planes from the 3D dose on CT and CBCT were extracted in
I-mm spacing and compared with the measured 2D plane
dose. Figure 6 shows the comparison among 2D planes
extracted from the 3D dose calculated on CT (Figure 6A) and
CBCT (Figure 6B) that best matches the 2D plane measurement
(Figure 6C). Figure 6D shows the dose profile of Figures 6A-C,
which were again the 2D array measurement along with the
best-matched dose planes from dose calculation using CT and
CBCT (solid lines). Also shown in the figure, in dashed lines, are
the dose profiles from CT and CBCT dose planes that were
3 mm proximal and distal toward the best-matched dose
planes. This figure demonstrates the geometric accuracy
of the comparison and the sensitivity of the test toward
range uncertainties.

Figure 7 shows the proton dose distribution calculated on
pCT (Figure 7A) and CBCT (Figure 7B) for the thorax
phantom. Figure 8 shows the 2D gamma passing rate with a

Dose (Gy)

0 & 6 40 20 0 20 4o 8 80

Y-Axis (mm)

FIGURE 6 | The comparison among 2D planes extracted from the 3D dose calculated on (A) CT and (B) cone-beam CT (CBCT) that best match (C) the 2D plane
measurement. (D) Dose profile of panels A-C (solid lines) and dose profiles from CT and CBCT dose planes that were 3 mm proximal and distal toward the best-

criterion of 3 mm/3% as a function of percentage range error,
comparing the 2D measurement and 2D dose planes from CT or
CBCT dose, for the head phantom (Figure 8A) and the thorax
phantom (Figure 8B), respectively. The range error from CT was
0.5% and 0.8%, whereas the range error from CBCT was 1.2%
and 2.1% for the head and thorax phantoms, respectively.

Patient Study

Two treatment plans were based on one ABC BH CT and on
multiple (three) ABC BH scans. The first column of
Figures 9A, B shows the dose distribution on the single pCT
and multiple BH CTs, respectively. In the figures, only the dose
cloud of the prescription dose (5,400-cGy RBE, red) and 50%
(2,700-cGy RBE, green) are shown along with the CTV (yellow
contour). The plan was recalculated on all 9 CTs and 28 CBCTs.
The middle and right columns of Figures 9A, B show the dose
distributions on CBCT and CT with the worst CTV coverage,
respectively. As observed from CBCT and CT, the BH
uncertainty was the primary source of anatomy change in the
patient. The BH level could differ up to 8 mm in the superior-
inferior (SI) direction. Red arrows in Figure 9A point to areas
where target coverage was reduced on the daily CBCT or
repeated CT. The treatment plan based on a single BH CT
could not account for the anatomy change in the worst-case
CBCT and CT; both result in loss of tumor dose coverage,
whereas the dose coverage was maintained for the multiple BH
CT plan. These results suggest that CBCT could provide similar
information as repeated CT to support the clinical decision
on adaptation.
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| 28 R |

FIGURE 7 | The proton dose distribution calculated on (A) planning CT and (B) cone-beam CT (CBCT) for the thorax phantom.

Figure 10 shows CTV, and heart and lung dose-volume
histograms (DVHs) for the single CT (Figure 10A) and multiple
CT (Figure 10B) plans, calculated on all CTs and CBCTs,
respectively. The solid line represents DVHs on pCT, the
dashed lines represent DVHs on all CTs, and the bands
represent DVHs on all CBCTs. The figure shows that V100%
from the single CT plan dropped to 95.0% and 94.5%, in the
worst case on CTs and CBCTs, respectively. The V100% for the
multiple CT plan dropped to 98.4% for both CTs and CBCTs.
Both plans’ heart and lung doses remained excellent on all CTs
and CBCTs.

DISCUSSION

In this study, we quantified the proton range uncertainties and
their impact on dose calculation arising from CBCT images with
HU to density calibration for the first time. The range
uncertainties for the head phantom were determined to be
1.2% with CBCT, compared to 0.5% for CT, whereas the range
uncertainties for the thorax phantom were 2.1% with CBCT,
compared to 0.8% for CT. The profile comparison in Figure 6D
and the gamma index comparison in Figure 8 both showed
excellent resolution of the measurement-based technique, in

Passing Rte (%)

FIGURE 8 | 2D gamma passing rate with criterion of 3 mm/3% as a function of percentage range error, comparing the 2D measurement and 2D dose planes from
CT or cone-beam CT (CBCT) dose for (A) the head phantom and (B) the thorax phantom, respectively.
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Plan CT

Worst case CBCT

Worst case CBCT

FIGURE 9 | Dose distribution calculated on planning CT (left), worst-case cone-beam CT (CBCT) (middle), and worst-case repeated CT (right) for (A) the single
breath-hold BH CT plan and (B) multiple BH CT plan. There were ~8-mm superior—inferior (Sl) BH uncertainties between the planning CT and the worst-case CBCT
or CT. Red arrows in panel A point to the area where target coverage was reduced.

Worst case repeated CT

terms of both general geometric accuracy and the determination
of range uncertainties based on dose gradient. These results are
comparable with synthetic CT techniques for head (22) and
thorax (8) studies.

One notable difference between the current and previous studies is
that measurement was used as the baseline for our study. Much of the
literature investigating CBCT-based proton dose calculation
converted CBCT HU to CT HU and then used CT HU for proton
dose calculation (3, 23-27). However, as mentioned above and
demonstrated in this study, using CT as the baseline would
introduce the inherent range uncertainties associated with the CT
HU-D-stopping power conversion, which could potentially be
removed by direct CBCT HU-D-stopping power conversion. Many
HU correction techniques also use CT as a priori information that, as
previously discussed, could introduce bias and geometrical
uncertainties, which could compound with the actual patient

anatomy change. Since the uncertainties could not be adequately
quantified, one of the major benefits of CBCT images (i.e., its excellent
geometrical accuracy) would be negated. Figure 11 demonstrates an
example of geometric uncertainties from the DIR-based HU
correction techniques. In the figure, the planning ABC CT (left)
used a priori information to correct the CBCT images (center) using
deformation registration to create the synthetic CT images (right) on
two consecutive days at day 5 (Figure 11A) and day 6 (Figure 11B),
respectively (8). While the HU accuracy was generally improved on
the synthetic CT compared to CBCT, the diaphragm was displaced in
the synthetic CT on day 6. Since pCT is not the ground truth for daily
patient data, the magnitude of the geometrical distortion in the
synthetic CT could not be adequately quantified. This observation is
consistent with previous publications (8-10). Advanced techniques
for CBCT HU to density conversion without distorting the patient
geometry could further improve the accuracy of the CBCT-based
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FIGURE 10 | Clinical target volume (CTV), and heart and lung dose-volume histograms (DVHSs) for (A) single CT and (B) multiple CT plans, calculated on all CTs and
cone-beam CTs (CBCTs), respectively.
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FIGURE 11 | Planning CT (eft), daily cone-beam CT (CBCT (middle), and synthetic CT (right) for the same patient on (A) day 5 and (B) day 6.

dose calculation. For example, Spadea et al. and Thummereretal. (22,  CBCT calculated dose was consistent with CT calculated dose when
28) proposed a deep convolutional neural network based on CBCT ~ there were similar BH-induced uncertainties. These results suggest
HU to CT HU mapping to create synthetic CT without introducing ~ that with a simple workflow, CBCT-based dose validation could be
geometry distortion. unbiased with excellent geometrical accuracy, and acceptable
We compared the dose calculated on CBCTs with CTs for an ~ accuracy range determination, and may be an alternative to
ABC BH patient as a feasibility study. The results showed that the ~ synthetic CT-based dose validation for selected proton patients.
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In addition to the inferior image quality, CBCT also has other
inherent problems that could limit the use of CBCT directly for dose
calculation. For example, CBCT image quality could deteriorate
with artifacts from metal or motion. One of the other major
limitations of CBCT is the limited field of view (FOV). For
accurate proton dose calculation, the entire beam path that
transverses the patient and any supporting devices need to be
included in the FOV of the images, which may not be feasible for
many patients with pelvic targets. In addition, the HU accuracy of
CBCT images is known to deteriorate with patient size. Therefore,
we limited our investigation to head and thorax phantoms in this
study. We do not expect to use CBCT directly for dose calculation in
large patients where the FOV could not cover the entire patient.

CONCLUSION

We developed a measurement-based range uncertainty
evaluation method with high sensitivity and used it to validate
the accuracy of CBCT-based range and dose calculation. Our
study demonstrated that the CBCT-based dose calculation could
be used for daily dose validation in selected proton patients.
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Proton beam therapy (PBT) is often more attractive for its high gradient dose distributions
than other treatment modalities with external photon beams. However, in thoracic lesions
treated particularly with pencil beam scanning (PBS) proton beams, several dosimetric
issues are addressed. The PBS approach may lead to large hot or cold spots in dose
distributions delivered to the patients, potentially affecting the tumor control and/or
increasing normal tissue side effects. This delivery method particularly benefits image-
guided approaches. Our paper aims at reviewing imaging strategies and their
technological trends for PBT in thoracic lesions. The focus is on the use of imaging
strategies in simulation, planning, positioning, adaptation, monitoring, and delivery of
treatment and how changes in the anatomy of thoracic tumors are handled with the
available tools and devices in PBT. Starting from bibliographic research over the past 5
years, retrieving 174 papers, major key questions, and implemented solutions were
identified and discussed; the results aggregated and presented following the
methodology of analysis of expert interviews.

Keywords: proton therapy, imaging, thoracic tumors, motion management in radiotherapy, adaptive, radiotherapy

1 INTRODUCTION

Radiation therapy (RT) is an essential and effective tool in the curative treatment of different
anatomical sites. Unfortunately, with photon RT, safe dose escalation, delivery of concomitant
systemic therapy, or re-irradiation of the recurrent disease may not be feasible due to radiation-
induced toxicities. In contrast, the finite range of proton beams in tissues offers unique dosimetric
advantages that theoretically allow escalating the target dose, potentially prolonging survival while
minimizing exposure of surrounding tissues and consequently radiation-induced toxicity rate.

This theoretical advantage has led to the widespread adoption of proton beam therapy (PBT)
worldwide for a wide variety of thoracic malignancies, including lung cancer, esophageal cancer,
mesothelioma, and thymic cancer. At the state of the art, the tremendous potential of PBT for
treating thoracic cancers is only beginning to be appreciated.

PBT provided a lower total toxicity burden, particularly pulmonary, cardiac, and hematologic
toxicity, within the context of previous attempts at dose escalation for lung and esophageal cancer
(1). Similarly, for mesothelioma patients, the physical properties of proton therapy result in better
sparing of normal tissues, particularly in treating the pleura, in both post-pneumonectomy and
lung-intact settings. There are drastic dose reductions to the contralateral lung, heart, liver, kidneys,
and stomach (2). Re-irradiation, advanced disease requiring extensive cardio-pulmonary irradiated
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volumes, and younger patients may likely benefit from modern
PBT (3). New techniques like stereotactic body radiation therapy
(SBRT) and PBT are now increasingly adopted as the only radical
treatment for small solitary lung tumors (4) and represent the
most used non-surgical modality in treating lung cancers,
permitting the improvement of treatment outcomes and
favorable toxicities.

Moreover, treating thoracic cancers involves solving most
technical and technological imaging, treatment plan, delivery,
and adaptive problems. Several issues are relevant for improving
the efficacy and safety of thoracic moving tumors or tumor
shrinkage/anatomical changes during the treatment, such as the
type of online imaging and the vulnerability of protons to
inherent heterogeneities in the beam path. Therefore, there is
an enhancing need to perform adaptive planning, representing
the key to more comprehensive PBT application (1).

New approaches to combining PBT and immunotherapy (5)
demand creative investigation for introducing ultrahigh dose-
rate Flash, GRID/lattice, and microbeam delivery approaches in
PBT (6-8). The maturity of technologies, including treatment
planning and image-guided technology, is the critical issue for
realizing new PBT treatment strategies.

This work focuses on imaging and motion-related devices
used for PBT treatment simulation, planning, positioning,
adaptation, monitoring, and delivery in thoracic tumors.

2 MATERIALS AND METHODS

2.1 Literature Search Strategy
A PubMed search was performed using the query string to
identify the publication related to proton therapy in thoracic
tumors, mainly represented by small-cell lung cancer (SCLC)
and non-small cell lung cancer (NSCLC), mesothelioma,
thymoma, and esophageal cancer. These thoracic malignancies
are challenging from the treatment point of view because of
relevant tissue heterogeneities, the presence of moving organs
and targets, and the limited availability of onboard soft tissue
imaging devices.

We included the following keywords/strings in the PubMed
query search:

«“proton therapy” AND “thoracic”;

«“proton therapy” AND “non-small-cell-lung-cancers”;
«“proton therapy” AND “small-cell-lung-cancer”;

«“proton therapy” AND “mesothelioma”;

«“proton therapy” AND (“thymoma” OR “thymic malignancy”);
«“proton therapy” AND “esophageal cancer”.

Filters are from June 3, 2016 to June 3, 2021. The research was
restricted to the last 5 years to include only the keywords in the
title and/or abstract. The search was done on the June 3, 2021.

2.2 Study Selection

Two authors independently reviewed titles and abstracts to
decide the study inclusion. Full articles were retrieved when

the abstract was considered relevant. Only papers or abstracts
published in English were considered.

Papers were selected if they contained information about the
treatment of thoracic tumors with PBT and gave answers or
inside view on the following medical physics questions:

1. Which is the imaging approach for simulation, planning,
positioning, adaptation, monitoring, and delivery in PBT for
thoracic tumors?

2. How are handled changes in the anatomy of thoracic tumors
with the available tools and devices in PBT?

The data were summarized in a database with the following
issues: first author, journal, year, title.

Data analysis and interpretation rely on Bogner and Menz’s
(9) related to Expert interviews.

3 RESULTS

3.1 Description of Included Studies and
Inclusion Criteria

Based on the reported PubMed/Medline search, 190 papers and
abstracts were identified. The results are represented in Figure 1.
Substantial growth was observed looking at the included papers
through the years. The number of papers related to 2021 was not
complete because the inclusion criteria were limited to June 3,2021.

Out of the 190 records, 16 were excluded as duplicates. 73 papers
of 174 records screened were excluded for the following reasons: not
inherent (#73) to the addressed questions. Out of the 102 full-text
articles assessed for eligibility, 31 full-text articles were selected
according to medical physics-related questions 1 and 2 described in
paragraph study selection in Material and Methods.

The following groups were obtained according to the typical
PBT workflow phases in a clinic (see Figure 2): simulation (# 24),
planning (#9), treatment setup (#13), adaptation (#8), motion
monitoring (#6), and treatment delivery (#6). Papers that give
information about two or more groups were counted once for
each group.

Additional subgroups related to subphases are identified in
Figure 2 as reported in Results.

3.2 Simulation

In thoracic tumors, if necessary, respiratory-gated or breath-hold
radiation therapy techniques are used to accommodate tumor
motion; however, most patients are treated with free-breathing,
which is the more efficient technique (10). According to this, we
have reported simulation imaging approaches and motion
handling methods in agreement with the international
guidelines in particle therapy thoracic malignancies (11).

3.2.1 Setup

Patients are mostly immobilized supine in an upper-body cradle
with arms overhead (12). A small Vac-Lok cushion is used on a
so-called wing board to stabilize the arms and the head. The
pelvis and legs are stabilized with larger vacuum bags or directly
positioned on the couch. Patients lay on the table with a gap
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FIGURE 1 | Numbers of included and excluded papers derived from the PubMed search related to PBT in thoracic tumors.

Pre-treatment workflow

Treatment workflow

between the head and pelvic vacuum bags to minimize material
in the beam path (13, 14). The type of cushions is critical because
they could introduce uncertainties in the alignment of different
tissues along the beam path (15).

Significant internal motion is accounted for by utilizing
various measures, including 4-dimensional (4D) CT imaging
and abdominal compression, and/or through the placement of
internal fiducials at the discretion of the treating radiation
oncologist. Sometimes abdominal compression devices are
reported (16).

3.2.2 Imaging for Simulation

The free-breathing patients underwent CT simulation with 4D-
CT to account for respiratory motion with deformation (12, 15,
17-24). Regarding the motion assessment, a tumor motion range
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FIGURE 2 | Typical pretreatment and treatment PBT workflow with main subitems/tasks for motion management and anatomical change of organs and tumors.
The dashed blocks indicate the online and off-line adaptation tasks that may be optionally applied one or more times during treatment. The blue arrow indicates
the number of fractions in which the inter- and intra-fraction evaluation for motion management is applied.

less than 5 mm is considered acceptable for free-breathing
delivery (15). Patient respiratory waveforms were monitored
throughout the procedures and recorded with a respiratory
gating system (14, 17, 19, 20, 25-27). Alternatively, to mitigate
intra-fractional motion in NSCLC patients, visually guided
voluntary DIBH CT images are acquired (26, 28-32).

3.3 Planning

3.3.1 Contouring and Plan Evaluation

The use of '*F-fluorodeoxyglucose-PET/computed tomography
(CT) is well established in lung cancer and several other thoracic
malignancies. Simone et al. (33) describes the expected future
roles of PET/CT for thoracic tumors. In the free-breathing cases,
the gross tumor volume (GTV) is often defined based on all
available clinical information in the average intensity projection
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reconstruction images derived from all breathing phases of the
4D-CT (19-21, 25, 34). The plan is then generated on an
averaged 4D-CT's with possible density overwrites. The method
reported by Fracchiolla et al. (23) is to create internal target
volume (ITV) on the free-breathing CT as the union of all CTVs
contoured on each phase of the 4D-CT. The plan is calculated on
the free-breathing CT.

3.3.2 Range Uncertainty

In selecting imaging CT for planning, the uncertainty related to
the proton-stopping-power conversion of the Hounsfield units
plays an essential role. Currently, algorithms using single energy
CT photon to proton stopping power calculations implement a
3%-3.5% uncertainty for each centimeter (cm) of beam path
length (15). However, for planning purposes, one technical
advance that undoubtedly may improve proton treatment for
NSCLC is the employment of dual-energy CT (DECT) or other
techniques that reduce range uncertainty for treatment delivery
(35, 36).

3.3.3 Special Approaches

Incorporating 4D-CT ventilation imaging into functional proton
therapy is feasible (37). In intensity-modulated proton delivery,
the functional proton plans are adequate to further preserve
high-functioning lung regions without degrading the PTV
coverage. This approach is feasible in a subset of patients with
breathing motion limited to 5-7 mm from CTO (inhalation) to
CT50 (max exhalation) (25, 37).

Sala et al. (32) propose high-frequency percussive ventilation
(HFPV) to reduce motion impact drastically. This approach
employs high-frequency low tidal volumes (100-400 bursts/
min) to provide respiration in awake patients.

3.3.4 Motion Monitor Devices

Different motion monitoring devices are reported used in
combination with X-ray imaging devices adopted for planning,
setup, and delivery in PBT. They are classifiable according to the
type of implemented technology in surface-guided radiotherapy
(SGRT) using optical systems, spirometry, and markers.

The SGRT systems include commercial ones such as the
Varian Real-time Position Management system (Varian
Medical Systems, Palo Alto, CA) (19, 37), Vision RT (23), or
in-house solutions (10). The spirometric systems included DIBH
using the SDX system (Dyn’R-SDX, version 2.06) (30) and the
Active Breathing Coordinator (ABC, Elekta Oncology Systems
Ltd., Crawley, West Sussex, UK) (23). Several authors report
using gold fiducial markers implanted by bronchoscopy (27, 28)
or endobronchial ultrasound guidance (13). The patient’s
respiratory stability was evaluated by studying the marker
motion as a surrogate of tumor displacement using X-ray
imaging devices. Elhammali et al. (12) reported that a
minimum of 3 days for a trans-thoracic approach or 2 days for
a bronchoscopy approach were required to allow fiducials to
stabilize before simulation. Another reported system is the Z-733
V respiratory gating system (Anzai Medical, Tokyo, Japan) (17,
20, 22, 36, 38, 39).

3.4 Treatment Setup

3.4.1 Image Acquisition and Comparison With

2D/3D Images

For standard treatments in patients with thoracic tumors, daily
patient alignments are achieved by matching fiducial markers or
vertebral bones with 2D/2D matching methods (10, 12, 13, 16,
17, 21, 27, 28, 34, 40). The setup is continued until the eventual
fiducial markers on the digitally reconstructed radiographs are
agreed within 2 mm (13, 28).

The 2D/2D fusion approach limits the visibility of soft tissues
that is crucial for PBT beams and ensures adequate treatment plan
delivery (21). The number of pencil beam scanned proton therapy
(PBSPT) facilities equipped with cone-beam computed tomography
(CBCT) imaging treating thoracic indications is constantly rising
(34, 39, 40), thus allowing the implementation of dose summation
and adaptive treatments. To overcome the absence of onboard 3D
images, weekly CT images are acquired to generate verification and
adaptive plans (18, 23).

3.5 Treatment Adaptation

Forsthoefel et al. (16) reported that treatment setup and delivery
are verified with regularly scheduled quality assurance CT scans
during treatment. Kharod et al. (13) reported that patients
underwent verification CT scans on days 1, 2, 4, and 6 of
treatment to confirm appropriate alignment. Chen et al. (41)
did analyze the correlation between anatomic change and the
need to adopt adaptive radiotherapy (ART).

3.5.1 Off-Line Adaptive

Iwata et al. (28) reported that CT permits evaluating tumor
shrinkage at the end of PBT. Replanning was conducted if beam
leakage to the distal side due to tumor volume change (shrinkage) or
body mass reduction was significant. The adaptive replanning was
performed when the esophagus and spinal cord dose increased and
exceeded the limit dose and/or when the dose to the lung adjacent to
the tumor increased by about 10%.

3.5.2 Online Adaptive

The online adaptive protocol was reported by (29) based on plan
re-optimization using a fast but limited accuracy analytical
algorithm that can still improve the overall treatment dose for
patients with cancer in the lung and HN regions. Nevertheless,
no online adaptive protocol was reported in the literature in the
papers selected for this study.

3.6 Motion Monitoring and Treatment Delivery

In thoracic tumors, respiratory-gated PBT combined with
image-guided techniques enables adaptive plan implementation
(28). Abdominal surface motion is used as a surrogate for tumor
motion, and the beam is turned on only when the monitored
respiratory phase falls within the predefined gating window (17).

4 DISCUSSION AND CONCLUSIONS

To fully realize the potential of PBT for thoracic cancer,
extensive improvements are needed in all the image-related
aspects of the treatment process, from simulation, planning
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algorithms, and volumetric image guidance to real-time
tracking and treatment adaptation.

For complicated anatomy, intensity-modulated PBT should
be considered with appropriate motion management (27). For
centrally located lesions and re-irradiation, volumetric imaging is
crucial for accurate delivery and reducing the PTV margins.

Our review of selected literature highlighted some barriers for
treating moving targets with significant tissue heterogeneity and the
technologic efforts underway to overcome these challenges for
thoracic malignancies. One of the most important of these was
the lack of 3D volumetric imaging in the PBT facilities for treatment
setup and adaptation. Because visualizing tumors with non-
volumetric 2-dimensional images is challenging for PBT, fiducial
markers are frequently adopted, although they represent an invasive
procedure and are not always feasible. When tumors are close to
bony structures, these could be used as a landmark (11).

In PBT, 4D-CT, ITV generation, and free-breathing are
frequently reported approaches preferred to DIBH. The free-
breathing approach applies mainly when the tumor displacements
are limited up to 5 mm.

SGRT PBT is a reported option based on repeated CBCT or
CT analysis. In photon beam radiotherapy, the availability of 4D-
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Particle therapy is a rapidly growing field in cancer therapy. Worldwide, over 100 centers
are in operation, and more are currently in construction phase. The interest in particle
therapy is founded in the superior target dose conformity and healthy tissue sparing
achievable through the particles’ inverse depth dose profile. This physical advantage is,
however, opposed by increased complexity and cost of particle therapy facilities. Particle
therapy, especially with heavier ions, requires large and costly equipment to accelerate the
particles to the desired treatment energy and steer the beam to the patient. A significant
portion of the cost for a treatment facility is attributed to the gantry, used to enable different
beam angles around the patient for optimal healthy tissue sparing. Instead of a gantry, a
rotating chair positioning system paired with a fixed horizontal beam line presents a
suitable cost-efficient alternative. Chair systems have been used already at the advent of
particle therapy, but were soon dismissed due to increased setup uncertainty associated
with the upright position stemming from the lack of dedicated image guidance systems.
Recently, treatment chairs gained renewed interest due to the improvement in beam
delivery, commercial availability of vertical patient CT imaging and improved image
guidance systems to mitigate the problem of anatomical motion in seated treatments.
In this review, economical and clinical reasons for an upright patient positioning system are
discussed. Existing designs targeted for particle therapy are reviewed, and conclusions
are drawn on the design and construction of chair systems and associated image
guidance. Finally, the different aspects from literature are channeled into
recommendations for potential upright treatment layouts, both for retrofitting and
new facilities.

Keywords: upright CT, upright treatment, particle therapy, image guidance, seated treatment, treatment chair

INTRODUCTION

Particle therapy, available in the form of proton or heavier ion therapy, has received an ever-
increasing interest over recent decades, with currently over 100 facilities in operation (1), and
several more planned or under construction. Primarily, this interest results from the superior depth
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dose profile of charged particles over that of photons used in
conventional radiotherapy: particles have a finite range in the
patient and deposit the maximum dose at their stopping point -
the Bragg peak. The Bragg peak enables delivery of a high dose to
the target with minimum dose to surrounding healthy tissue.
Sufficient target coverage can already be achieved with few
treatment fields, therefore the low-dose bath typically delivered
to a large volume for photon therapy. In case of heavier ions, the
Bragg peak is also the point of highest relative biological
effectiveness (RBE), further increasing tumor dose relative to
that in healthy tissue (2).

This physical advantage of particle therapy over photon
therapy, however, is opposed by the increased capital investment
required for a particle therapy facility. This is attributed to the
larger and more complex accelerator equipment needed to
produce medical ion beams. Especially for heavy ions, a large
part of the overall investment is needed for the gantry, used to
enable treatment from different angles around the patient (3). It is
therefore not surprising that several groups have been, or are
currently, investigating options for gantry-less particle therapy,
including treatment delivery with the patient in an upright or
seated position. In fact, for the pioneering studies on ion beam
therapy, conducted at the Lawrence Berkeley National Laboratory
(LBNL), patients were fixed in an upright position using a rotating
chair setup and a vertical CT was installed (4). Gantry-less carbon
ion therapy with a custom chair and even associated vertical CT
imaging was reported by Kamada et al. (5). A chair system for
head and neck patients was also designed at GSI Helmholtz Center
for Heavy Ion Research GmbH during its carbon ion therapy pilot
project (6). Yet, despite the increased cost and size, gantries are
regarded as the best option for enabling flexible beam angles, due
to their universal applicability for different treatment sites. The
declined interest in chair systems can be attributed to the limited
availability of vertical CT systems, and the resulting limited
knowledge on anatomical deformations in an upright position.

Indeed, dedicated image guidance is a central aspect when it
comes to installing a system to treat patients in the upright
position. With the advent of modern image guidance systems (7),
like in-room Cone-Beam CT (CBCT), optical surface guidance,
as well as dual-energy CT and particle imaging, particle therapy
has recently enjoyed a boost in achievable treatment accuracy.
Now, with commercial options for vertical CT systems (8, 9), and
the drive for reducing the upfront investment for opening new
particle therapy centers (3, 10), upright treatment positioning
systems have gained renewed interest (11, 12). Moreover,
advanced techniques for intra-treatment verification and
adaptation (13-15) are currently reaching clinical maturity.
These techniques could, not only overcome the previous issues
associated with anatomical motion for upright treatment
positions, but together with upright treatment postures, further
open possibilities for advanced beam delivery schemes, e.g.,
particle arc therapy (16) with continuous patient rotation.

In this review, we aim to outline key requirements for a
flexible upright particle therapy patient positioning system with
associated imaging. To this end, we will summarize the clinical
rationale for upright treatments and go over existing chair
systems that have been constructed in the past or are currently

available, focusing on those targeted for particle therapy. An
overview over the requirements for an upright positioning
system for photon therapy can be found in the recent review
by Hegarty et al. (17). We will discuss engineering considerations
for upright positioning systems and options for image guidance
for an upright treatment position. Finally, we will channel the
available literature into recommendations for future upright
particle therapy patient positioning systems and associated
image guidance.

POSSIBLE BENEFIT OF AN UPRIGHT
POSITIONING SYSTEM

Economical Arguments

The key rationale for upright treatment positioning is, that it is
cheaper to move the patient and not the beam. Gantries for
proton, and especially for heavier ion therapy, are large, costly
pieces of machinery. While it can cost less than half a million
Euro to build a head&neck targeted chair positioning system,
building a gantry is an investment of several million Euro for
protons and even more for heavier ions. There is also operational
cost: precise rotation of the up to several hundred ton gantry is
by no means a simple task, and requires sophisticated installation
and maintenance. For example, a shift of the isocenter position of
up to ~1.2 mm during rotation of a proton gantry was reported
by Moyers et al. (18). This shift can be effectively compensated by
modern scanning delivery systems, but the shift results in
additional workload for beam commissioning under different
gantry angles. In addition, the large size of a proton, let alone a
heavy ion gantry necessitates building a large shielded bunker
(up to 25 m in length and three stories height in case of the
carbon ion gantry at the Heidelberg Ion-Beam Therapy Center
(19)), further adding to the facility cost.

While new designs for compact gantry systems are being
explored, e.g., the static toroidal gantry proposed by Bottura et al.
(20), moving the patient instead of the gantry presents a possibly
simpler and thus attractive option. Especially for existing centers,
retrofitting an upright positioning system is conceivably less
challenging compared to retrofitting a gantry. Further arguments
on cost-reduction could be the potential of faster setup time with
an upright positioning system due to easier patient access (21).
An upright positioning system may also enable easier inclusion
of advanced image guidance techniques, like prompt gamma or
particle imaging (13) to the setup, due to more free space around
the isocenter.

At the same time, a gantry-less treatment room equipped with
a flexible patient positioning system could provide similar
versatility compared to a gantry, as demonstrated in the study
by Yan et al. (22). An upright positioning system would also
naturally provide an efficient way for advanced beam delivery
options, like particle arc therapy (16, 23), by rotating the patient
during treatment.

Overall, a chair system could be the solution for more
widespread access to particle therapy, reducing cost and size of
particle therapy centers. An upright proton therapy system has
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been speculated to possibly fit into a single shielded bunker
(3, 24) and could foster greater availability also in low income
countries. For heavy ion therapy, where currently only two
gantry systems are in operation worldwide, upright patient
positioning could be the key to promote this technology from
few centers with fixed horizontal beam lines to similar
availability levels as current proton therapy.

Clinical Arguments

Aside from the economical arguments, there have been a small,
but growing number of studies indicating a possible therapeutic
benefit of upright treatment as well. Upright positioning could
provide greater comfort for head&neck patients suffering from
increased saliva production (25), and patients suffering
orthopnea, dyspnea or dysphagia in supine position (26).

Dellamonica et al. (27) report increased lung volume and
oxygenation for upright compared to supine position. Using an
upright MRI scanner, Yang et al. (28) also demonstrated
increased lung volume in upright positioning compared to
supine, as well as showing a reduced motion amplitude from
respiration. The greater lung volume implies greater distance
between target and organs at risk, as well as lower mean lung
dose, which has been used to argue for better healthy tissue
sparing possibility (25). For particle therapy, the important
quantity is the water equivalent thickness, which would not
change relevantly with greater air volume in the lungs. In
contrary, the reduced lung density could reduce the dose
conformity at the distal target edge. This could be offset by
both a reduced breathing amplitude resulting in smaller lateral
margins, as well as the aforementioned distances to organs at
risk. The net effect is probably patient-specific and needs to be
investigated in treatment planning studies.

Considering that patients spend most of their days in upright
or seated posture prior to treatment, upright treatment may also
provide certain benefits regarding organ drift. For example, slow
liver drift motion occurring over tens of minutes after supine
positioning of patients was reported by von Siebenthal et al. (29),
and attributed to the change in the direction of gravity compared
to the patients ‘normal’ upright posture. Similar reasoning could
be made also for other organs in the abdomen.

In a recent study based on upright MRI, Mackie et al. (21)
have reported benefits for prostate therapy in upright position,
with further details available in (30). Gravitational push of
organs like the bladder into the pelvic bone reduced
uncertainties in prostate position compared to supine. Since
gas moves upwards the bowel for upright posture, the risk of
unexpected bowel gas movement during prostate therapy
possibly might be reduced.

Most recently, Sun et al. (31) presented results from clinical
implementation of a chair positioning system targeted for
head&neck cancers at the Shanghai Proton and Heavy Ion
Center (SPHIC). Of 320 patients treated for head&neck, 15
showed a clear dosimetric benefit compared to a treatment
with couch and fixed horizontal or 45° inclined beam line.
Chair systems also were shown in the past to be well accepted
by the patients. For example, McCarroll et al. (26) reported

overall good patient comfort for their prototype chair design, but
noted that upright positioning might not be possible for all
patients, e.g., due to certain medical conditions.

Yan et al. (24) in a treatment planning study have
demonstrated the robustness and high quality of upright plans
for head&neck cancer patients for pencil-beam scanning proton
therapy at a fixed beam line. While they used only a subset of the
beam angles available for gantry treatments for upright planning,
the authors note that the use of more beam angles could further
benefit organ-at risk sparing.

Chair positioning systems are already well established
standard for particle therapy treatments of cancers in the eye
(32). If the beam line is capable of handling also the special
requirements for eye cancer treatment (33), a head&neck upright
positioning system may also be useful for eye treatments.
Experience on head fixation devices for eye treatments, like
chin bars with mouth pieces for the patient to bite into for
immobilization, may be transferable also to treatments of brain
tumors, although to a limited extent.

BRIEF OVERVIEW OVER
EXISTING SOLUTIONS

In this section, existing solutions for upright positioning devices
targeted specifically for particle therapy will be briefly reviewed.
Figure 1 shows examples of upright positioning prototypes
constructed for or used at particle therapy centers. A historical
overview of upright patient positioning systems for radiotherapy
in general can be found in the recent review by Rahim et al. (34).

For the pioneering studies at LBNL investigating particle
therapy using various ion species, patients could be positioned
in both recumbent and in upright, standing or sitting, treatment
position (36, 37). Patient positioning was achieved using
dedicated upright accessories added to the ‘ISAH’ (38) 5-
degree-of-freedom patient positioning system (36). A vertical
CT was used for position verification in the upright position (4)
Kamada et al. (5) have presented a chair positioning system for
head&neck cancer patients used at the Heavy Ion Medical
Accelerator Center (HIMAC) in Chiba, Japan. The device was
mounted on a rail system to move it from treatment to parking
position and a vertical CT scanner was specifically installed for
imaging in the seated position. The CT scanner, mounted to the
ceiling of the treatment bunker, was lowered over the patient to
acquire images.

Heeg et al. (6) report on the design of a patient chair to be
used at the GSI Helmholtz Center for Heavy Ion Research
GmbH, with further refinements detailed in (39). The chair
enabled a tilt of up to 19°, a 360° rotation around the vertical
axis and featured a height adjustable patient mask holder
mounted to a steel frame with counterweights for safe
handling. Similar to the chair system by Kamada et al. (5), the
chair by Heeg et al. (6) was mounted on a rail system to make
way for the couch when not in use. The chair system is still
operational and located in the now dedicated research room (40)
at GSI, but it was never used clinically.
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FIGURE 1 | Overview over different chair designs targeted for particle therapy found in literature, focusing on those that were constructed as prototype. The color of the
time line connectors indicates the chair’s intended use with respect to different treatment sites, as shown on the left. °The chair was installed at the Indiana University
Health Proton Therapy Center prior to 20086, as described by Schreuder (30). °The device was installed at the Oklahoma Proton Center as described in (30). The figure
shows the couch overlayed on the chair. °The chair system is installed at Northwestern Medicine Chicago Proton Center and was designed by P-Cure”. Image reprinted
with kind permission by Dr. M. Pankuch (Northwestern Medicine Chicago Proton Center). Images 2°, and the Leo Cancer Care Ltd (2021). were reprinted with kind
permission by Dr. N. Schreuder (Leo Cancer Care Ltd.). Kamada et al. (1999): Reprinted from Kamada et al. (5) with permission from Elsevier. Buchner et al. (2020):

Schreuder (30) discusses the design and construction of a
chair system at the Indiana University Health Proton Therapy
Center (Bloomington, Indiana, USA), reportedly used for patient
treatment prior to the installation of a proton gantry. The device
was attached to the couch robot, and could be mounted on a
transport cart. Of note is the use of a wooden back plate which
was individually manufactured for each patient for accurate
positioning. In some cases, patient specific cutouts were made
in the back plate to reduce material in the beam path.

Schreuder (30) also reports on the further development of the
treatment chair continued at the Oklahoma Proton Center
(Oklahoma City, Oklahoma, USA). The follow up device
considered a 20° tilted backrest made from carbon fibre. Again,
it was equipped with the same coupling structure as also used by
the treatment couch, enabling efficient switching between couch
and chair. Further design improvement of the chair described in
(30) were adopted by P-Cure (P-Cure Ltd., Shilat Industrial
Zone, Israel) for a commercial chair and vertical imaging system.
The system was installed 2016 at Nothwestern Medicine Chicago
Proton Center (NWMCPC, Chicago, Illinois, USA), where it is
currently in clinical use. The P-Cure system features a carbon
fibre chair with up to 20° tiltable back plate mounted to a robotic
arm, capable of moving the chair between isocenter and an in-
room vertical x-ray CT scanner (41), also installed at NWMCPC.
The chair is targeted for not only head&neck, but also thoracic
cancer patients, enabling imaging and treatment down to
the diaphragm.

Balakin et al. (42) presented an upright patient positioning
system for the Prometheus proton therapy complex at P.N.
Lebedev Physical Institute of the Russian Academy of Sciences,
Physical Technical Center (Protvino,Russia) the idea of which

was proposed in (43). Their design considers an armchair
targeted for head&neck cancer patients, that is height
adjustable by 500 mm to accommodate patients of different
size and enables a full 360° rotation around the vertical axis.
Balakin et al. report initial experience on patient immobilization.

Recently, Zhang et al. (44) presented design considerations
for a patient chair for particle therapy based on a Steward
hexapod platform to provide the six-degree-of-freedom
(6DOF) motion required for positioning and position
correction following image guidance. For improved stability of
the device, they propose an additional push rod attached to the
center of the treatment chair guiding the motion of the hexapod.
In addition, they describe a prototype design for a head&neck
immobilization device in upright position with chin support for
the patient to rest their head on.

Zhang et al. (45) present extensive design considerations for a
patient chair. In an effort to retrofit a patient chair to an existing
fixed horizontal beam line with limited available space, they
based their design also on a hexapod platform. In their work,
detailed stress simulations and experimental validations were
performed to ensure highest safety of the components and
accuracy of the treatment chair motion under patient load.
Clinical implementation of the device with dedicated quality
assurance protocol is reported in (46) and first experience with
patient treatments is presented in (31).

Buchner et al. (35) report on the design of a novel treatment
chair and soft robot immobilization device. Their design is based
on a commercially available hexapod platform intended for being
used as flight simulator. They developed soft robot
immobilization devices to achieve highest positioning accuracy
individually adaptable to every patient.
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The company BEC GmbH (Pfullingen, Germany), which is
offering high-precision robotics solutions for particle therapy,
also has a design for a commercial patient chair in their ‘exacure’
radiotherapy portfolio (47), first presented in (48). The chair
takes a similar route as the first chair design by Schreuder (30):
for allowing high flexibility to accommodate patients and
minimize uncertainties in the beam path, the chair is entirely
based on small rectangular carbon fiber plates which can be
individually removed/arranged.

Finally, another commercial option for an upright positioning
system is offered by Leo Cancer Care (Smallfield, Horley, Surrey,
UK). Their ambitious design, named EVE'", aims towards
enabling upright treatments for head&neck, thoracic/
abdominal as well as pelvic treatment sites. The systems’
flexible design will enable different patient postures from
sitting to half-standing or standing position. Initial positioning
experience with the device was reported in (21).

MECHANICAL DESIGN: REQUIREMENTS
AND PITFALLS

General Requirements
The ideal upright patient positioning and image guidance system
should enable at least the same treatment flexibility as achievable
with a gantry, without compromising on efficiency and accuracy
compared to the current standard. An upright positioning
system should therefore be:

1. Modular, in order to enable treatments of most patient sites

2. Flexible, in order to provide the optimal positioning and
immobilization for all patients

3. Providing sub-millimeter/sub-degree positioning accuracy
that remains stable over the treatment duration

4. Capable of quickly correcting the patient position
according to image guidance

5. Simple and efficient to use

The first point is perhaps the most challenging, as there will
likely always be a percentage of patients for whom the upright
treatment position may not be a suitable option. In order to
facilitate efficient patient throughput, the patient positioning
device should be able to cope with different treatment sites
without requiring considerable extra setup changing time.

The need for the positioning and image guidance system to
allow flexibility for treating different patient sites, combined with
the fixed beam line height poses the key design constraint for an
upright positioning system with associated imaging (6, 45). The
vertical and lateral translational motion required to adapt the
patient positioning system and immobilization devices to the
varying height and size of all patients needs to considered.
Anthropometric data of European adults for machinery and
workplace designs can be found for example in (49). The
implications on chair design are indicated in Figure 2 and
summarized in Table 1. A straight upright posture of the
patient’s back was assumed for calculating required vertical
ranges, i.e., rectangular bending angles between tibia/femur
and femur/torso. Note that a half standing posture, shown in
Figure 2 as proposed by Leo Cancer Care Ltd (8, 50), would not
change the required vertical range of motion of the positioning
system to accommodate different treatment sites. It, however,
would reduce the weight stress on the chair seat. Lateral ranges
assume the rotational center of the patient positioning system to
coincide with the lateral geometrical center of the patient. The
need to compensate additional eccentricity otherwise adds to the
required lateral range of motion.

For treatment sites below the thorax, the patient needs to be
lifted considerably. For treatment of the prostate, the patient’s
head may reach up to 985 mm above the isocenter. Enough space
above the isocenter is thus mandatory, especially if a vertical CT
is to be mounted to the ceiling, which for existing centers may
not necessarily be available.

Head&Neck

Nozzle 95%
Q I475mm
—————————— S NGy g
- |
s 1
3 — ]
& [ i
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|

Thorax

95%
up to 985mm

FIGURE 2 | Overview over the required vertical ranges (not to scale) of adjustment for different treatment sites for European adults, computed as the difference
between 5 and 95 percentiles from anthropomorphic data in (49). An important constraint for an upright positioning device targeted for a fixed beam line is the fixed
height of the isocenter. For pelvis treatments, the patient head can reach up to ~1m above the isocenter.
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TABLE 1 | Requirements placed on a chair system for different treatment sites.

Treatment site Head&Neck Thorax/ Pelvis Total
Abdomen

Height from chair seat (Hi/Lo) 985/510 695/112 170/0 -

[mm]

Popliteal height (Hi/Lo) [mm] - - — 495/
380

Vertical range [mm] ~475 ~583 ~170 ~985

Lateral range [mm] +103 +270 +220 +270

Ranges are calculated based on anthropometric data for European adults in (49), reporting the largest value in the range of European adults (i.e., between 5 and/or 95 percentiles). A
straight upright sitting posture with rectangular tibia/femur and femur/torso angles was assumed. The range required for pelvis treatments was approximated from the thigh clearance.

For greatest flexibility, the positioning system should also
provide a 360° motion around the vertical axis to enable all
treatment directions. Existing prototypes, in addition, consider
up to * 20° tilt around the lateral axis (6, 8, 9, 44, 45). Sufficient
experience for the optimal tilt around the lateral axis for different
treatment sites is not yet reported in literature, such that the
current generation of chair designs may provide more/less
flexibility than needed.

In terms of mechanical stability, according to the IEC 60601-1
norm (51), any patient positioning system must be able to safely
move a mass of 135 kg plus the weight of accessories. Assuming
the weight of the chair and patient immobilization devices
(mask, head rest, and connections with chair) to be around
50 kg (45), this necessitates the support structure to comfortably
lift 185 kg. In addition, any equipment intended for the patient to
step on needs to support at least 270 kg for a minute. These
regulations put strong constraints on the engineering choices for
the positioning system.

Considerations on Posture

Patient posture is important when considering upright
treatments, as it can have a significant effect on the patient
comfort as well as intra-fraction movement, and has direct
implications for the image guidance setup. Different published
postures are shown in Figure 3.

Sun et al. (31) report patient discomfort for a head&neck
chair system, where the patients are positioned in a straight
upright position (i.e., a 90° angle between seat and backrest).
Patients reportedly tended to sag their heads within the
thermoplastic immobilization masks. For long treatments, this
may result in increased intra-treatment displacement and patient
discomfort. Moreover, especially for long treatments, the
comfort for the patients back and bottom becomes important,
where e.g. vacuum cushions or simple office chair supply
cushions may provide sufficient support. More ideal, however,
would potentially be a posture where the back rest is tilted 15-20°
backwards pushing the patients into the backrest (21, 31). In fact,
most chair solutions for particle therapy consider such a posture
(5, 6, 35, 41, 50). Similar findings have been reported by
McCarroll et al. (26) who considered a ‘reverse’ chair setup,
where the patients are forward leaning against a chest support
plate. Additional support for chin and forehead was included in

their prototype following initial patient experience, to provide
more patient comfort. The forward leaning posture may also be
interesting for prone irradiation, for example, in case of
treatment of the whole central nervous system.

To provide stability in a leaned-back position, a posture
comparable to that in a race car seat (i.e., femur slightly
inclined upwards, and bent knees), may be chosen, as done,
e.g., by P-Cure Ltd (9, 41). This has the additional benefit that it
provides more room for a robot arm underneath the chair, which
otherwise could collide with the patient legs (45). Alternatively, a
vertical rest for the patients knees to push against, as envisioned
by Leo Cancer Care Ltd (8)., may be used to prevent sagging.

For any body site below the thorax, a half standing posture, as
proposed by Leo Cancer Care Ltd (8)., is the only viable option.
They envision a bending angle between 135° and 165° between
femur and torso (50). For seated positions, the patient legs would
prohibit a vertical CT scan in the lower body regions.

6-Degree-of-Freedom Positioning System
The need to adapt to different patients, treatment sites and beam
angles, alongside the need to adapt residual alignment following the
image guidance system, necessitates the use of a highly accurate
6DOF support structure. To provide the necessary motion,
sequential or linear robotic systems are suitable candidates.

As sequential support structure, a robotic arm as used for
patient couches (52) could be used, as for example chosen by P-
Cure Ltd (9). The robot arm offers a great flexibility, also in
regards of moving the patient from the isocenter to an in-room
vertical CT or moving the chair out of the way of other
equipment. However, depending on the patient’s posture and
the robot position, the patients legs may interfere with the robot
(45), limiting the achievable range of motion. Due to its bulky
size, retrofitting an additional robot system for an upright
positioning system into an existing treatment room may be
infeasible alongside the other equipment. Utilizing an available
couch robot to also mount the upright positioning system, with a
shared coupling mechanism (30), would be the more
practical solution.

In contrast, hexapod platforms present a compact solution
(35, 44, 45). Hexapods are well suited to support the patient and
can achieve high positioning accuracy (45). However, hexapods
have a limited range of motion, allowing only restricted position
correction when in extreme positions, e.g., when fully vertically
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Straight upright

Forward leaning

\

J

Race car seat

Knee fixation

Half standing

FIGURE 3 | Schematic overview over different postures. A straight upright posture [e.g (42)., and (31)] has been noted to induce stress on chin (for head&neck
patients) and may be uncomfortable for long treatment duration, as indicated by the red areas. More ideal would be ~20° reclined position, where the forward push
on the pelvis could be stabilized by a race-car seat posture [e.g (9)], or by adding a knee fixation [e.g (8)] or a belt strap [e.g (35)]. Alternative postures could be

forward leaning for head&neck or possibly spine irradiations [e.g (26)] or half-standing, enabling to image and treat sites below the thorax [e.g (8)].

extended, and provide a limited range of rotation (44). Zhang et
al. (45) circumvented these problems, by adding a translational
platform on top of the hexapod and a 360° platform underneath
it, effectively increasing the work space to that desired for patient
positioning in head&neck cases. In order to provide flexibility for
moving the chair to/from the isocenter, a rail system underneath
the hexapod may be added as reported in (46).

Alternative designs to robot positioning systems have also
been reported in literature. For example, the chair by Heeg et al.
(6) features separate mechanisms for rotation, tilt and vertical
adjustment in a steel frame. This design was chosen for stability,
but is also relatively bulky. The EVE"™ design by Leo Cancer
Care Ltd (8) considers a height adjustable seat and tiltable back
plate to adjust the patient’s back angle. Immobilization devices,
like masks and arm rests, will be attached to the back plate. Pitch
and lateral position adjustment are achieved by tilting or moving
the platform the chair is mounted on. The upright positioning
system is placed on a large circular floor platform which provides
full 360° rotation and can be lifted to accommodate treatments in
lower body regions (abdomen and pelvis).

Immobilization Devices and

Setup Accuracy

Immobilization is crucial especially for particle therapy to
conserve beam ranges estimated from planning imaging. For
an upright position, in contrast to supine, immobilization devices
may need to support part of the patient’s weight. Heeg et al. (39)
for their head&neck targeted chair design reported that “the
realisation of a secure and precise fixation unit required some
rather unconventional details in the construction”. They
achieved better than 0.5 mm accuracy by using a steel frame
with vertically adjustable mask holder. Steel frames can however,
also cause artefacts in x-ray CT.

Zhang et al. (44) report on the development of a head
fixation unit with adjustable screws and chin support, but
indicated only limited accuracy. Sheng et al. (46) used
thermoplastic masks mounted to a carbon fiber back plate for
their head&neck targeted chair, which in a later study achieved
high patient position accuracy (31). Balakin et al. (42) studied
patient movement within thermoplastic masks for head&neck
patients in seated position and report larger position variations
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of up to several millimeters in some cases. In order to restrain
patient mobility within the masks, additional immobilization
devices may hence be needed. It has to be noted that the design
by Balakin et al. considered a straight upright posture, which
was found sub-optimal regarding patient motion in (31).

Buchner et al. (35) present the development of soft robots as
immobilization devices to counter patient slouching in the seated
position. The soft robots based on fluid-driven origami inspired
artificial muscles have the advantage of being highly adaptive,
providing individually optimized support for the patient. Hence,
the soft robot technology may present several advantages over
conventional immobilization devices for upright positioning. For
example, they can provide the best position for the day, without
the need to make and store several immobilization devices.
Buchner et al. report promising results for immobilization and
positioning with their device.

To fixate the pelvis and thereby stabilise the upper body, Leo
Cancer Care Ltd. (8) have proposed a knee rest and heel fixation,
using the patient’s femur to push the pelvis into the chair seat.
Such a device might provide stability for avoiding patient
sagging, removing load from upper body or head fixation
masks. It can be speculated that the knee support may also
benefit the reproducibility of the femur-hip angle, which is a
known issue for particle prostate therapy (53).

Mackie et al. (21) used a prototype of the Leo Cancer Care
upright positioning system to investigate positioning accuracy
for different treatment sites with an optical system. Deviations in
setup accuracy for thorax patients were comparable to those
found in literature for supine treatments. It should be noted that
they measured external motion shifts only, but not potential
motion of the tumor inside the body, which might differ from
supine positions.

Most recently, Sun et al. (31) published a clinical study on the
first experience for patient intra- and inter-treatment position
changes with the SPHIC chair system, reporting an accuracy
comparable to that of traditional supine positioning. Similar,
McCarroll et al. (26) for their forward leaning design report
head&neck positioning accuracy comparable to that in
traditional supine position, except for one patient, where large
displacement in the order of centimeters was observed.

Similar to a conventional couch system, any upright
positioning device requires regular quality assurance to
verify its required clinical accuracy better than 0.5°/1 mm
(54). Especially for 6DOF support devices consisting of
multiple individual components, agreement of their intrinsic
coordinate systems with each other must be ensured,
and potential variations be accurately corrected for, in order
to avoid error propagation (55). reported a framework
for coordinate system alignment and correction of
systematic errors in the movement of the SPHIC treatment
chair. Quality assurance reported for chair systems, so far,
considered rigid phantoms (e.g., in (46)). However, to ensure
quality of immobilization devices for upright positioning, one
may also need to consider the support against deformations in
upright posture. New, targeted quality assurance strategies
may therefore be advisory.

IMAGE GUIDANCE FOR
UPRIGHT POSITIONS

Significant anatomical varjation can be expected for nearly all
treatment sites, with the possible exception of the brain as it is
enclosed in the rigid skull. The relative change of the gravity
vector and the accompanying change in muscle tension will
cause non-rigid changes to most organs. Yan et al. (56)
investigated patient alignment between supine and upright
(slightly reclined) position using an upright MRI scanner. They
report good alignment for the head, but already note
deformations in the neck region. Organs in abdomen or thorax
are associated with larger differences between supine and upright
(28, 56, 57). The success of upright treatment therefore crucially
depends on the availability of an upright CT scanner for
treatment simulation.

A dedicated x-ray CT system for upright treatments was
implemented by Kamada et al. (5). The system was attached to
the ceiling of the treatment room, and lowered down over the
positioned patient. A contact sensor on the lower surface of the
scanner was used to avoid collisions with the chair or patient.
Shah et al. (58) report the use of a vertical CT scanner at Fermi
Lab for a special patient case that could not tolerate supine
positioning due to their medical condition. Schreuder (30)
designed a system for vertical CT imaging from any angle
between vertical and horizontal. P-Cure Ltd (9) offers a
commercial system for upright CT imaging, which was
installed at the Northwestern Medicine Chicago Proton Center
in 2016, and has been used in clinical routine since then.
However, to the best of the authors knowledge, no study on
the system performance, nor patient data is yet presented in
literature. Notably, for sitting patient postures, i.e., those with
legs in ~90° angle to the torso, imaging below the diaphragm is
not possible due to the limited CT bore diameter. Most recently
Leo Cancer Care Ltd (8) have proposed a design for a rotatable
Dual-Energy CT scanner. The system, which is a follow up of the
design presented by Schreuder (30), is intended to be mounted
between two supporting columns with a central rotation axis,
enabling imaging at any angle between supine to upright
position. As for previous vertical CT designs, the system would
then slide over the patient for image acquisition. It is intended to
enable full CT imaging of treatment sites down to the pelvis in
combination with a half standing or standing patient posture as
provided by their upright positioning device.

While a vertical x-ray CT scanner positioned directly at
isocenter may provide the greatest accuracy, it may not be
feasible due to space limitations, especially above the isocenter.
In addition, if a switch to a treatment couch is desired,
installation of a vertical x-ray CT on columns lateral to the
isocenter may be challenging due to the lateral clearance (+2m)
needed for full couch motion. If setup uncertainties between an
out-of-room planning vertical CT are deemed too large, or no
space for a second upright positioning system with vertical CT is
available, in-room x-ray CT not at isocenter may be more
practical. In a recent study, Nesteruk et al. (59) have found no
significant difference between in-isocenter cone-beam CT
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(CBCT) based treatment planning, and treatment planning
based on a CT-on-rails for supine position. The same may be
the case for upright, such that an in-room CT instead of one at
isonceter may provide sufficient accuracy. This then requires a
suitable option to move the chair between CT and isocenter is
available (robot arm, rail).

CBCT at isocenter also presents a viable option for
verification, as done in (31), and plan simulation. The
flexibility to rotate the patient instead of the imaging device for
CBCT acquisition has already been explored in (60) and was
recently taken into account for the design of the MARIE"™
proton therapy solution by Leo Cancer Care Ltd (8). If options
for upright and supine positioning are foreseen, robotic CBCT
systems should be able to provide the necessary flexibility,
especially since they allow for non-co-planar image acquisition
(61). CBCT may be a more practical solution for imaging at
isocenter compared to vertical CT, not least with the recent boost
in achievable CBCT image accuracy via iterative and machine
learning based algorithms (7). Even accurate 4D-CBCT based
proton therapy dose calculations were made possible (62),
making CBCT particularly attractive for upright particle therapy.

Treatment planning typically involves modalities beyond X-
ray CT, especially for contouring of target volumes and organs at
risk, such as MRI or PET. A vertical PET for the patient in seated
position was already considered by Heeg et al. (6). Upright MRI
systems have been used in various studies for investigating
anatomical differences between upright and supine positions
(28, 29, 56, 57, 63). To provide best possible accuracy, having
both the MRI and x-ray CT in upright posture would be
preferential, as increased uncertainties in the deformable
registration between the two postures are to be expected. Still,
vertical MRI and PET scanners with the same image quality as
current clinical systems for recumbent patients might be difficult
to achieve, due to the size and geometry of the involved detector
and acquisition systems. The viability of upright treatments
considering the whole treatment planning chain therefore
needs to be carefully investigated (23).

Particle radiography (pRad) and particle CT (pCT) present
interesting options for at-isocenter imaging in particle therapy,
and are particularly suited for upright patient positions. For
particle imaging, the particle beam energy is increased beyond
the therapeutic level such that the particles fully cross the patient,
which enables to reconstruct images of the patient’s integral
water equivalent thickness (64, 65). pRad has shown good
capability for position (66, 67) and anatomy (68) verification
from beams eye view, and for optimization of the x-ray CT
relative stopping power calibration (69-71). By rotating the
patient, full pCT scans may be acquired. pCT scans may be
used directly for treatment planning, where the direct nature of
assessing the relative stopping power provides high stopping
power and range prediction accuracy (72-75). pCT and upright
treatment posture are inherently a well suited match, since pCT
acquisition would be easier with a fixed beam and detector setup
and rotating patient compared to acquisition with a rotating
gantry. In fact, all currently existing pCT prototypes use rotating
platforms to rotate the object for pCT acquisition. Moreover, the

absence of beam hardening or metal artifacts for pCT (76) could
prove useful for upright treatments, as it permits more flexible
choice of materials for the immobilization devices and still obtain
artifact free images.

Optical guidance systems are suitable to quickly verify the
patient position. Commercial optical guidance systems have
already been the system of choice to verify the accuracy of
upright positioning solutions for different studies found in
literature (21, 35, 45, 46) As such, an optical tracking system
may be considered as a standard with upright treatment postures.

In terms of treatment plan simulation and optimization, the
same infrastructure can be used for both upright and supine/
prone positions, through the introduction of a simple coordinate
transformation, as introduced by Krimer et al. (77) to the
experimental treatment planning platform TRiP98 (78). This is
advantageous regarding the introduction of an upright
positioning system into daily clinical routine. Recently, an
option for a seated patient position was implemented in the
commercially available treatment planning system RayStation
(RaySearch Laboratories, Stockholm, Sweden) for proton
therapy and was validated with a commercial radiotherapy
chair solution offered by Q-fix (Avondale, Pennsylvania, USA)
(79). Hegarty et al. (17) note additional constraints concerning
the patient tolerance of rotational speed and acceleration of the
chair during treatment planning for photon IMRT or VMAT
treatments. This is of less relevance for particle therapy, which is
typically applied through few fields between which the chair
rotation can be comfortably adapted. Nevertheless, this would
need to be considered in the context of particle arc therapy,
where varying rotational speed during delivery is present (16).

DISCUSSION

In the following, we briefly summarize the key points to take from
previous literature. Then we present some recommendations for
future systems, where we distinguish between retrofitting an
upright positioning system into an existing facility and designing
a new facility upfront with upright positioning.

Key Take-Aways From Literature

It is evident from literature, that a chair system aimed for
different treatment sites needs to be highly modular and
flexible. Different postures, ranges of motion and fixation
devices are required for different treatment sites, with the
optimal solution for each site still being subject of further
research. While a one-fits-all upright patient positioning
system would certainly be most efficient in terms of clinical
workflow, it might not necessarily be the best solution for each
site. For example, a mounting mechanism for the patient mask
made of steel provides excellent accuracy for head&neck
treatment (39, 46). But steel in the backrest would likely
prohibit thoracic treatments, due to the CT artifacts and risk
of activation that this entails. Moreover, an upright treatment
will not be suited for all patients, who would then be excluded by
a chair-only solution (26).
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The most important question to ask prior to designing a chair
system is therefore which patient cohorts are to be treated. A
clinic aiming to be the main particle therapy provider for a large
geographical region will have different aspirations compared to a
specialized treatment facility in a region with existing alternative
centers. A similar argument can also be made regarding the
number of available treatment rooms in the facility.

A key challenge for upright treatments that has been pointed
out in several publications is the different requirements placed on
immobilization devices. While an inaccurate position, for
example from mechanical sagging of the chair, may be
corrected through adequate quality assurance (45), individual
sagging of the patients in the immobilization devices would
necessitate online image guidance to be detected, as well as a
framework for real-time adaptive radiotherapy to be corrected
for. Immobilization devices therefore should be a center point in
the design of new upright positioning systems.

In the same line of thought, vertical imaging is paramount to
the success of upright treatment. While conventional x-ray
radiography image guidance systems have been used
successfully in (31) for patient alignment, CBCT would be
better and more flexible. In-room CT or in-isocenter CT may
not be necessary for patient positioning, however, vertical,
planning-quality CT imaging needs to be available somewhere
in the facility, if patient sites other than the head are to be treated.
Optical surface guidance, in addition, has shown to be a useful
tool for verifying and monitoring upright patient position.

Particle CT could be a well suited candidate for in-isocenter
CT with limited available space. However, long scan acquisition
times and the need for higher-than-treatment beam energies are
still limiting factors (80). With advances in technology, particle
CT could be the preferred option of choice compared to in-
isocenter x-ray CT.

In terms of posture, there is currently too little evidence to
conclude on an ideal posture for the different indications beside
head&neck, for which a slightly reclined posture seems to be
ideal. For treatments at or above the thorax, any position that
enables secure fixation of the pelvis in a reproducible position
may work to restrain patient sagging. For treatment below
diaphragm, however, a half-standing or standing posture is the
only feasible option.

At least initially, the limited experience on anatomical
changes for upright treatments will likely necessitate the use of
increased safety margins. These, however, will be reduced with
increasing experience with the upright position. Frequent, and
ideally, isocentric planning-quality image guidance should be
performed during the pioneering phase of upright treatments.

Retrofitting an Upright Positioning
System to an Existing Facility

When retrofitting an upright positioning system to an existing
(fixed beam line) facility, the major limiting factor is the available
space. Equipment, like a couch robot, already in the treatment
room needs to be considered and the fixed floor-isocenter-ceiling
heights pose a major constraint.

For a multi-room facility, a dedicated specialized treatment
room with an upright positioning system, where existing
equipment for recumbent positioning may be discarded, could
be a viable option. For single- or two-room facilities, the
capability to switch to a supine/prone treatment position is a
key to ensure efficacy. The most preferential/cost-efficient
solution would hence be one that can be coupled to the
existing robot positioning devices used already for the
treatment couch. The robot arm could be used to also mount
or park the individual modules for easier handling (30).

Having both a couch and upright treatment positioning
system in isocenter makes the additional installation of an in-
isocenter vertical CT, capable of imaging in both postures,
challenging, due to the clearance required for couch motion. If
not enough room for an in-isocenter, or in-room rotatable CT is
available, at least x-ray radiography image guidance or CBCT
suitable for upright position verification appears mandatory. Due
to the flexible acquisition trajectories, a C-arm CBCT system
suitable for both couch and upright positioning system would be
the preferred option.

For accurate simulation, a vertical CT will be necessary for
most treatment sites. Even if an in-room vertical CT exists, a
more efficient workflow might be achievable if space for an
upright CT scanner and upright positioning system was available
somewhere in the facility for simulation. Otherwise, the
treatment room would be blocked for planning CT acquisition.
These issues should be thoroughly considered with the clinical
staff before installation of an upright patient positioning system.
Due to the missing constraint placed by the fixed beam height, a
not-in-isocenter vertical CT requires lower ceiling height
compared to one positioned at isocenter, which renders
installation easier.

Designing a New Facility With an

Upright Positioning System

Modeling of patient numbers, treatments sites and division of
patients to the different rooms should be carried out carefully.
The chair design greatly depends on the intended treatment sites,
which also dictates different options for imaging and necessary
range of motion. A restriction to certain treatments can greatly
reduce cost, not only in the chair itself, but especially in terms of
room size. However, a too narrow specification might hinder an
efficient workflow later on, and prove even more costly
long term.

Again, a central point is the number of rooms to be available
at the facility. If multiple rooms are planned, a dedicated room
for upright treatments could be designed. Here, the choice of
6DOF support structure would not need to consider space
limitations nor a switch to couch. This room also should
feature enough space to accommodate in-isocenter image
guidance systems. The facility design should also consider
optimizing the height of the isocenter with respect to the
upright positioning system. This should maximize the number
of patients that can be treated for the intended body sites, while
minimizing the displacement required of the chair positioning
system, especially for hexapods with limited workspace.
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All current single room designs feature a gantry. A fixed beam
single room with a chair would likely be possible on a previously
not achievable low budget, so that also a highly specialized
solution may become plausible in the future. This could focus
only on a select subset of patients, such as only thoracic and
H&N patients, and could offer a dedicated solution for this sub-
group. As such, it could potentially offer treatment quality for its
patients comparable to a gantry-based system, but at lower cost.
However, careful modeling would be necessary to judge clinical
and commercial viability.

Additional space for a vertical CT should be planned, or
patients would have to be positioned without planning quality
imaging. This might be challenging especially to early adopters,
when clinical experience is still limited. A separate vertical CT
scanner that can enable imaging both in upright and supine
position would ensure highest efficacy. Installation of an open
bore/upright MRI at the facility could be considered, but further
studies on errors in deformable registration between recumbent
and upright positions are needed to support any decision.

CONCLUSION

Upright patient positioning has distinct economical and clinical
benefits that may make it a key technology for the next
generation particle therapy facilities. Still, an upright
positioning system brings many clinical and also engineering
challenges, to achieve highly accurate and stable patient
positioning. In addition, limited experience in the difference
between patient anatomy in supine or upright position is
available. However, we are currently seeing a boost in
knowledge with several developments towards upright patient
positioning systems driven by the need to reduce particle therapy
cost and increase efficiency. In this review, we aimed at
highlighting key points from these developments to make
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Combined proton radiography
and irradiation for high-
precision preclinical studies in
small animals
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Dresden, Germany

Background and purpose: Proton therapy has become a popular treatment
modality in the field of radiooncology due to higher spatial dose conformity
compared to conventional radiotherapy, which holds the potential to spare normal
tissue. Nevertheless, unresolved research questions, such as the much debated
relative biological effectiveness (RBE) of protons, call for preclinical research,
especially regarding in vivo studies. To mimic clinical workflows, high-precision
small animal irradiation setups with image-guidance are needed.

Material and Methods: A preclinical experimental setup for small animal brain
irradiation using proton radiographies was established to perform planning,
repositioning, and irradiation of mice. The image quality of proton
radiographies was optimized regarding the resolution, contrast-to-noise ratio
(CNR), and minimal dose deposition in the animal. Subsequently, proof-of-
concept histological analysis was conducted by staining for DNA double-
strand breaks that were then correlated to the delivered dose.

Results: The developed setup and workflow allow precise brain irradiation with
a lateral target positioning accuracy of<0.26mm for in vivo experiments at
minimal imaging dose of<23mGy per mouse. The custom-made software for
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image registration enables the fast and precise animal positioning at the beam
with low observer-variability. DNA damage staining validated the successful
positioning and irradiation of the mouse hippocampus.

Conclusion: Proton radiography enables fast and effective high-precision
lateral alignment of proton beam and target volume in mouse irradiation
experiments with limited dose exposure. In the future, this will enable
irradiation of larger animal cohorts as well as fractionated proton irradiation.

KEYWORDS

proton therapy, mouse brain irradiation, proton radiography, preclinical (in vivo)
studies, DNA damage, relative biological effectiveness (RBE)

1 Introduction

Proton therapy is an increasingly used treatment modality
for cancer patients (1). However, open research questions, such
as the variable relative biological effectiveness (RBE) along the
proton beam or novel therapeutics, call for preclinical
experiments in a clinical like setting (2-4). The irradiation of
organ subvolumes and orthotopic tumors in small animals offers
high translational value (2, 5) and is in many aspects similar to
clinical treatment, providing the right experimental conditions.
Amongst others, researchers need to consider down-scaling of
the target volumes, accurate small-field dosimetry, beam
energies, and how to integrate appropriate imaging modalities
into their workflow (6). Suitable equipment for irradiating small
animals with protons that provides high positioning accuracy
and clinical relevance is not available off-the-shelf and often
needs to be custom-made. In recent years, several setups have
been developed for small animal proton irradiation. The
implemented solutions include visual positioning with digital
cameras for image guidance (7), side illumination with a thin-
foil mirror (8), and alignment lasers (9, 10). More advanced, but
also cost-intensive, X-ray based commercial setups can be used
to acquire CT images of small animals prior to the irradiation in
order to precisely position the animal in the beam (11, 12).
Technologically sophisticated ion-based tomographic imaging
has been proposed for both animal studies and patient treatment
(13-15). This imaging technique offers the advantage of using
the same coordinate reference for imaging and irradiation as well
as a precise stopping power estimation. 2D proton radiography
is a basic form of ion radiography that uses a flat panel detector.
This approach provides on-beam imaging, while being easy and
cost-effective to implement. So far, it has been shown to be an
effective means for setup verification (16); however, image
quality has been deemed insufficient for small animal
positioning (17).
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In this manuscript, we describe a workflow for the image-
guided proton irradiation of small animals using proton
radiography to image live mice during treatment positioning.
The irradiation process incorporates the basic procedures of
clinical therapy, i.e., planning, positioning, and irradiation of
defined target volumes. High image resolution at low imaging
dose is achieved by optimizing setup and imaging parameters.
As proof-of-concept we overlaid a Monte Carlo simulation of
the applied dose and the immunohistochemically quantified
occurrence of DNA double-strand breaks. We use this method
to demonstrate the induction of biological damage at the
designated target region in the brain.

2 Material and methods
2.1 Irradiation setup

Mouse irradiation was performed at the horizontal fixed
beamline in the experimental hall of the Universitats Protonen
Therapie Dresden (UPTD). The irradiation setup, its basic
components, inline treatment planning, and positioning
verification workflow have been described previously (16-18).
The partly remodelled setup used for this manuscript consists of
beam-shaping elements, an animal positioning stage, and a flat
panel detector (see Figure 1). The scatterers are mounted on
motorized stages for quick position adjustment. The detector is
fixed on an optical table, can be moved manually and shielded
from radiation when necessary. The setup allows for two
principal modes of operation, i.e. “Imaging” and “Irradiation”.

The elemental compositions and dimensions of the beam-
shaping elements, i.e., the scatterers and the collimators, have
been previously described by Helmbrecht et al. (18). For mouse
brain irradiation, an aluminium collimator (12mm thickness)

with a circular aperture of either 3mm or 4mm diameter was
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FIGURE 1

Irradiation setup for mouse irradiation. (A) Beamline of the irradiation setup with (B) schematic overview of possible modes of operation. The
components are (1) the proton beam nozzle, (2) scatterers, (3) first (7.75x7.70 cm?) and (4) second collimator (11.50x11.55 cm?, (5) irradiation
collimator (@ x 3.0 or 4.0 mm), (6) flatpanel detector, 7) animal stage with mouse in transport box, and (8) PC range shifter. The animal bedding
unit and the beam scatterers are mounted on motorized stages for quick position adjustment and switching between modes of operation
("lImaging” and “Irradiation”), respectively. Only the first scatterer is needed for radiography.

added adjacent to the mouse bedding unit. To ensure the correct
location of the Bragg peak within the mouse brain,
polycarbonate (PC) pc plates (thickness: 46.51mm, water
equivalent thickness: 53.16mm for 90MeV) acting as a range
shifter were placed in front of the irradiation collimator. The
appropriate thicknesses for the shifter have been determined as
previously described (16) by characterizing the beam with a
Giraffe multilayer ionization chamber (IBA Dosimetry,
Schwarzenbruck, Germany) and EBT3 dosimetry films
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(Ashland Inc., Wilmington, Delaware, USA). For C57BL/6
mice, an additional 1.38mm pc slab was added in the beam
path onto the transport box due to their smaller body size.
The two scatterers and the animal bedding unit are mounted
on precision (<25um) linear stages (LTM80F-300-HSM,
LTMB80F-100-HSM, LTMS80P-75-HSM, OWIS GmbH, Staufen
im Breisgau, Germany) for quick lateral displacement. The
position of all axes can be changed remotely by the in-house
developed interfaces ScattERR (https://github.com/
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schneidorlein/ScattERR) and RadiAiDD (https://github.com/jo-
mueller/RadiAiDD, Version 0.1.0). The mouse was placed
within a multi-modality bedding platform; the components
and features as previously described by Miiller et al. (19).

2.2 Proton radiography image acquisition

For on-beam radiographic imaging of mice, we deployed a
C9320DK-02 CMOS flat panel detector (Hamamatsu Photonics
K.K., Hamamatsu City, Japan) that features 10321012 pixels
with a pitch of 0.05 mm to acquire images with a size of
52.8x52.8 mm* and a frame rate of 8.4 Hz. The software for
detector read-out was custom written in-house using the
National Instruments Software Interface NI-IMAQ (version
3.7, National Instruments Corporation, Austin, USA).

To assess the image quality as a function of the beam
parameters (i.e., beam energy and fluence), a MicroCT hole
grid phantom (QRM GmbH, Mohrendorf, Germany, see
Figure 3C) and a rectangular polymethylmethacrylat (PMMA)
phantom (see Figure S1) were placed at irradiation position.
Radiographic images were then acquired at proton energies of
150 MeV and 200 MeV to calculate the signal-to-noise ratio
(SNR) and contrast-to-noise ratio (CNR) as follows:

M 1)

S
snr=—, conr =
o

where S and o refer to the mean signal value and the
respective standard deviation. a and b denote the respective
values from adjacent regions of high and low contrast.

The lead grid phantom L659036 (PTW Freiburg, Freiburg,
Germany) features line pairs with a resolution of 0.6 mm™ to 6.0
mm’', Radiographic images were acquired to resolve the optimal
distances between first scatterer, radiography object, and detector.
The grid phantom was imaged at increasing distances (23 mm-
100 mm) from the detector using a 200 MeV proton beam at 0.1
nA resulting in a dose of 19.8 mGy for an irradiation time of 10 s.

Moreover, the CT phantom was used to measure the visual
resolution as a function of the applied dose. Here, the CT
phantom was placed at a detector-object distance of 20mm,
which corresponds to the animal’s position during irradiation.
Dose deposition by radiographic imaging was determined with a
PinPoint 3D ionization chamber (Type 31014, PTW Freiburg,
Freiburg, Germany) at mouse position according to beam
quality correction factor given in TRS-398 (20).

2.3 Animals

All animal experiments were approved by the local authorities
(Landesdirektion Sachsen, DD24.1-5131/394/50 and DD24.1-5131/
449/32) and conducted according to national (TierSchG) and
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European (EU Directive 2010/63/EU) animal welfare guidelines.
Female C57BL/6]JRj and C3H/NeNRj mice were supplied by Janvier
Labs (Saint Berthevin Cedex, France) at least one week prior to the
start of the experiments. The age at brain irradiation was 8-14 weeks.
Animals were kept at a 12/12 h light/dark cycle in Euro Standard
Type III cages with food and water ad libitum. Nesting material and
igloos were provided as cage enrichment.

2.4 Irradiation workflow

The workflow for small animal irradiation consists of the
consecutive steps of planning, positioning, and irradiation.

2.4.1 Planning

A cone beam computed tomography (CBCT) scan of each
animal within the bedding unit was acquired one week before
irradiation for determination of target position and later dose
simulation using the small animal image-guided radiation
therapy system (21). Imaging took place under isofluorane
anesthesia (1.5-2% vol in O,) with the mouse in the multi-
modality bedding unit (19). Subsequently, 15-25 sagittal slices
from the reconstructed CBCT image data showing the central
planes of the mouse skull, were averaged using a maximum
intensity projection. Similarly, we created a multilabel image
from the DSURQE anatomical brain atlas (22-26) (https://wiki.
mouseimaging.ca/119 display/MICePub/Mouse+Brain+Atlases)
and generated a sagittal maximum projection. The resulting two-
dimensional label image features three labels, namely
hippocampal region, rest of the brain, and background. The
Big Warp (27) plug-in of Fiji (ImageJ Version 1.53d or higher,
64-bit Windows) (28) was used to register the two projected
images, with the CBCT- derived image serving as fixed image.
The resulting transformed image was then used as treatment
plan image A. Figure 2 gives an overview of the treatment
planning pipeline and shows exemplary registered image data.

Inter- and intra-observer variation within this procedure
were analyzed by a planning study on a subset of 10 animals. The
animals were chosen so that both strains, different beam times,
and different “difficulty levels” (i.e. how well the mouse was (re)
positioned inside the bedding unit) were included. Three
observers (MoS, TS, JM) of varying experience performed the
planning procedure for each of the animals. In addition, each
animal was planned three times by one observer on three
separate days. Inter- and intra-observer agreement were
quantified by calculating the Jaccard coefficients J; for each
observer for the target region of interest, ie., the projected
hippocampal region. The majority-voted plan F for a
particular animal served as the reference planning image:

_ AN F

L= m, F = majority(A,, A;, As3), (2)
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FIGURE 2

Workflow for proton brain irradiation. (A) Schematic diagram of the consecutive steps. (B) Individual steps for planning and repositioning. A
CBCT serves as basis for treatment planning to the DSURQE brain atlas in the week prior to irradiation. Directly before irradiation, proton
radiographies of collimator and animal are acquired to derive the beam isocenter and the animal repositioning parameters, respectively
Registration of the on-beam image with the treatment plan is performed based on five manually placed landmarks. The target coordinates are
defined by positioning the collimator location onto the target area (i.e., the hippocampus). Then, the table coordinates for correct proton
irradiation of the target area are calculated and the animal is shifted to this position. Post irradiation, Monte Carlo simulations compute the dose

distribution within the brain based on the CBCT.

2.4.2 Positioning

Before positioning the animal at the beam site, a proton
radiograph of the irradiation collimator (see Figure 1) was acquired
to determine the treatment beam position. Then, the irradiation
collimator was removed and the animal (within the bedding unit and
transport box) was placed on the positioning stage for radiographic
imaging. Subsequently, the RadiAiDD software was used to calculate
the correct stage position for brain irradiation. For this purpose, the
treatment plan image A was aligned with the acquired proton
radiography of the mouse using a landmark-based similarity
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transformation (isocentric scaling, rotation and translation). The
correct stage position for irradiation can then be calculated from
the isocenter position obtained from the radiographic image of the
irradiation collimator and the obtained transformation parameters.

Similar to the planning process, positioning involves manual
steps that introduce inter- and intra-observer variations. To elucidate
these variations, a registration study on the same subset of animals
was conducted as described above. We then evaluated the variations
in each of the manually set parameters, the calculated transformation
parameters and the resulting motor stage coordinates.
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2.4.3 Irradiation

After moving the animal to the determined treatment
position, irradiation was performed according to (16) with
90MeV protons. For this, the animals were anesthetized with
Ketamine/Xylazine (i.p.; 100ml/10ml per kg body weight) and
positioned into the multi-modality bedding unit and the
transport box (19). Eyes were protected from drying out with
Bepanthen eye ointment (Bayer Vital GmbH, Leverkusen,
Germany). Anesthetized animals were ventilated with surgical
air and heated during the entire transportation and irradiation
procedure. The C3H/HeN mice used for histology in this paper
were irradiated using a collimator of 3mm diameter at a dose
rate of 3.3Gy with a single fraction of 8Gy. Animals were
sacrificed by cervical dislocation 30min post irradiation.

2.4.4 Daily QA

The positioning workflow was tested daily by irradiating a high-
Z target (steel ball in the rectangular phantom, see Figure S1). We
furthermore inserted EBT3 dosimetry films (Ashland Inc.,
Wilmington, Delaware, USA) into the phantom behind the steel
ball. Correct planning and irradiation resulted in a black collimator-
sized spot with the shadow of the steel ball visible as unirradiated
area in the spot’s center (see Figure S1).

2.5 Monte Carlo simulation

Dose and (LET) simulations were performed using the (TOPAS)
(29) software (version 3.6.p1) with default physics settings optimized
for proton therapy (30). A previously validated dedicated beam
model of the setup (16) was used to calculate dose and let
distributions in the mouse CBCT image. Following the technique
developed by Schneider etal. (31), the converter integrated in TOPAS
was used to convert the CBCT data to stopping power ratio data. The
positioning of the CBCT in TOPAS was based on the target
coordinates determined by RadiAiDD.

2.6 Immunohistochemistry

Excised brains were fixed in 4% formalin for approximately 24h
at room temperature and processed for paraffin-embedding in a
semi-enclosed Benchtop Tissue Processor (Leica Biosystems,
Wetzlar, Germany). Tissue sections of 3um thickness were cut
throughout the whole brain in either the sagittal or the horizontal
direction with a distance of 100 um (equates to approximately
150um in fresh tissue) and mounted onto Starfrost Advanced
Adhesive microscope slides (Engelbrecht GmbH, Edermiinde,
Germany, 11270). For immunohistochemistry, sections were
dewaxed in xylene and rehydrated in a decreasing ethanol series
and pbs. Heat-induced antigen retrieval was performed by boiling
in citrate buffer (pH 6) for 20min. Sections within the buffer were
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allowed to cool on ice for at least 15min and then washed in pbs.
Subsequently, 1x Rotiblock (Carl Roth, Karlsruhe, Germany, A151)
supplemented with 0.1% Triton X-100 (SERVA Electrophoresis
GmbH, Heidelberg, Germany, 37240) was applied forlh. Antibody
incubation was conducted in 1x Rotiblock at room temperature for
1h each; using rabbit anti-yH2AX antibody (Bethyl Laboratories,
Montgomery, USA, THC-00059, dilution 1:500) as primary and
anti-rabbit AlexaFluor488 (Thermo Fisher Scientific, A11034,
dilution 1:500) as secondary antibody. Sections were rinsed with
pbs in between all staining steps. Counter-staining in 4’,6-
diamidino-2-phenylindole (DAPI) was applied for 10 min before
coverslipping with fluorescence mounting medium (Agilent
Technologies, Santa Clara, USA, $302380).

2.7 Microscopy image acquisition
and analysis

Image acquisition was performed with a 20x objective (Plan-
Apochromat 20x/0.8 M27, Carl Zeiss AG, Oberkochen,
Germany) at the Axio Scan.Z1 digital slide scanner (Carl Zeiss
AG, Oberkochen, Germany) by the Light Microscopy Facility of
the Center for Molecular and Cellular Bioengineering (CMCB).
The used software was Zeiss ZEN 3.1 (blue). Excitation/emission
wavelengths were 353nm/465nm and 493nm/517nm for DAPI
and AlexaFluor488, respectively. Images were stored with 16-bit
depth and a pixel size of 0.325um x 0.325um using an ORCA-
Flash 4.0 V3 Digital CMOS camera (Hamamatsu Photonics
K.K., Hamamatsu City, Japan). For microscopy image
representation, the data was post-processed (i.e., brightness-
contrast adjustment and background removal) using Zeiss
ZEN 2.3 lite and Fiji Image] (version v1.52n). Images were
analyzed with the pipeline described in (16). In brief, the spatial
relative DNA damage distribution was calculated (https://github.
com/Theresa-S/Cell-ratio-detection) using optimized
prominence values for the Maxima Finder (DAPI: 600;
YH2AX: 1400; see Figure S2) and a tile size of 256 x 256
pixels. The relative DNA damage maps were subsequently
registered to the CBCT of the respective animal using the
Slice2Volume workflow (https://github.com/jo-mueller/
Slice2Volume). This enables the overlay of the induced relative
DNA damage to the applied dose for a pixel-wise correlation.

3 Results

3.1 Optimized setup and
imaging workflow

3.1.1 Setup adaptation

Figure 3A shows the border between the CT phantom and air at
150MeV and 200MeV. The scattering in the phantom causes an
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inhomogeneous proton fluence at the phantom’s edge with a loss of
fluence in regions of dense materials (PMMA) and an increase of
fluence in the surrounding regions. The comparison of both
energies reveals that the peak-to-valley edge width increases at
lower energy (peak difference AFWHM = 0.08mm between the two
energies), which is detrimental to the resolution and visibility of
more detailed structures.

The resolution increases for smaller distances between object
and detector (see Figure 3B). The smallest possible distance
between object and detector that satisfied the spatial constraints
given by the experimental setup (mainly the transport box) was
23mm. To minimize scattering, the thickness of the transport
box wall adjacent to the radiography detector was reduced
to Imm.

The investigation of SNR and CNR shows that both depend
on dose and proton energy for acquisition times up to 19s. SNR
and CNR at 200MeV are larger than at 150MeV (see Figure S3).
The detectability of details in the hole grid phantom (see
Figure 3C) increases with increasing number of frames (and,
hence, acquisition time) and dose (see Figure 3D), due to the
decreasing noise and thereby increasing SNR and CNR. The
smallest apertures of 0.3mm diameter are clearly recognisable
and distinguishable from the noise after approximately 30
frames, 3.6s, and 10.2mGy. Since image quality correlates with
the applied dose (see Figure 3D), a proton energy of 200MeV,
beam current of 0.1nA, and acquisition time of 8s were chosen
for animal radiography to limit the radiation exposure to
approximately 23mGy while accomplishing a high
quality radiography.

3.1.2 Imaging workflow

After adjusting the physical parameters for animal proton
radiography, the imaging process was optimized. Obtaining a
homogeneous background intensity in the acquired images
required to subtract both the oft- and on-beam image
background. To correct for the detector-induced background
signal (Iz,,x ), 300 frames were recorded and averaged prior to
proton imaging. Next, the beam fluence-induced image
background I, was determined by averaging another set of
300 frames at (200MeV, 0.1nA, 30s). Both background images
Tiark and Ip.,,, are automatically subtracted from all
subsequently acquired frames. The obtained background-
corrected frames can then be combined by calculating the
median pixel values acrossall frames for robustness against
salt-and-pepper noise.

3.1.3 Planning study and beam target variability

The Jaccard coefficient for the inter- and intra-observer
variability in the planning process was 0.84+0.10 and 0.92+0.05,
respectively. To visualize the extent of the occurring deviations, the
projected plan datasets resulting in the lowest and highest Jaccard
coefficients are shown in Figure 4A, B. The animal-wise Jaccard
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coeficients for inter- and intra-observer variations are shown in the
Supplementary Materials (Figure S4).

We furthermore determined the inter- and intra-observer
variations of the target coordinates, which were calculated
during the repositioning process. The inter- and intra-observer
variabilities were 0.26+0.10mm and 0.22+0.10mm, respectively.
The resulting irradiation target coordinates obtained by all
observers overlaid with the respective radiographic images are
shown in Figure 4C, D) for the same selected mice. The animal-
wise inter- and intra-observer variations for the calculated target
coordinates as well as all derived transformation parameters are
depicted in the supplementary materials (Figure S5-S11).

3.2 Biological verification

The correct beam application was verified biologically in two
irradiated brains. Sagittal (see Figure 5A) and horizontal (see
Figure 5B) slices of mouse brains visualize the position of the
proton beam in X, y (anterior-posterior, dorsal-ventral) and x, z
(anterior-posterior, depth) directions, respectively. The
distribution of radiation-induced DNA damage (see Figure 5)
proves that the animals were hit in the hippocampal target
location and that the beam stops within the brain.

We then evaluated the relation between applied dose and
biological effect. Figure 6 shows the resulting overlays of relative
biological damage and simulated dose for two representative
sections in the sagittal and coronal plane, where the cell
distribution enabled direct analysis. Image analysis of DNA
damage using the described analysis workflow clearly
visualizes the beam path in the tissue. The underlying cellular
composition of the brain tissue introduces variation in the
biological read-out, which impacts the results to varying
degrees depending on the analyzed brain section (data not
shown). The profile lines, however, indicate a good correlation
between deposited physical dose and induced biological damage.

4 Discussion

Research questions in proton radiooncology aim to address
important aspects of clinical outcome and require preclinical in
vivo data. These questions include the RBE of protons (32),
proton-specific normal tissue damage, and novel combination
treatments (33). One challenge for such experiments is the
precise irradiation of small animal models, which is required
for meaningful translation into clinical trials due to the necessary
down-scaling of spatial dimensions. The goal of the presented
study was to develop an improved positioning workflow by
including on-beam proton radiography of living mice into the
existing pipeline (16, 17). The achieved increase in
reproducibility and precision, as well as the streamlined
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FIGURE 3

Results of proton radiography resolution experiments. (A) Proton fluence at the edge between air and phantom (PMMA) for two beam energies
either along one pixel line (dashed) or as mean over 100 pixel lines (solid). (B) Image resolution and line pairs determined from the lead grid

phantom as a function of distance between phantom and flat panel detector. (C) Schematics of the used MicroCT hole grid phantom. The hole
pattern in the disk is analogous to the plate. All units are given in mm. (D) Image resolution determined from the hole phantom as a function of

applied dose, acquisition time, and number of acquired frames.

irradiation workflow will enable further preclinical studies
requiring high precision proton irradiation of small animals.
The presented irradiation setup puts high value on cost-
effectiveness, relative technical simplicity, and open code
distribution to facilitate reproduction and adaptation. The used
components are readily-available to allow implementation
with little technical preconditions at other experimental centers
with quasi mono-energetic proton beams. In addition, the
redesigned radiation setup provides novel opportunities
to external users of our facility, e.g. through European
transnational access of the INSPIRE network (34). The applied
software for planning (Big Warp, Fiji (27, 28)), registration
(RadiAiDD), and component interaction (ScattERR) are open
source. The operation modes of the setup (“Imaging” and
“Irradiation”) allow for image acquisition of setup and animals,
repositioning, and irradiation. The usage of motorized elements
enables remote control of the used components and thereby
ensures radiation protection of the personnel. Quality assurance

Frontiers in Oncology

126

of the workflow, similar to the clinics (35, 36), is performed daily
with phantom irradiation.

Benchmark experiments were performed to determine the
optimal radiography acquisition parameters for beam energy,
dose, and object-detector distance. As a result of these
experiments, we provide setup parameters that allow for
sufficiently high-resolution radiographic imaging with a
commercial flat panel detector, while exposing the targets to
reasonable (low-LET) proton radiation doses of approximately
23mGy. If necessary, this dose can be further reduced by
shielding of the animal body outside the field-of-interest. The
chosen beam energy of 200MeV can be delivered by common
clinical and experimental cyclotrons. The achieved spatial
resolution of 0.3mm allows to resolve relevant anatomical
landmarks. In comparison to other reported ion-based radio-
or tomographic techniques (14, 37-39), our method yields
competitive resolution. The implemented method benefits
considerably from placing the detector close to the object and
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Representative variability in planning and registration. The upper row shows inter-observer variations and Jaccard coefficients of the projected
target region for the animals with (A) the lowest and (B) the highest inter-observer agreement. In the lower row, (C) and (D) show the resulting
variation of the registration-derived target coordinate for the animals in (A) and (B), respectively.

exploiting changes in proton fluence rather than particle
stopping, which is consistent with the theoretical description
(40) as well as previously reported experiments regarding object-
detector distance (17). Due to the requirements regarding
object-detector distance and object thickness, the used
radiographic method may not be viable for clinical use.
Preclinical experiments, however, provide suitable physical and
spatial conditions to exploit the used mode of proton
radiographic images for high-precision positioning and
irradiation. The choice of beam energy and acquisition time
had to be weighted against the applied dose. Using the plateau-
region of the beam in a shoot-through fashion allows to achieve
the above-reported resolution at a dose of approximately
23mGy. This represents an improvement over other reported
implementations (e.g., Darne et al. (38): 47.2 mGy, Harms et al.
(41): 50mGy). Technically highly sophisticated techniques yield
low per-image doses at high beam energies (Durante et al. (13),
10mGy, 800MeV), but do not provide the cost-effectiveness or
availability, which are key features of the presented method.
The planning study shows inter- and intra-observer
variations in the registration of brain atlas and CBCT, which
impact the resulting overall targeting accuracy. In general, the
inter-observer variability was lower than the intra-observer
varijability (mean Jaccard indices: 0.84+0.10 vs. 0.92+0.05),
which highlights the highly subjective perception of sufficiently
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good agreement when performing registration tasks. Since the
true registration is not known in such scenarios, this is an
inherent problem of both manual and automated registration
(42) and subsequently applies to the performed planning
experiment. The inter- and intra-observer Jaccard coefficients
obtained in this study are comparable to similar clinical
investigations. Wohlfahrt et al. (43) found a Jaccard coefficient
of 0.80+0.05 for an experienced radiooncologist contouring the
tumor gross volume of lung cancer on two different days. For
3D-CT contouring of pancreatic ductal adenocarcinoma, Choi
et al. (44) noted inter-observer Jaccard coefficients of 0.521-0.783
for three medical specialists. Alasti et al. (45) reported Jaccard
coefficients of 0.665-0.811 between different observers and
0.851-0.917 for repeated delineations by the same observer for
CT contouring of prostate tumors. To address the variations in
the present planning study, it is notable that the disagreement
between observers occurs predominantly in the basal part of the
hippocampus. In our case, the defined target region was located
in the upper part of the hippocampus. Thus, the practically
achieved planning precision may be higher as suggested by the
calculated Jaccard coefficients. The registration and,
consequently, the positioning procedure yielded good
agreement between observers. The determined variations in
the calculated beam target coordinates are consistently in the
sub-millimeter domain (<0.41+0.19mm; mean inter- and intra-
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FIGURE 5
Biological verification of the irradiation workflow. DNA damage in the brain cells (DAPI, blue) was stained via YH2AX (green) 30 min after 8 Gy irradiation
(A) The sagittal section shows that the beam was correctly applied to the target location, the hippocampal area. (B) The horizontal section additionally
reveals that the proton beam stops in the middle of the brain. The (C) non-irradiated hippocampus has no elevated damage, whereas the (D) irradiated
one shows increased YH2AX expression. (E) Higher magnification of cells in the beam path visualize radiation-induced foci
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Correlation of biological damage with applied dose. (A) Overlay of aligned relative DNA damage and simulated dose in a representative sagittal
plane. The grey box indicates the profile line along which average dose and relative biological damage have been calculated as shown in (B). (C)

and (D) show the respective plots for a coronal plane.

observer variations of 0.26+0.10mm and 0.22+0.10mm). While
setups with on-site X-ray imaging provide slightly higher
positioning accuracy [0.08mm (46) or 0.24mm (11)], such
performances often come at the price of significant technical
expense. It should be noted that the registration and positioning
procedure encompasses the manual, interactive placement of the
desired beam target location (with respect to the desired
projected target region, i.e., the hippocampal region). Thus,
the ensuing variability of the calculated target position is
composed of variation of the derived transformation
parameters as well as the chosen beam target. The
implemented workflow allows for further simplifications that
address this shortcoming to a certain degree. For instance, the
target could be set automatically based on objective criteria such
as the center of gravity of the hippocampal area. To further
minimize intra- and inter-observer variability, observer training
sessions prior to experimental campaigns are advisable (47).

It is worth mentioning, that — while allowing for high lateral
precision in irradiation - the implemented radiographic method
does not yield additional information for choosing the beam
range. This is of particular importance for not well-localized
targets such as orthotopic tumors in the brain, which can show
considerable variation in their location and thus require an
individualized irradiation field. While the measurement of
water-equivalent thickness by means of proton radiography
has been described previously (17), it is desirable to include
tomographic information for the determination of the
appropriate beam range. The irradiation of specific normal
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tissue regions in the brain as demonstrated in this manuscript,
however, provides the necessary conditions for using a
generalized beam range, which is highlighted by the overlay of
simulated dose and DNA damage.

The DNA damage analysis was performed to verify our
workflow using a pre-defined beam-range. Histology proved that
the DNA damage induction was located in the delineated target
region. After subsequent image analysis, a clear accordance was
shown between the proton beam and radiation-induced DNA
damage. Thus, we could replicate the data from our previous
study on small animal irradiation (16) while streamlining the
radiation workflow considerably. It has to be noted that despite
parameter optimization, the algorithm used for calculating the
relative DNA damage distributions has some weaknesses. The
maxima finder, which is the core method for cell counting, does
not perform equally well in regions of high or low cell density, or
when inhomogeneous fluorescence intensity is present.
Specifically, a slight overestimation of DNA damage was noted
in unirradiated or low-dose irradiated brain areas. Nevertheless,
the algorithm provides fast and objective analysis of spatial tissue
characteristics, which we considered sufficiently accurate for the
research question at hand, i.e., visualizing the proton beam via
the induced DNA damage in the tissue. Relating the damage to
the applied dose further revealed the translational value of our
model: the congruence of physical effect and biological outcome
is a valuable tool in elucidating underlying radiobiological
mechanisms. Future studies could, for example, include the let
or beam quality (48) to investigate the relation between the
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different physical parameters and the ensuing biological effects
in a preclinical in vivo setting. One drawback of RBE studies in
brain is the inherent heterogeneity of the organ. Differing cell
compositions and densities, as well as the four brain ventricles
complicate a clean correlation of dose and damage. Hence,
irradiation of larger organs with high cellular homogeneity
such as the liver could provide additional benefits for in vivo
RBE investigations. On the other hand, moving organs are more
difficult to irradiate and cannot be distinguished as clearly as the
skull bones in proton radiography. Additionally, cranial tumors
are often considered an indication for proton therapy; therefore,
normal tissue studies on brain are highly needed. The optimal
solution to handle organ heterogeneity is cell-wise dose
mapping, where each cell is analyzed individually. This
approach requires not only precise dosimetric measurements
and dose simulations, but also high precision irradiation, which
can be provided by our workflow.

In conclusion, we could show that high-precision subvolume
irradiation of small animals can be achieved with image-
guidance from proton radiography using a flat panel detector.
The imaging dose was limited to an acceptable amount and
biological validation proved successful treatment of the
hippocampal target area. The robustness and cost-effectiveness
of the setup and the streamlined and clinic-orientated workflow
enable a wide range of preclinical proton experiments. Possible
future applications include irradiation of larger animal cohorts,
fractionated proton irradiation, additional normal tissue studies
on other organs and sub-volumes, and the treatment of
orthotopic tumors. This will facilitate animal studies in proton
radiooncology and help to provide much needed in vivo data for
a range of clinically relevant research topics.
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The impact of tumor metabolic
activity assessed by ®F-FET
amino acid PET imaging in
particle radiotherapy of high-
grade glioma patients
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Background: Selective uptake of (18)F-fluoro-ethyl-tyrosine (*8F-FET) is used
in high-grade glioma (HGG) to assess tumor metabolic activity via positron
emission tomography (PET). We aim to investigate its value for target volume
definition, as a prognosticator, and associations with whole-blood
transcriptome liquid biopsy (WBT lbx) for which we recently reported
feasibility to mirror tumor characteristics and response to particle irradiation
in recurrent HGG (rHGG).

Methods: *®F-FET-PET data from n = 43 patients with primary glioblastoma
(pGBM) and n = 33 patients with rHGG were assessed. pGBM patients were
irradiated with photons and sequential proton/carbon boost, and rHGG patients
were treated with carbon re-irradiation (CIR). WBT (lllumina HumanHT-12
Expression BeadChips) lbx was available for n = 9 patients from the rHGG
cohort. PET isocontours (40%-70% SUVmax, 10% steps) and MRI-based
treatment volumes (MRIvol) were compared using the conformity index (Cl)
(pGBM, n = 16; rHGG, n = 27). Associations with WBT lbx data were tested on
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gene expression level and inferred pathways activity scores (PROGENy) and from
transcriptome estimated cell fractions (CIBERSORT, xCell).

Results: In pGBM, median SUVmax was higher in PET acquired pre-
radiotherapy (4.1, range (R) 1.5-7.8; n = 20) vs. during radiotherapy (3.3, R
15-57, n = 23; p = 0.03) and in non-resected (4.7, R 29-79; n = 11) vs.
resected tumors (3.3, R 1.5-7.8, n = 32; p = 0.01). In rHGG, a trend toward
higher SUVmax values in grade IV tumors was observed (p = 0.13). Median
MRIvol was 32.34 (R 8.75-108.77) cm® in pGBM (n = 16) and 20.77 (R 0.63-
128.44) cm® in rtHGG patients (n = 27). The highest median Cl was observed for
40% (pGBM, 0.31) and 50% (rHGG, 0.43, all tumors) isodose, with 70% (40%)
isodose in grade Il (IV) rHGG tumors (median ClI, 0.38 and 0.49). High SUVmax
was linked to shorter survival in pGBM (>3.3, p = 0.001, OR 6.0 [2.1-17.4]) and
rHGG (>2.8, p = 0.02, OR 4.1 [1.2-13.9]). SUVmax showed associations with
inferred monocyte fractions, hypoxia, and TGFbeta pathway activity and links to
immune checkpoint gene expression from WBT lbx.

Conclusion: The benefits of ®F-FET-PET imaging on gross tumor volume
(GTV) definition for particle radiotherapy warrant further evaluation. SUVmax
might assist in prognostic stratification of HGG patients for particle
radiotherapy, highlights heterogeneity in rHGG, and is positively associated
with unfavorable signatures in peripheral whole-blood transcriptomes.

KEYWORDS

particle therapy, 18F-FET-PET, liquid biopsy, whole blood transcriptome, conformity
index (CI), high grade glioma (HGG)

Introduction

Despite intensive research and a multimodal treatment
approach, the prognosis for glioblastoma (GBM) and recurrent
high-grade glioma (rHGG) remains poor (1, 2). Therapy of
treatment-naive GBM consists of maximal safe resection
followed by radiotherapy with concomitant and adjuvant
temozolomide chemotherapy (3), which may be accompanied
by Tumor-Treating Fields (4). For recurrent disease, no standard
therapy has been defined; however, resection, radiotherapy (5),
and chemotherapy (6) are frequently delivered.

Particle therapy might be a promising treatment strategy for
glioma patients. It allows for better normal tissue sparing due to
higher physical dose conformity (7) and delivers a higher relative
biological effectiveness (RBE) as compared to photon radiotherapy
(RBE of 1.87-3.44) (8). Preclinical data suggest benefits from carbon
ion radiotherapy (CIR) through improved cell killing of glioma
tumor cells in a hypoxic milieu, reduction of angiogenesis, and
overcoming a local immunosuppressive milieu (9). In line with
these findings, the first clinical data show promising results (10-13).

Metabolic imaging with (18)F-fluoro-ethyl-tyrosine positron
emission tomography (18F-FET-PET) has been proposed to
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help delineate target volumes in glioma (14), which is
currently mainly based on contrast-enhanced T1-weighted
MRI It has been hypothesized that 18F-FET-PET is able to
detect aggressive tumor subregions and lesions beyond contrast
enhancement in MRI (15-17). However, evaluation of 18F-FET-
PET-positive isocontour-defined volumes and gross tumor
volumes (GTVs) in 26 rHGG patients revealed only low
conformity between both volumes with maximum
conformities of 0.42-0.51 observed at isocontour 40% (18). A
precise algorithm for the integration of 18F-FET-PET into
treatment planning is lacking and the subject of ongoing
research (19). In addition to target volume definition, 18F-
FET-PET imaging has been evaluated for its prognostic value
in grade II-IV gliomas (20) and rHGG (18): a poorer outcome
for higher tracer uptake has been described in both studies.
Whole-blood transcriptome (WBT) liquid biopsy (Ibx) data
have been used as a surrogate to monitor disease states (21, 22).
Different blood components have the potential to yield
information about the tumor with minimal intervention, i.e.,
circulating tumor cells, or other fractions of blood cells, which
might be exposed to a number of transcriptome-altering factors
(e.g., irradiation, drug treatments, and transversion through
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tumor tissue and modulation by cytokines). We recently
reported the feasibility of WBT Ibx to monitor response to
treatment (particle irradiation in rHGG) and to mirror tumor
characteristics (23). We therefore aim to evaluate if tracer uptake
is linked to a specific whole-blood transcriptome fingerprint.

With this study, we aimed to investigate the value of 18F-
FET-PET for tumor delineation in treatment planning and
outcome prediction in primary glioblastoma (pGBM) and
rHGG treated with particle radiotherapy and to assess a link
between WBT Ibx readouts and 18F-FET-PET-based tumor
metabolic activity quantification.

Methods

Ethics approval and consent to
participate

All patients consented to participate in this study, and ethical
approval was obtained by the IRB-Ethics Committee of the
Medical Faculty of Heidelberg University (approval numbers
S-421/2015 and S-540/2010).

Study cohort and radiotherapy

n = 76 patients with pGBM (n = 43) or rHGG (n = 33) were
included in this study. All patients underwent high-precision
charged particle beam radiotherapy (RT) at the Heidelberg Ion
Beam Therapy Center (HIT) between 2010 and 2017. Clinical data
were retrospectively recorded in the institute’s own database.

Patients with pGBM were treated in or analogous to the
CLEOPATRA trial (24) for incompletely resected primary
glioblastoma (residual macroscopic tumor visible at least on
MRI). In a two-stage target volume concept, they received a
standard postoperative fractionated photon RT up to a
cumulative dose of approx. 50 Gy to the contrast-enhanced
areas in T1-weighted magnetic resonance tomography (MRT),
the T2-hyperintense areas, and the resection cavity, followed by
a proton (5 x 2 Gy) or carbon ion (6 x 3 Gray equivalents (GyE))
boost to the macroscopic tumor remnant.

Patients with rHGG (n = 33) were treated in or according to
the CINDERELLA trial (10) and received CIR at a dose of 10 to 16
x 3 GyE to the macroscopic tumor. The macroscopic tumor was
defined based on contrast enhancement in T1-weighted MRI both
for primary and recurrent tumors. As per the study protocol,
information from 18F-FET-PET imaging could be optionally
considered for the target volume definition of particle RT.

For pGBM, 18F-FET-PET information was not considered
for photon RT treatment planning but could be used for particle
boost delineation. In the rHGG cohort, 18F-FET-PET
information was not considered for GTV delineation but was
included in clinical target volume (CTV) delineation; i.e., areas
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with high tracer uptake were effectively irradiated with CIR. No
patient received particle RT in both the primary and
recurrent settings.

A static amino acid 18F-FET positron emission tomography
(PET) CT scan was available before the start of particle RT for
every patient. Tracer uptake and survival analyses were
performed on the entire cohort (n = 76). For analyses on the
impact of 18F-FET-PET on tumor delineation (see section
“Imaging processing and analysis”) in pGBM patients, 18F-
FET-PET-derived isocontours were compared to MRI-based
GTV for photon RT. Analyses were carried out for n = 16
(37%) pGBM patients. N = 27 patients could not be included due
to one or more of the following reasons: photon RT was
delivered at another institution, and RT plans were not
available for further analyses (n = 14); photon RT planning
MRI was not extractable from the institution’s picture archiving
and communication system (PACS), i.e., imaging performed at
another institution (n = 8); PET showed unspecific tracer uptake
without significant evidence of residual tumor (n = 6); PET was
carried out >50 days prior to photon RT start (n = 2).

N = 27 (82%) patients with rHGG were included in analyses
on the impact of 18F-FET-PET on tumor delineation. 18F-FET-
PET-derived isocontours were compared to MRI-based GTV. N =
6 patients could not be included because CIR planning MRI was
not extractable from the institution’s PACS (n = 3), because PET
was carried out >50 days prior to CIR start (n = 1), which showed
uncharacteristic low tracer uptake (n = 1), or imaging was
performed at another institution and without a corresponding
CT dataset needed for further data procession (n = 1).

Since a relevant proportion of patients could not be included
in the analyses of PET vs. MRI-based treatment volumes, it was
evaluated whether the characteristics of the enrolled patients
were different from those excluded (Supplementary Tables 3, 4).

MRI showing tumor progression after particle (re)RT was
available for n = 34 (79%) pGBM patients and n = 25 (76%)
rHGG patients. Recurrence patterns were analyzed in a
semiquantitative approach classifying tumors into one or more
of the following categories: 1) recurrence in the area of initial
contrast uptake in T1-MRI/MRI-based treatment volume, 2)
recurrence in the area of increased PET signal, and 3)
distant recurrence.

Whole-blood transcriptome data (Illumina HumanHT-12
Expression BeadChips) were available for n = 9 patients of the
rHGG cohort participating in a liquid biopsy study for the effect
of CIR in rHGG (for details, see [1]). Blood samples were
collected before the start of CIR and at different time points
after CIR (see Supplementary Figure 1).

Imaging data

Image data consist of treatment planning MRI and static 18F-
FET-PET/CT scans. In pGBM patients, 18F-FET-PET imaging
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was performed at different time points: before surgery (n = 3),
between two surgeries (n = 1, whereby both procedures consisted
of a biopsy), between surgery and start of photon RT (n = 16), and
during photon RT (n = 23). In rHGG patients, PET images were
acquired before CIR in all cases (n = 33), with one patient having
had a partial tumor resection between PET acquisition and RT
start. Most PET/CT scans were performed with Biograph 6 (n =
61). Other PET/CT devices used were Biograph 64 (n = 5),
Biograph mCT Flow (n = 4), Biograph HiRes Model 1080 (n =
2), Biograph TruePoint Model 1094 (n = 2), and Biograph 40 (n =
1; all Siemens Healthineers, Erlangen, Germany) and Gemini TF
16 (n = 1; Philips Medical Systems, Hamburg, Germany).

Imaging processing and analysis

For analyses of PET imaging data, the standardized uptake
value (SUV) was determined. The required parameters (injected
activity, injection time, acquisition time, and body weight) were
extracted from the static PET DICOM files with Loni Inspector
(V 2.11, University of Southern California Mark and Mary
Stevens Neuroimaging and Informatics Institute, Los Angeles,
USA) software. Median injected activity was 180 (R 124-314)
MBq and 2.2 (R 1.39-4.24) MBgq/kg body weight for pGBM
patients and 198 (R 130-270) MBq and 2.49 (R 1.69-4.15) MBq/
kg body weight for rHGG patients. The median time from
injection to image acquisition was 12 min (R 5-42) in pGBM
patients and 11 min (R 2-41) in rHGG patients.

SUV was determined voxel-wise for all patients using the
software MITK (The Medical Imaging Interaction Toolkit, www.
mitk.org) (18, 25). In the next step, a large region of interest
(ROI) enclosing the primary or recurrent tumor was defined. If
required, structures with increased tracer uptake such as vessels
and basal ganglia were omitted in ROI delineation. The SUVmax
of the ROI was extracted. Next, a maximum standardized uptake
ratio (SURmax) was determined for each tumor. SURmax was
calculated as the quotient of SUVmax of the ROI and mean SUV
of a reference region. The reference region represents the
background signal and was drawn in the contralateral
hemisphere or, in case of a tumor near the midline, in the
unaffected anterior or posterior part of the brain, encompassing
both gray and white matter (26).

18F-FET-PET-based tumor volumes were generated as
isocontours from SUVmax in increments of 10 from 40% to
70% within the ROI encompassing the tumor. PET images were
registered to the treatment planning MRI (rigid registration). To
assess differences in PET-derived isocontours (PETvol) and
MRI-derived RT treatment volumes (MRIvol), different 3D
structures were created and analyzed (see Supplementary
Table 2). Concordance between volumes was quantified using
the conformity index (CI = intersection of PETvol and MRIvol
divided by their union). The isocontour with the largest CI was
identified as the “best matching isocontour”.
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Whole-blood transcriptome profiling

RNA was extracted from whole blood (PAX gene blood
RNA tubes), using the PAXgene Blood RNA Kit (Qiagen,
Valencia, CA, USA). Expression was quantified from 200 ng of
quality-controlled RNA (Bioanalyzer, Agilent) on Illumina
HumanHT-12 Expression BeadChip array in the genomics
Core Facility DKFZ (Heidelberg, Germany). xCell (27) and
PROGENy (28) were used to estimate cell type fractions and
pathway activities from transcriptome data. Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analysis was
conducted with enrichR (29).

Statistical analysis

Statistical analyses were conducted with IBM SPSS Statistics
Version 27 (IBM, Armonk, New York, NY, USA) and R v 4.0.5
(R 30). Time-to-event analyses were conducted with Cox-PH
models and parametric survival models assuming log-logistic
distribution with the survival (31) and dataAnalysisMisc
packages (32). Survival was calculated from the onset of
photon RT to progression or death in pGBM and from the
onset of CIR to progression or death in rHGG patients. Patients
lost to follow-up (FU) were censored at the time point of the last
contact. Differences were tested using non-parametric methods
(Wilcoxon test, rankFD (33), t-tests, and linear models. Robust
p-values were computed using the robustbase package (34).
Random forest analyses were conducted with the
randomForest package (35). The significance level is set to o =
0.05 (two-sided) if not stated otherwise. The Benjamini-
Hochberg procedure was used for multiplicity adjustment
(false discovery rate (FDR)) if not stated otherwise.

Results
Patient characteristics

An overview of the cohort, treatment, and patients’
characteristics is shown in Table 1 and Figure 1A.

The median age at diagnosis of pPGBM was 58 years (R 21-75),
with a median Karnofsky Performance Score (KPS) of 90% (R 60-
100). Prior to RT, 33 (77%) patients underwent resection (partial
resection, 13 (30%); subtotal resection, 20 (47%)), and 10 patients
(23%) underwent biopsy only. The sequential particle boost was
delivered with protons (5 x 2 Gy) in 26 cases (60%) and CIR (6 x 3
GyE) in 17 cases (40%). Tumor tissue was available from all
pGBM patients, and the diagnosis of glioblastoma was based on
the 2007 WHO Classification of Tumors of the Central Nervous
System (36) in most cases (n = 41, 95%). Two patients were
classified according to the 2016 WHO classification (37). IDH1
status was available in 28 cases (65%), all of which showed IDH1-
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TABLE 1 Combined table of treatment and patient characteristics for the pGBM (n = 43) and rHGG (n = 33) cohorts.

Feature

Sex

Age at initial diagnosis [years]

Age at CIR [years]

Karnofsky Performance Score* [%]

Tumor localization

Time from first course of RT to CIR [months]

WHO grade primary tumor

IDH status

MGMT promoter methylation status

WHO grade recurrence

Maximum extent of surgery

Time from last surgery to '8E_FET-PET

Time from initial RT to '®F-FET-PET

Tumor progression before RT

Re-resection performed

Particle (re)RT

PTV CIR [ml]

Frontiers in Oncology

Specification

Male

Female

pGBM: 21-64/rHGG: 16-41
pGBM: 65-75/rHGG: 42-67
Median (range)

22-64

65-71

Median (range)

60-80

90-100

N/A

Median (range)

pGBM: unifocal/rHGG: local”
pGBM: multifocal/rHGG: distant”
7-19

23-208

Median (range)

I

111

v

Mutation (R132H)

Wild type

N/A

Methylated
Hypomethylated

N/A

I

v

Biopsy

Resection

Partial resection

Subtotal resection

<5 years

>5 years

Median (range) [months]
<5 years

>5 years

Median (range) [months]

No

pGBM: protons, 5 x 2 Gy/rHGG: 30-33
pGBM: carbon ions, 6 x 3 GyE/rHGG: 36-45
rHGG: median (range)

5.74-80.82

83.88-242.44

N/A

137

PGBM n (%)

30 (70)
13 (30)
33 (77)
10 (23)
58 (21-75)

10 (23)
28 (56)
5(12)
90 (60-100)
38 (88)
5(12)

0 (0)
0(0)
43 (100)
0(0)
28 (65)
15 (35)
5 (12)
11 (25)
27 (63)
10 (23)
33 (77)
13 (30)
20 (47)

5 (12)
38 (88)
26 (60)
17 (40)

10.3389/fonc.2022.901390

rHGG n (%)

17 (52)
42 (16-67)
29 (88)
4(12)
54 (22-71)
7 (21)
25 (76)
1(3)

90 (60-100)

23 (7-208)
10 (30)
8 (24)
15 (76)

16 (48)
17 (52)
4(12)
29 (88)
N/A
N/A
27 (82)
6 (18)
12 (0-289)
23 (70)
10 (30)
22 (6-208)
20 (47)
18 (55)
14 (42)
19 (58)
36 (30-45)
16 (48)
16 (48)
13)

(Continued)
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TABLE 1 Continued

Feature

Median (range)

Yes

No

FU data available for
Median FU (range)

Concurrent chemotherapy

Follow-up (FU)

Parameters are presented in absolute numbers and percentages related to the respective cohort.

Specification

10.3389/fonc.2022.901390

PGBM n (%) rHGG n (%)

82.35 (5.74-242.44)

43 (100) 3(9)
0(0) 30 (91)

37 (86) 31 (94)

7 (1-36) 9 (1-79)

pGBM, primary glioblastoma; rHGG, recurrent high-grade glioma; CIR, carbon re-irradiation; RT, radiotherapy; PTV, planning target volume; N/A, not available.

*rHGG: CIR.
“rHGG: in relation to primary tumor.

wild-type glioblastoma. Median overall survival (OS) was 16.2
months (95% CI 13.3-19.7). Median progression-free survival
(PFS) was 6.4 months (95% CI 5.2-7.8).

In the rHGG cohort, the median age at the time of CIR was 54 (R
22-71) years, and the median KPS was 90% (R 60-100). For rHGG
patients, tumor tissue was available for n = 15 (45%) patients at the
time point of recurrence. Tumor classification was mostly based on
the 2007 WHO Classification (n = 14, 93%) with one case being
classified according to the 2016 WHO Classification. In n = 18 (55%)
patients, where no biopsy or resection was performed at recurrence,
the diagnosis was based on imaging criteria suggestive of rHGG
(contrast medium enhancement) and an interdisciplinary consensus
(tumor board). At disease recurrence, 16 (48%) patients had a WHO
grade I11, and 17 (52%) patients had a WHO grade IV tumor. The
initial diagnosis was determined histologically in all rHGG patients.
The underlying primary tumor was low-grade glioma (LGG) in n =
10 (30%) and HGG in n = 23 (70%) cases, with n = 8 (24%) grade III
vs. n = 15 (45%) grade IV gliomas. In the primary setting,
classification was according to the 2007 WHO classification in n =
23 (70%) and according to previous versions in the remaining n = 10
(30%) cases. The median time from the first course of photon RT to
CIR was 22 months (R 6-208). Initially, n = 29 (88%) patients
underwent tumor resection vs. n = 4 (12%) biopsy only. Re-resection
had been performed in 15 cases (45%). The median time between the
last resection and 18F-FET-PET was 14 months (R 1-289). CIR was
delivered at a median dose of 39 GyE (R 30-45) in 3-GyE fractions.
Median OS in rHGG was 17.5 months (95% CI 11.3-27.2) with the
date of death known for 23 (70%) patients. PFS was 5.0 months (95%
CI 34-7.6).

Tracer uptake in primary glioblastoma
and recurrent high-grade glioma

Tracer uptake, as quantified by SUVmax and SURmax, is
shown for both cohorts in Figure 1. Both parameters show high
concordance (Figure 1A), and no clear improvement using
SURmax in performed analyses was observed (data not shown).
Thus, SUVmax-based analyses were retained going forward.
Median SUVmax was 3.5 (R 1.48-7.82) in pGBM. 18F-FET-
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PET tracer uptake was significantly lower in patients with resected
tumors and in images acquired after the start of photon RT
(Figure 1B). There was no interaction between resection status
and time point of 18F-FET-PET imaging (p = 0.82, Figure 1B).
For resected tumors under RT, there was a non-significant
association for decreasing 18F-FET-PET uptake if imaging was
performed at later stages of RT (Figure 1C, p = 0.12, one-sided).

In rHGG, PET images yielded a median SUVmax of 3.09 (R
1.1-8.39). A trend toward higher SUVmax values in grade IV
tumors was observed (Figure 1D). This trend was preserved after
pooling pGBM and rHGG cohorts, with higher SUVmax values
in grade IV vs. grade II tumors (p = 0.08) (Figure 1E).

Prognostic value of tracer uptake

To test the prognostic value of SUVmax for OS, patients
from both cohorts were split into “higher than median” vs.
“lower than median” SUVmax uptake using the median
SUVmax value of each cohort as a cutoff (pGBM cutoff, 3.5;
rHGG cutoft, 3.09; Figure 2, top row). For patients with pGBM,
SUVmax > 3.5 was prognostic for OS (p = 0.01), whereas in
rHGG, an uptake > 3.09 was associated with a non-significant
trend for worsened survival outcomes. A combination of grade
IV tumors from pGBM and rHGG confirmed a prognostic value
of SUVmax for median cutoff (3.37, Figure 2, right). In the
pooled grade IV tumors from pGBM and rHGG, median
SUVmax (>3.37) was prognostic for worsened OS (p = 0.01).
Additionally, we attempted to identify the best prognostic
SUVmax threshold by evaluating the impact of varying cutoffs
on OS. SUVmax optimal was defined as the cutoff associated
with the smallest p-value for OS (Figure 2, bottom row). In
rHGG, an optimal cutoff of 2.8 was prognostic of outcome (p <
0.05). For pGBM, SUVmax optimal was 3.3. For ranges of cutoffs
leading to the separation of groups with p < 0.05 or p < 0.1, see
Supplementary Table 2.

SUVmax as a continuous covariate was significant for
worsened OS in pGBM (OR = 1.36, p = 0.051). SUVmax
median cutoff and SUVmax optimal cutoff were also
prognostic factors for OS (OR = 3.21, p = 0.31 and OR = 5.99,
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FIGURE 1
Study cohort and tracer uptake in pGBM and rHGG. (A) Overview of the study cohort. (B) A strong correlation (r = 0.80) is observed between

SUVmax and SURmax values (Pearson's correlation). (C) SUVmax in pGBM depending on resection status and time point after RT start. Non-
parametric model analysis (rankFD). (D) SUVmax values after irradiation start. Linear model fit, Kendall's tau for resected samples (one-sided p-
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(robustbase). pGBM, primary glioblastoma; rHGG, recurrent high-grade glioma; RT, radiotherapy.
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Prognostic value of SUVmax in pGBM and rHGG. Top row: Kaplan—Meier survival curves, log-logistic parametric survival regression fits (dashed
line). Wald type p-value. Bottom row: model coefficients for varying cutoffs (bottom row), median (dashed line), and optimal cutoffs (minimal p-
value, dotted line). pGBM, primary glioblastoma; rHGG, recurrent high-grade glioma.

p = 0.001 respectively). Other prognostic variables on the
univariate analysis included age (= 65 vs. <65 years, OR = 3.7,
p = 0.047) and degree of resection, whereby partial resection
(OR = 0.14, p = 0.03) and subtotal resection (OR = 0.2,
p = 0.053) were associated with improved OS. Multivariate
analysis confirmed SUVmax optimal (OR = 2.73, p = 0.007)
and age > 65 years (OR = 2.97, p = 0.048) as independent adverse
prognostic markers for OS in pGBM (Figure 3).

In rHGG, SUVmax as a continuous variable was not prognostic
of OS on univariate analysis (Figure 3). SUVmax median showed a
trend for worsened OS (OR = 291, p = 0.086), and SUVmax
optimal was prognostic for OS (OR = 4.12, p = 0.023). Additionally,
age at initial diagnosis (OR = 1.05, p = 0.015), initial WHO grade IV
(HR = 7.8, p = 0.008), and WHO grade IV at CIR (HR = 21.7,p =
0.001) were inversely associated with OS. Multivariate analysis
confirmed SUVmax optimal (OR = 2.73, p = 0.042) and WHO
grade IV at CIR (OR = 12.24, p = 0.013) as independent prognostic
markers for OS in rHGG (Figure 3).

SUVmax optimal cutoff was also prognostic for PES in
pGBM (cutoff 2.3, OR 11.9 [95% CI 1.95-71.9], p = 0.007) and
rHGG (cutoff, 4.4, OR 4.36 [95% CI 1.15-16.52], p = 0.03). The
data are shown in Supplementary Figure 2.

Isocontour concordance with irradiated
volume

Comparison of 18F-FET-PET-defined isocontours with

MRI-based treatment volumes was carried out for a subset of
patients due to the limited availability of data (see Figure 1A and
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“Methods”). Treatment and patients’ characteristics of the
subcohorts are shown in Supplementary Table 3 and SUVmax
metrics in Supplementary Table 4.

GTV was utilized as MRIvol for pGBM in all 16 cases. In
rHGG, GTV was used in n =24 (89%) and CTV in 3 (11%) cases,
where GTV was not defined but where areas of high tracer
uptake morphologically corresponded to contrast enhancement
in T1-MRI. Concordance between 18F-FET-PET isocontours
and MRIvol was assessed with CI (Figures 4, 5) and Dice
coefticient (Supplementary Figure 3). Figure 4A illustrates the
calculation of CI for a given GTV volume and a range of
isocontours (Ix). Figure 4B shows images of a patient from the
PGBM cohort and Figure 4C of a patient from the rHGG cohort
with resection of the initial and no resection of the
recurrent tumor.

The highest conformity was observed for isocontour 40% in
pGBM and isocontour 50% in rHGG (Figures 5A, C).
Stratification by resection status in pGBM showed for biopsy
and subtotal resection high conformity for 50% isocontour and
only for partial resection isocontour 40% showed the highest
median CI. In rHGG, conformity decreased for higher
isocontours in grade IV tumors. The opposite was observed in
grade III rHGG whereby higher conformity was seen for 170
(Figures 5A, C). Finally, the relationship between CI and
SUVmax was investigated in each group. In pGBM
(Figure 5B), the CI was negatively associated with SUVmax at
higher isodoses (I70: red line). In contrast, CI was positively
correlated with increasing SUVmax for isodoses 50 (blue line)
and 40 (black line). Similar correlations were seen in
rHGG (Figure 5D).
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In pGBM/rHGG, the median volume of “best matching
isocontour” was 22.59 (R 5.72-192.68)/24.35 (R 2.42-1,407.04)
cm3. Its union with GTV resulted in a median 26% (R 3-328)/
37% (R 0.2-4836) increase in volume, with the median absolute
volume added by “best matching isocontour” being 8.35 (1.37-
159.04)/6.3 (R 0.13-73.03) cm3. Absolute volumes for each
patient are visualized in Supplementary Figure 4

Radiographic features are associated
with recurrent high-grade glioma grade

Next, volumetric parameters in rHGG were evaluated
(intersections of isocontour volumes and MRI-based target
volumes) as well as tracer uptake metrics (SUVmax, SURmax;
see the full list in Supplementary Table 2). Radiographic features
separated patients with rHGG into two separate populations on
the two-dimensional umap representation (Figure 5E). This
separation corresponded to rHGG tumor grade (Figure 5E, top
part), with umap-1 showing significantly different values
between grades (p = 0.04, Figure 5E, bottom part). Next,
random forest analyses with resampling were used to identify
which features dominate separation by grade (Figure 5F, bottom
part). Random forest selected features in increasing order of
importance. Interestingly, the top-ranked features were those
features associated with isocontour 40/50. In contrast, SURmax
and SUVmax were only ranked in positions 11 and 12. Iso 40
ADD was the top-ranked feature and was enough to separate
patients according to grade (Figure 5F, right).
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Patterns of recurrence

Assessment of recurrence patterns for the pGBM cohort
(subcohort of n = 34 patients with follow-up imaging showing
progress), where 18F-FET-PET was only utilized for boost
delineation, showed n = 21 (62%) local recurrences, n = 5
(15%) distant recurrences, and simultaneous local and distant
recurrences for n = 8 (24%) patients at first progression. In four
cases, recurrences occurred in areas with increased tracer uptake
(SUVmax: 3.25, 3.51, 5.7, and 7.82), one of which did not show
contrast enhancement on MRI and the remaining three being
partially included in photon-RT MRIvol.

In rHGG (subcohort of n = 25 patients with follow-up
imaging showing progress), where 18F-FET-PET was used for
CTYV delineation, no local recurrence was observed in 18F-FET-
PET-positive/MRI Tlce-negative areas. N = 3 (12%) patients
showed distant recurrences, n = 17 (68%) local recurrences, and
n = 5 (20%) simultaneous local and distant recurrences at
first progression.

SUVmax correlates with whole-blood
transcriptomes

We assessed if SUVmax correlates with whole-blood
transcriptomes. Analysis of the most variable 10% of genes
adjusted for initial tumor grade identified 38 genes as being
associated with SUVmax (Bonferroni-adjusted p-value <0.05)
and 936 genes with an FDR < 0.05 (Figure 6A). As an example,
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Concordance between F-FET-PET defined volumes and target volumes. (A) Schematics of evaluated volumes with isocontour | (140%, 50%,
and 70% shown as an example) and conformity index (Cl) definition. (B) Representative images with radiotherapy volumes and isocontours for a
patient with primary glioblastoma, from left to right in the first row: MRI at initial diagnosis, planning CT, *®F-FET-PET imaging before
radiotherapy; in the second row: planning CT with MRI-based tumor volumes (GTV in red, CTV in orange, and PTV in yellow), defined region of
interest (ROI) in *F-FET-PET imaging, and *®F-FET-PET-based isocontours (30% in purple, 40% in blue, 50% in turquoise, 60% in green, 70% in
yellow, and 80% in orange). (C) Representative images with radiotherapy volumes and isocontours for a patient with recurrent high-grade
glioma, imaging, and color coding similar to panel (B) Additional illustration of a representative image for 150 and GTV with intersection of
volumes shown in turquoise and union of volumes shown in red. Parentheses, values further evaluated; see Figure 5. GTV, gross tumor volume;

CTV, clinical target volume; PTV, planning target volume

representative expression values for POLD4 are shown in
Figure 6A (top middle), demonstrating an association between
gene expression and SUVmax as a function of the initial WHO
grade. KEGG pathway enrichment identified Glioma, PI3K
pathway components, and specific HLA genes associated with
SUVmax (Supplementary Figure 5).
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Higher SUVmax showed positive associations with hypoxia,
TGFbeta, and EGFR transcriptome signatures as inferred by
PROGENY (Figure 6B). Fractions of cell types, inferred with
CIBERSORT and xCell, showed higher fractions of
macrophages/monocytes in higher SUVmax tumors and
depletion of CD4+ naive T cells (Figure 6C). Finally, the
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FIGURE 5

Concordance between GTV and ®F-FET-PET isocontours. Conformity index (Cl) for different isocontours (A, C), split by degree of resection (pGBM, A,
right) and radiographic reRT tumor grade (C, right). (B, D) Association between SUVmax and conformity index (linear model fits). (E) Umap representation of
all n = 45 volumetric features, median, and SE (top part). Bottom part: differences in umap-1 values between tumor grades (linear model Wald type p-
value). (F) Identification of features separating grade using random forests analysis (top part); distribution of feature frequencies in bottom part, and
differences in top-ranked feature is shown on the right (linear model p-value). n = 27 patients. GTV, gross tumor volume; pGBM, primary glioblastoma.

evaluation of immune-checkpoint gene expression showed a

Discussion

trend toward a positive association of SUVmax and PD-L1 and

negative associations for LAG3 (p =

0.005) (Figure 6D).

Frontiers in Oncology

0.11) and CTLA4 (p =

In this study, we report on the value of 18F-FET-PET

imaging for target volume definition in pGBM treated with
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FIGURE 6

Whole-blood transcriptome associations with SUVmax in the rHGG cohort. (A) Genes associated with SUVmax, adjusted for initial WHO grade
(most variable 10% of genes: median absolute deviation, gray background, coefficient < 0) and representative data for POLD4 (right) with linear
fits. (B) PROGENy estimated pathway activity from transcriptome data (non-adjusted p-value). (C) CIBERSORT and xCell estimated cell fractions
associated with SUVmax (adjusted for initial tumor grade, z-scaled data, non-adjusted p-value). (D) Association of SUVmax with immune
checkpoint gene expression (linear mixed models). n = 9 patients. rHGG, recurrent high-grade glioma.

photon irradiation with particle boost and rHGG treated with
carbon particle therapy, as well as its use for prognosis
estimation and a link to minimally invasive whole-blood
transcriptome liquid biopsy readouts.

Particle therapy provides an attractive therapeutic option for
pGBM (11, 38) and rHGG (11, 38). However, tumors inevitably
recur, preferentially in-field in patients treated with conventional
photon radiotherapy (39) and at field margins in rHGG patients
treated with carbon ions (18). Thus, identification of tumor
(sub-)regions that might require intensified treatment as they are
more prone to recurrence is crucial. In this study, however, we
did not observe a clear preference for local vs. distant
recurrences, which might be caused by a much less fine-
granular qualitative classification in local vs. distant recurrence.

18F-FET-PET has been proposed to help delineate
aggressive tumor regions and lesions not detected on T1
contrast-enhanced (ce) MRI (15-17, 40, 41). In our analyses,
we see only a low degree of concordance between 18F-FET-PET
and MRI-based target volumes, with the highest observed CIs for
isocontours of 40% to 50%. This supports the hypothesis that
Tlce MRI and 18F-FET-PET imaging show different aspects of
the tumor and that additional information can be obtained by
18F-FET-PET imaging. “Best matching isocontours” were not
necessarily larger than MRI-derived treatment volumes;
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however, we showed that their addition to GTV could likely
result in a substantial increase in the treatment volume. A low
threshold of 150 also implies a relatively large volume based on
18F-FET-PET, which might lead to intolerable toxicities. In
pGBM, this relatively low overlap can be to some extent
explained by the inclusion of the resection cavity into the
MRI-based target volume; however, in rHGG, the resection
cavity was generally not included in the target volumes. In line
with these findings, Debus et al. also reported a low CI of 0.42—
0.51 at I140% (18). More detailed analyses revealed a positive
association of CI with SUVmax up to isocontour 50%; however,
resection status and tumor grade had an influence on the
optimal isocontour (maximal CI) in our cohorts and should be
considered as covariates in future studies.

To further examine the hypothesis that 18F-FET-PET
delineates highly aggressive tumor regions, we simultaneously
assessed a number of tracer uptake metrics and volumetric
features derived from isocontour/target volume intersections
in rHGG tumors. We observed a separation of tumors by
grade, and random forest analysis identified 140 features as
being able to discriminate between tumor grades. The added
volume based on 140 is higher in grade III tumors vs. grade IV
tumors, and accordingly, the median CI for 140 is lower for grade
III vs. IV. Thus, the overlap of 18F-FET-PET and target volumes
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is higher in grade IV rHGG, thus supporting the hypothesis that
18F-FET-PET may be better suited for more aggressive tumors.

In this line, we found significantly increased tracer uptake
for non-irradiated (18F-FET-PET acquisition before RT) as well
as non-resected GBM and a trend toward higher SUVmax in
GBM. It seems plausible that higher metabolic activity resulting
in a higher tracer uptake is observed in untreated and more
aggressive tumors.

Tracer uptake as a prognostic factor has been described
previously. Gempt et al. reported that a tumor-to-normal ratio
(SUVmean tumor/SUVmean background) of 1.88 was best in
discriminating OS in patients with primary WHO grade II to IV
glioma (40), whereas Sweeney et al. identified SUVmax of 2.6 as
the cutoff for survival prognosis in their cohort of primary WHO
grade II to IV patients (20). For recurrent WHO grade IV
gliomas, Debus et al. reported a poorer prognosis with
SUVmax > 2.92 (18).

We confirmed that tracer uptake is associated with prognosis
both in the primary (pGBM) and in the recurrent setting
(rHGG). Our identified thresholds/threshold ranges leading to
prognostic separation are in line with the reported data. Thus,
tracer uptake may allow for prognostic stratification
independent of the therapeutic situation (primary vs. recurrent
tumor). However, determination of a fixed tracer uptake cutoff
for prognostication is difficult, as tracer uptake not only is
dependent on the tumor itself but also reflects the imaging
protocol used. It is also biased by previous therapies, as shown in
our analyses, and the prognosis is obviously dependent on
antitumor treatment and patient-related factors as well.

In our study, analyses of tracer uptake were based on
SUVmax. We also calculated SURmax values, which are the
SUVmax values corrected for the appropriate SUV background
signal (26), and we observed a high concordance between both
metrics. Thus, more complex background-adjusted metrics are
not necessarily required.

Finally, using WBT profiling of a subset of the rHGG cohort,
we found gene expression differences associated with SUVmax,
adjusted for initial tumor grade (stable initial grade WBT
signature as recently reported (23)). Among them were genes
involved in DNA repair (ATM and POLD4). Pathway activity
analysis showed an association of unfavorable pathways with
higher SUVmax values (TGFbeta and hypoxia) (9, 42), and
inferred monocyte/macrophage fractions were enriched in high
SUVmax tumors. In addition, immune checkpoint gene
expression showed differential regulation, especially CTLA4
(low expression in high SUVmax tumors). This supports the
hypothesis of glioma as a systemic disease, with a pronounced
exchange between the tumor and its environment (39).

The main limitation of the present study is the limited
number of patients, especially for the whole-blood
transcriptome analyses. Here, further independent studies
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including larger cohorts should be performed to validate our
findings. Technical differences (different scanners), missing data,
and (molecular) heterogeneity within the group of recurrent
high-grade glioma might affect the present results. In addition,
dynamic 18F-FET PET might reveal additional insights into

tumor metabolism.

Conclusion

18F-FET PET has a prognostic value in both treatment-naive
glioblastoma and recurrent high-grade glioma. Its value on
target volume definition remains less clear, with overall low
concordance between 18F-FET-PET and target volumes. High
metabolic activity, as quantified by SUVmax, is linked to worse
prognosis and unfavorable whole-blood transcriptome liquid
biopsy readouts. Our results warrant confirmation in larger,
prospective studies.
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Morphological changes that may arise through a treatment course are probably
one of the most significant sources of range uncertainty in proton therapy. Non-
invasive in-vivo treatment monitoring is useful to increase treatment quality. The
INSIDE in-beam Positron Emission Tomography (PET) scanner performs in-vivo
range monitoring in proton and carbon therapy treatments at the National Center
of Oncological Hadrontherapy (CNAO). It is currently in a clinical trial (ID:
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NCT03662373) and has acquired in-beam PET data during the treatment of
various patients. In this work we analyze the in-beam PET (IB-PET) data of eight
patients treated with proton therapy at CNAO. The goal of the analysis is twofold.
First, we assess the level of experimental fluctuations in inter-fractional range
differences (sensitivity) of the INSIDE PET system by studying patients without
morphological changes. Second, we use the obtained results to see whether we
can observe anomalously large range variations in patients where morphological
changes have occurred. The sensitivity of the INSIDE IB-PET scanner was
quantified as the standard deviation of the range difference distributions
observed for six patients that did not show morphological changes. Inter-
fractional range variations with respect to a reference distribution were
estimated using the Most-Likely-Shift (MLS) method. To establish the efficacy of
this method, we made a comparison with the Beam's Eye View (BEV) method. For
patients showing no morphological changes in the control CT the average range
variation standard deviation was found to be 2.5 mm with the MLS method and
2.3 mm with the BEV method. On the other hand, for patients where some small
anatomical changes occurred, we found larger standard deviation values. In these
patients we evaluated where anomalous range differences were found and
compared them with the CT. We found that the identified regions were mostly

in agreement with the morphological changes seen in the CT scan.

KEYWORDS

proton therapy, in-beam PET imaging, in-vivo treatment verification, morphological
changes, inter-fractional range differences, clinical trial

1 Introduction

Proton therapy is a type of radiation therapy that uses protons to
treat cancer. The advantage of proton therapy with respect to
conventional radiotherapy (X-rays and electrons) is related to the
characteristic depth dose profile of charged particles (Bragg peak) (1).
The accuracy of proton therapy strongly depends on the
determination of the Bragg peak position. Uncertainties in the
knowledge of the proton range can affect the dose distribution.
These uncertainties include anatomical changes (physiological or
morphological, organ motion, tumour regression, weight loss arising
during the course of treatment), patient setup uncertainties, and
range errors from uncertainties in CT Hounsfield units (HU),
conversion of HU into particle stopping power, and reconstruction
artifacts (2-6). In patients where anatomical changes are expected to
occur, generally a control CT is acquired at some point during the
treatment course (4-9). The scheduling of the control CT is variable
and based on the clinical experience of the radiation oncologist. Based
on the CT outcome, the radiation oncologist may decide for
treatment replanning.

In-vivo range monitoring is desirable in order to support the
radiation oncologist in the decision on when to perform a
control CT (7, 10). One of the most consolidated monitoring
techniques is Positron Emission Tomography (PET) (10-13).
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Nuclear interactions of the therapeutical beam with the tissue
result in the production of " -isotopes, which decay emitting a
positron, that annihilates into a 511 keV photon pair. The
detection of these photon pairs by means of a PET system
yields an activity image, that is indirectly correlated with the
dose. Of all PET data acquisition modalities, in-beam (IB) data
acquisition is generally considered the most attractive, providing
real-time information about the treatment (10, 14, 15).

INSIDE (16) (INnovative Solution for In-beam Dosimetry in
hadronthErapy) is abimodal imaging system installed at the National
Center of Oncological Hadrontherapy (CNAO), in Pavia, Italy (17).
It consists of a particle tracker called Dose Profiler (18) and an IB-PET
scanner (16). This bimodal architecture allows for the detection of
annihilation photons with a PET detector, as well as for the detection
of charged particles, also produced as a result of nuclear interactions.
Since 2019 INSIDE is under clinical trial. During this trial
(ClinicalTrials.gov ID: NCT03662373), we acquired IB-PET data
for eight patients that received proton therapy treatments,
fractionated in 6 weeks (about 30 sessions) along the entire course
of their treatment. The first phase of the trial was completed in
March 2020.

The goal of this study is twofold. First, we wish to investigate the
level of experimental fluctuations in inter-fractional range
differences observed in the INSIDE system, which drives the
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sensitivity to detect range differences. Such fluctuations can be due
to the limited statistics of the acquired PET images, differences in
irradiation and data acquisition conditions, PET cart setup errors,
fluctuations due to random patient setup errors, and so on. This will
be done by studying inter-fractional range shifts for patients that
had no morphological changes, using the Most-Likely-Shift (MLS)
from Frey et al. (19), where it was applied to offline PET data. To
establish the efficacy of the MLS method for IB-PET images, we
made a comparison with the Beam’s Eye View method (20).
Second, we will compare the results with patients that did show
morphological changes, and we will investigate whether it is
possible to identify the regions affected by the changes with the
MLS method. It must be noted that this is the first study that
includes all the available data of the patients treated with proton
therapy and monitored with INSIDE. It is also the first time that the
MLS method will be applied to IB-PET data.

2 Materials and methods

2.1 The INSIDE in-beam PET scanner

The design, construction and initial clinical tests of the INSIDE
IB-PET system are described in detail in previous works (16, 21-
24), and only the most relevant information is given here. The
system consists of two planar heads placed at 30 cm from the
isocenter, for a total distance between them of 60 cm. Each head has
an active area of 10 x 25 cm” and consists of 2 x 5 modules
produced by Hamamatsu Photonics (25). Each module is a square
matrix of 16 x 16 scintillating crystals of lutetium fine silicate (LFS)
(26), each with dimension 3 x 3 x 20 mm®. Thus the total number
of channels in one PET head is 2560. LFS is a commercial name of
the set of Ce-doped silicate scintillation crystals (26, 27). The density
(7.35 g/em’) and light yield (80% with respect to Nal:Tl) are
comparable to lutetium oxyorthosilicate and LYSO but with
improved time performance: it has a ~36-ns decay constant.
These crystals are optically coupled one-to-one to silicon
photomultipliers (SiPMs). Their temperature was maintained at
18°C with the help of an integrated cooling system.

The 2 x 2560 PET detector channels are read by front-end
electronics (FE), based on 64 TOFPET ASICs channels (28),
which gives the time stamp of the event encoded through a time-
to-digital converter with a resolution of 50 ps. The energy
information was obtained with the time over threshold (TOT)
method. The signals from the FE ASICs are processed locally by
Field Programmable Gate Array (FPGA) boards. The channel
dead time is imposed by the FE and is below 300 ns for a 511 keV
event (28). The energy resolution for 511 keV photons
was ~13%, as measured with a " source of 22Na. The
measured coincidence time resolution (sigma) was 450 ps. The
acquisition is performed all along the treatment during both
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irradiation (spill) and beam pauses (inter-spill). However, in this
analysis we have only used the data acquired during the inter-
spill beam pauses, as well as data acquired a short time after the
delivery of the field (see Section Pre-processing).

The 3D image reconstruction is performed on-the-fly with
an iterative multicore Maximum Likelihood Expectation
Maximization (MLEM) (29) algorithm, and its results are
provided online during the treatment. Advanced analysis of
the PET images is done offline (see Section Analysis). The
reconstructed image FOV is 224 x 112 x 264 mm°, with a
voxel size of 1.6 x 1.6 x 1.6 mm”. The IB-PET reference system is
reported in Figure 1A, where the z axis is parallel to the beam
direction. Figure 1B shows a PET image in the three main
projections. Due to the partial angular coverage of the PET
system, the images suffer from artefacts in the direction
perpendicular to the planes (30), as well as from limited
statistics [see also (31)].

2.2 Dose delivery at CNAO

At CNAO protons are delivered with a modulated pencil
beam scanning technique in a fixed beam-line, while the patient
couch can rotate. The Dose Delivery System (DDS) (32) guides
and monitors the proton beams accelerated by the synchrotron,
and distributes the dose with a full 3D scanning technique. The
dose results from the superposition of a large number of beams
conveyed to the tumour volume. The irradiated volume is
divided into several energy layers (slices), each of which is
irradiated by various overlapping iso-energetic beams (spots)
arranged in a grid of 3 mm pitch. A typical proton therapy
treatment has 20 to 30 fractions. Each treatment fraction is
delivered through two or more fields, each consisting of many
thousands of spots to cover the target. For more details about the
beam specifications, scanning technique and the CNAO particle
accelerator we refer to previously published works (17, 32).

The DDS provides a log-file in which the information about
the actually delivered particles is stored, including the number of
delivered primaries, energy and the lateral position of the spot.
The information from this log-file was converted into a binary
mask in the same reference frame and with the same voxel size as
the PET images (see Figures 1A, B), in which the non-zero values
define a volume-of-interest, where PET activity can be present.
This volume-of-interest will be referred to as the expected
activity mask. The dose delivery time for the patients was
typically a few minutes. The temporal structure of the beam
extraction was 1 s of spill, during which the protons are
delivered, and 2 s of pause between spills (inter-spill periods).
The INSIDE PET system is mounted on a cart that is positioned
before data acquisition. The position accuracy is about 1 mm,
thanks to a dedicated cart positioning system. The presence of
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Reference frames. (A) Sketch of the INSIDE setup and reference frame. (B) Example of the three orthogonal projections of a reconstructed PET
image for patient 002P (see 2.3). (C) The same reconstructed PET image in the CT reference frame. In (B, C) the beam axis is indicated with the

red arrow. (D) The color-scale of the PET images

the cart has limited the number of patients that could be enrolled
in the trial: it was only possible to monitor patients with beam
angles without mechanical incompatibilities of the INSIDE setup
with the patient couch movements.

2.3 Patient dataset

We analyzed the IB-PET data of the patients treated with
protons. A patient treated with protons at the CNAO typically
receives a total dose of 60 Gy divided into fractions of 2 Gy each.

Table 1 reports the patients analyzed, with the patient ID,
the pathology, the number of fields Ng.4s the number of
treatment fractions delivered Ny, the number of treatment
fractions with PET data that could be included in the analysis,
Nper, the control CT outcome, as evaluated by the radiation

oncologist, and the monitored treatment angle. The control
CT is acquired approximately during the third week from the
start of treatment. Two of the monitored patients (006P and
007P) showed morphological changes, nevertheless, they
were not replanned because the treatment plan quality was
still deemed acceptable. In this work we used the PET data for
each patient in Table 1, that were acquired during the first
field delivered. In this way contamination of the activity from
the other fields was avoided. The choice of the field was made
by clinical personnel.

Figure 2 reports the planning CT scan (upper row) and the
control CT (lower row) of patient 006P. Figure 3 reports the same
for patient 007P. In this case there are two anatomical
modifications: a mild emptying in the GTV for a possible tumor
response and also some inflammation reaction (mucositis) in the
CTV within the nasal cavity.

TABLE 1 Patients treated with protons analyzed in this work, with patient ID, pathology, number of fields, number of fractions delivered, number
of fractions monitored, the control CT outcome, as evaluated by the radiation oncologist, and the monitored treatment angle.

Patient Pathology Nfelas
ID

002P Meningioma 2
003P Meningioma 2
004P Meningioma 2
005P Chordoma 2
006P Adenoid Cystic Carcinoma 2
007P Adenoid Cystic Carcinoma 3
008P Adenoid Cystic Carcinoma 3
009P Chondrosarcoma 3

Frontiers in Oncology

Nfrac Nper Control CT Monitored
outcome angle [°IEC]
30 12 unchanged 240
27 9 unchanged 235
31 8 unchanged 245
27 10 unchanged 5
35 10 changed 175
33 5 changed 270
33 11 unchanged 0
27 10 unchanged 0
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2.4 Pre-processing

In this work we used the IB-PET data acquired over the
time-interval from the start of irradiation until 10 seconds after
the end of the irradiation, whereby during irradiation only the
inter-spill data were used. Although at the CNAO synchrotron
the exact number of spills used for a given treatment is quite
stable, small variations are possible from day-to-day, depending
on the accelerator conditions. Therefore the reconstructed
activity can depend on the beam conditions. For the same
total dose delivered, the induced activity can change somewhat
if the dose delivery time is different. An example of this is shown
in Figure 4, where two reconstructed PET images acquired in
two different days are displayed. Here the total delivered dose
was the same, but the dose delivery and acquisition times were
different. These differences cannot be simply corrected by
normalizing, because the PET signal is time dependent.
Therefore we used only those fractions with similar temporal
profiles in the analysis. The number of such fractions is given in
the fifth column of Table 1.

10.3389/fonc.2022.929949

To reduce salt-and-pepper noise in the images we applied a 5
mm radius median filter. According to the couch angle, the PET
images could be rotated into the CT imaging coordinate system
expressed in International Electrotechnical Commission (IEC)
standard. Figure 1C gives an example of a rotated image.

2.5 Analysis

The analysis was divided into two parts. First, we wished to
investigate the level of experimental fluctuations in inter-fractional
range differences observed by the INSIDE system, referred to as
sensitivity. This was done by studying inter-fractional range shifts
for patients that had no morphological changes (see Table 1).
Second, we compared these results with patients that did show
morphological changes. For the latter patients, we also verified
whether the region of the observed range differences is correlated to
the presence of real morphological changes in the CT scan.

The strategy that we followed for the analysis is based on an
interfractional comparison between a reference PET image and

FIGURE 2

Planning CT (upper row) and control CT (lower row) for patient 006P. (A) Axial, (B) sagittal and (C) coronal views for the planning CT, and
(D) Axial, (E) sagittal and (F) coronal views for the control CT. The morphological change is highlighted with a red arrow. Also, the CTV (Clinical

Target Volume) area is highlighted with a green line.
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FIGURE 3

Planning CT (upper row) and control CT (lower row) for patient 007P. (A) Axial, (B) sagittal and (C) coronal views for the planning CT, and
(D) Axial, (E) sagittal and (F) coronal views for the control CT. The morphological change is highlighted with a red arrows and the CTV (Clinical

Target Volume) area is highlighted with a green line.

an image acquired during a subsequent fraction j. In order to
mitigate statistical fluctuations, the reference image was
calculated as the average of the first two monitored fractions.

2.5.1 Most-Likely-Shift method

To compare the PET images of the subsequently monitored
fractions with the reference image, we used the Most-Likely-
Shift method, originally proposed by Frey et al. for off-line PET
monitoring images (19) and recently applied also in (33). This is
the first time that the MLS method was applied to IB-PET
images. Given that such images suffer from artifacts due to the
partial angular coverage and limited (see Figure 1), it is not a-
priori obvious whether the MLS method works.

In summary, given a PET image of a monitored fraction j, for
each pair of coordinates (x,y) in the transverse plane (in the INSIDE
reference system), we compared the 1-D activity profile along the
beam direction z in their distal fall-off with the corresponding
reference profile. The MLS method considers profiles belonging to
two different treatment fractions for the same pair of coordinates in
the transverse plane (x,y) and calculates the most probable shift
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necessary to align these two profiles, normalised at their maximum,
along the beam direction. We included only those (x,y) pairs into
the analysis that were part of the expected activity mask. Moreover,
to exclude profiles with low activity from the analysis, we included
here only those profiles with an integrated activity of at least 30% of
the profile with highest integrated activity. The reader is referred to
the original paper by Frey et al. (19) for a detailed description of the
MLS method.

We applied the method exactly as described in Frey et al., with
three exceptions. First, the value for z,,,,(x,y) (the z-value of that
activity profile where to start the analysis) was set at 15% of the
maximum of the normalized reference profile at coordinates x,y.
Second, z,,4,(%,)), i.e., the z-value where to end the analysis, was set
at 2% of the maximum of the normalized reference profile. These
modifications were done in order to focus more on the distal fall-off
part of the profiles. Third, the shift value § was limited between -16
and 16 mm, with steps of 1 mm. An algorithm was implemented
that provided for each x,y pair the optimal shift distance . The
calculation of the range difference 6Rr5 is done by minimizing the
absolute profile differences in the distal part (zjs5 < z < 2,,,4,) of two
activity depth profiles, shifted against each other, as follows (19, 34):
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Coronal views of the planning CT of patient 004P: reconstructed PET images corresponding to the monitored fractions 1 and 3. The left and
right image had different dose delivery and acquisition times, resulting in different activities. Fraction 3 had to be excluded because of the larger

activity compared to the other fractions

z, ‘max
ZMLS

with A, and A; corresponding to the reference activity profile

ORyg = arg  min
'MLS

Ars(2) - Aj(z - 6MLS)‘> 1)

and that of the fraction to be compared, respectively.

Then, a distribution of all the 6Rys(x,y)values was created
for each fraction j. These distributions were fitted with an
asymmetric skew-normal distribution and its mean, s , and
standard deviation, 0,5 , were evaluated for all monitored
fractions j of a given patient. For each patient, we then evaluated:

 the average of ;s over all the fractions. This average is
denoted by Ay giving an indication of the size of
typical inter-fractional range shifts between the
reference image and the subsequent fractions for this
patient;

* the average of 0y over all the fractions, indicated by
Yars» giving an indication of the fluctuations in such
shifts for a given patient.

Then, to investigate the level of fluctuations in our PET data in
absence of any morphological changes, we extracted for the six
patients without any morphological changes the average of X;.s
over these six patients, yielding {Oyqs) . Such inter-fractional
range fluctuations are accidental and can be due to the low
statistics of the images, patient setup-errors, INSIDE cart setup
errors, small differences in irradiation conditions, and so on.

Then, for each patient and each analyzed fraction, a three-
dimensional outliers map O,;5(x,),2) of anomalously large shifts
was created in order to visualise the largest range difference
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obtained. The map Ous(x,y,z) was filled for each voxel with
coordinate x,y,z, which had z < z,,;, as:

Oms (%, 9,2) = ORy15(%, ), if SRys (%, y) < =2+ ( Oprs )

or if 5RMLS(X,)/) 2 +2- < OMLS >

Omis(x,y,2) =0 otherwise
(2)

For z > z,,, (close to the end of range), Ops(x,,2) = 0.
Thus, the outliers maps are represented as 3-dimensional
distributions, but each point along the z-axis was filled by
copying ORys(x,y) from z=0 up to z = z,,;,. These maps
graphically identify the position of the distal fall-off part of the
activity distribution, and they highlight the entire region along a
pencil beam path that is possibly affected by a range shift with
respect to the reference. These maps were re-oriented on the
patient’s CT refersence frame, in order to verify if the real
morphological change seen in the CT was identified.

The implementation was validated as in (19), i.e., by creating
artificially shifted PET distributions and verifying that the MLS
analysis correctly identified the introduced shift.

2.5.2 Comparison with Beam'’s Eye
View method

To confirm the validity of the Most-Likely-Shift method for
our PET images, we compared the result with another existing
range verification method that performs interfractional
comparisons based on 1-D activity profiles: the Beam Eye
View method. Details can be found elsewhere (20, 22, 35).
This method is based on a multi-threshold approach to extract
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iso-activity surfaces. Thresholds from 2% up to 8% on the
maximum of the entire PET image at 0.5% steps were
considered. Briefly summarizing, similar to the MLS method,
for each pair of coordinates x,y in the transverse plane (in the
INSIDE reference system), the profile belonging to treatment
fraction j was compared with the profile of the reference image
A, For a given threshold ¢, the shift between these two profiles,
ORpgv(x,y), was defined to be the difference between the
maximum depth value reached at threshold for the reference
profile, R;ef(x, y) and that for a monitored fraction, R{(x, y). To
obtain the final value of the range difference between the profiles
at a given x,y point, ORpgy(x,y), the average was taken over the
thresholds. In other words:

1 N 1N ref .
Ohagy (5,) = 2Ruwv. () = 3 (R () - R7))
3)

where N is the total number of thresholds considered, which was
13 in our case.

The remaining procedure is exactly as done for the MLS
method. For each patient a distribution, containing all the 6Rpgy
(x,y) value, was created for each fraction j. These were fitted with
an asymmetric skew-normal distribution, yielding the mean
Uppy and standard deviation Opgy , for each monitored
fraction j. For each patient we then extracted:

* the average of upgy over all the fractions, denoted by

ABEV'
* the average of Opgy over all the fractions, indicated by

LBEV-

We extracted for the six patients without any morphological
changes the average of Ypgy, yielding <opgy> .

10.3389/fonc.2022.929949

For each patient and each analyzed fraction, a three-
dimensional outliers map Oggy (X, y, z) was created, whose
interpretation is the same as for the MLS maps. For each voxel
(x,,2), the map was filled when z < R{(x, y), with t=8%, as:

Opgy (%, 9,2) = ORggy(x,y)  if SRypy(x,y) < —2-<0pgy> or if
ORgey(x,y) = +2 - <Oppy>
Opev(%,9,2) =0 otherwise

4)

For z > R’;(x, y), with t=8%, we put Opgy(x,,2) = 0. Then the
Ogev(x,y,2) maps were superimposed to the CT images, so that they
could be compared with the Oy 5(x,y,2) maps as well as with
the CT.

The BEV implementation was validated by creating artificially
shifted distributions, and verifying that the analysis correctly
identified the shift.

3 Results

In Figure 5A we show an example of a distribution of range
differences ORyy; s with , respect to the reference for a few of the
available fractions in a patient that does not change (005P). Each
histogram entry represents a value of 0R(x,y). The same is given
for the BEV method in Figure 5B.

Figure 6A gives the interfractional standard deviation oy s for
each patient with MLS method as a function of the fraction
compared with the reference. Squares and triangles stand for the
standard deviation obtained for the set of unchanged and changed
patients, respectively. For the patients that do not change (squares),
we observe that the values for 0, are somewhat lower than 3 mm,
the spatial resolution of the INSIDE PET scanner (16). Moreover,
we see for these patients that the standard deviation is roughly

A o Patient 005P B Patient 005P
- 500
MLS Fractions BEV Fractions
3 Ref vs 5 [ Ref_vs 5
[ Ref_vs_6 [ Ref_vs_6
400 1 3 Ref vs_16 400 4 [ Ref vs_16
- Ref_vs_17 " Ref_vs_17
9 Ref_vs_24 9 H H Ref_vs_24
E 5 i i T
£ 300 £ 300 | |
o [ I |
e s | 1
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3 5 : :
0 2004 2 200 ! !
£ £
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i) M
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FIGURE 5

Examples of the distributions of inter-fractional range differences R(x,y) of various fractions with respect to the reference (M) in patient 005P
for the MLS method (A) and the BEV method (B). The dashed lines represent the 95% confidence interval tailored for, the MLS (5.0 mm) and the

BEV method (4.6 mm) as 2<c>.
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constant during the course of the treatment. For patients subject to
morphological changes (triangles), the standard deviation values
mostly exceed 3 mm. In particular for patient 007P, we see that after
the 14th fractions Oy is larger than 5 mm.

Figure 6B is the same as Figure 6A, but now for the BEV
method. We see that the results are in agreement with Figure 6A:
the unchanged patients (squares) had generally a lower standard
deviation than the changed patients (triangles), the values are
mostly below 3 mm, and the values for the patients that changed
are larger.

Table 2 summarizes the results for each patient obtained by the
MLS method in terms of average range activity difference observed
over all the fractions with respect to the reference. In the first,
second and third column, we report the patient ID, Ay and Zaprs
respectively. The reported error for Ay s and Xy s is the standard

10.3389/fonc.2022.929949

deviation calculated over the various fractions, considering all
fractions as independent measurements. The average over the
fractions for all the patients that did not present anatomy
changes, <Oprs> (see Section Most-Likely-Shift method), was
calculated to be 2.5 mm. For the two patients that changed, the
values for X, s were found to be larger.

The corresponding values for the BEV method, Aggy and Xgey,
are given in the fourth and fifth column of Table 2, respectively. The
average over the fractions for all the patients that did not present
anatomychanges, <Opgy> (see Section Comparison with Beam’s Eye
View method), was calculated to be 2.3 mm. Again, for the two
patients that changed, the values for Yy were found to be larger
than those for patients that did not change.

To establish whether the group of changed patients was
statistically different from the group of unchanged patients, we
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FIGURE 6

Inter-fractional standard deviation of the range difference distribution as obtained with the (A) MLS and (B) BEV method for each patient (y-axis)
as a function of the number of the fraction compared with the reference (x-axis). The triangles stand for those patients where morphological
changes where identified in the control CT, while the squares represent the patients that did not show changes.
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TABLE 2 For each patient, the average inter-fractional range difference Ay s and average standard deviation Yy, s obtained with the MLS method,
together with the corresponding values Aggy, and Yy, s for the BEV method.

Patient Aprrs [mm] Zmrs [mm)] Aggy [mm] Xppv [mm]
002P 02+1.0 23203 0.3%0.9 1.9+0.3
003P 1.2+0.7 2.4%03 0.1£1.0 24203
004P -1.0£0.7 29403 -0.6£0.9 27405
005P 1.021.1 2.0£0.4 03+1.4 1.8£0.4
008P 2.040.8 2.640.5 1.5+0.6 2.6£0.5
009P -0.6£0.9 3.040.2 -0.1+0.8 24202
006P 12406 37405 1.6+1.1 34404
007P -0.8+1.1 5.840.4 -2.6+1.8 4.8+0.3

performed the Student’s t-test over the values of A and Y. While the
A values were not statistically different (for the MLS method ¢ =
0.27, p = 0.79, and for the BEV method t = 0.67, p = 0.53), for the ¥
values we found a significant difference (for the MLS method t =
-3.90, p = 0.008, and for the BEV method ¢ = -4.19, p = 0.006).

Figure 7A displays the outliers Oy s(x,y,2) maps obtained for
patient 006P by the MLS method. This is a patient which was
subject to small morphological changes, as observed by the
radiation oncologist and demonstrated in Figure 2. The colored
area represents the pencil beam paths that had anomalous range
differences with respect to the reference, see Eq. 2. The red color
indicates a positive range difference with respect to the initial
situation (overshoot). We see that the red color becomes darker
as the number of the treatment fractions increases, strongly
indicating a range overshoot that increases along the treatment
course. In the penultimate fraction (fraction 33) of the treatment
course, we observe range differences as large as 16 mm, ie, a
substantial range overshoot. The cause of the range overshoot
becomes clear when looking at Figure 2. Comparing
Figures 2A-C (planning CT) with Figures 2D-F (control CT), a
cavity is seen that is emptied in the control CT. The fact that the
regions highlighted in Figure 7A cover those of the anatomical
change in the control CT is a strong indication that our PET images
are sensitive to such changes. We therefore believe that the MLS
method can be successfully applied to IB-PET images to detect
morphological changes like cavity emptying.

Figure 7B shows the outliers maps Oggy(x,y,2) obtained for
patient 006P by the BEV method. The colored areas are seen to
be similar to those of Figure 7A. Thus, the MLS and BEV method
are roughly in agreement.

In Figure 8A we display the outliers maps O, s(x,y,2) for
patient 007P by the MLS method. In this case, the map shows
both range overshoots with respect to the reference (identified by
the red color) and undershoots (identified by the blue color). By
comparing Figure 3 with Figure 8A, we see that the region where
the cavity has emptied is only weakly highlighted (orange). The
blue zones that are identified may correspond to inflammation
effects (see discussion).
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Finally, in Figure 8B we demonstrate the outliers maps Oggy(x,
%) , obtained for patient 007P by the BEV method. Also in this case
the zones that are highlighted are those affected by beam overshoots
(identified by the red color) and undershoots (identified by the blue
color) with respect to the reference. They are similar to the regions
that were identified with the MLS method, but the colored regions
are somewhat larger (see discussion).

4 Discussion

In this work we analyzed for the first time all of the available
IB-PET patient data for proton therapy treatments monitored
during the INSIDE clinical trial. To evaluate the experimental
level of inter-fractional fluctuations in IB-PET images in absence
of anatomical changes (sensitivity), we studied six patients that
did not show morphological changes. Using the MLS method we
found for these patients an overall standard deviation <Gy s> in
activity range difference of 2.5 mm. This is smaller than 3 mm,
which is the spatial resolution of the INSIDE PET scanner (16).

Regarding the observed differences between changed and
unchanged patients, we saw that the average standard deviations
Ymrs were larger for changed patients than those for unchanged
patients. Moreover, the outliers maps in Figures 7A, 8A include
approximately the regions that were also seen to change in the
control CT. In patient 007P, the situation is complicated because
the beam goes through highly heterogeneous tissue. Still, the
results are encouraging, given the small size of the anatomical
changes (order of a few ml).

We evaluated to what extend the values in Table 2 for the MLS
analysis were affected by the choice of the parameters chosen (see
Section Most-Likely-Shift method). Varying the threshold value for
inclusion of the profiles from 30% (default) to 20% and 35%, the
results did not change significantly. Also, varying the z,,,;,, (default
15%) between 10% and 20%, no significant range differences were
observed. Regarding z,,,,. (default 2%), this value should be as small
as possible in order to include as much activity in the fall-off region

frontiersin.org


https://doi.org/10.3389/fonc.2022.929949
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Moglioni et al.

Ref_vs_17

-16.0

FIGURE 7

10.3389/fonc.2022.929949

-5.0 5.0

Coronal views of the control CT of patient 006P, with the (A) MLS outliers map O s(x.y.z) and the (B) BEV outliers map Oggyix.y.2)
superimposed, obtained by comparing fraction 17, fraction 25, and fraction 33 with the reference. The colored areas are the pencil beam paths
that lead to anomalous range differences with respect to the reference, with red indicating a range overshoot with respect to the initial
situation. The overshoot is especially pronounced in fraction 25 and 33. The colormaps were obtained as described in 2.5.1 and 2.5.2 for the

MLS and the BEV method, respectively

as possible. However the noise level was found to be 2% so using
lower values resulted in inconsistent results. Thus, the results were
sufficiently robust.

Comparing the MLS and BEV methods, we saw that the MLS
method gave results that were similar to those obtained with the
BEV method for all patients. Thus, the methods are mostly in
agreement with each other. An example where the methods gave
slightly different results was in patient 007P (see Figures 8A, B),
where the identified zones were partly different. The advantage of
the MLS method with respect to the BEV method is that it evaluates
point by point the most suitable shift to align two profiles, and does
not only look at the most distal values like the BEV method.

We also verified that our results for the BEV method were in
agreement with those published previously for three of the eight
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patients (20). Small differences could be attributed to differences
in the fit procedure and in the choice of the reference PET image,
which was in the case of (20) defined to be the first acquired PET
fraction, while we took the mean of the first two acquired images
as reference.

Several aspects in the analysis deserve more discussion. First,
the number of analyzed patients and the number of fractions that
could be included in the analysis was small (Table 1). The
differences between changed and unchanged patients could in
principle have been caused by other factors, including the small
statistics of the PET images, differences in patient setup, tumor
type, tumor size, depth of the irradiated region, irradiation, etc.
The influence of these sources of uncertainty should be
investigated in more detail by monitoring more patients. At
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FIGURE 8

Coronal views of the control CT of patient 007P, with superimposed the (A) MLS outliers map Ops(x.y.z) and (B) BEV outliers map Oggy(x.y.2) ,

obtained by comparing fraction 14, fraction 17, and fraction 24 with the reference. The colored areas are the pencil beam paths that lead to
anomalous range differences with respect to the reference, with red and blue indicating a range overshoot and undershoot with respect to the
initial situation, respectively. Most clear are the beam undershoots (the blue areas). The colormaps were obtained as described in 2.5.1 and 2.5.2

for the MLS and the BEV method, respectively

the same time, the outliers maps agreed approximately with the
zones that were seen to change in the control CT. Thus, we
believe that the INSIDE IB-PET images can give indications
about inter-fractional range differences. The MLS and BEV
methods can both be applied for this purpose. This was
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especially visible in Figures 7, 8, where the colors indicating
beam overshoots and undershoots become more intense as the
number of treatment fractions increased. However, the effect is
small and more patient data are needed to confirm whether such
trends through the course of treatment are observable.
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Second, it must be noted that we monitored only one of the
fields, i.e., the first field delivered. In some cases we had N4, = 3
(see Table 1), resulting in a very limited overall statistics of the
PET signal. This can possibly be improved by assuring that the
field delivered first is the one with largest activity, or by
combining fields (36).

Finally, the size of the morphological changes of patient 6 and
7 was small (order of a few ml). In fact, these changes were
considered small enough to not require replanning, since the
recalculation of the treatment plan on such modified anatomy did
not show any clinically significant modification of the DVHs both
for target and OARs. Increasing the number of patients with
larger expected changes is foreseen for the second phase of the
INSIDE clinical trial. This can better confirm the validity of the
INSIDE in-beam PET system in detecting morphological changes.

Despite the small number of patients and fractions that
could be included in this study, the above results are
encouraging. For future in-beam PET data acquisitions, we
suggest to only compare PET images which are acquired
under approximately the same irradiation conditions, to
monitor the first field delivered to avoid contamination from
other fields, and to monitor as many fractions as possible.

5 Conclusion

In this work we performed an inter-fractional range difference
analysis including all the available patient data for proton
treatments acquired during the INSIDE clinical trial: six patients
not subject to morphological change, and two patients subject to
morphological change. We applied the Most-Likely-Shift (MLS)
method for detecting inter-fractional range differences, which, to
the best of our knowledge, was the first time it was applied for IB-
PET images. It was compared with the Beam Eye View (BEV),
that was previously applied to a subset of the patients included in
the clinical trial.

When putting together all fractions and all patients that did not
have morphological changes, the standard deviation of the range
variations in activity profiles, <0y s>, was found to be 2.5 mm with
the MLS method. The corresponding value for the BEV method
was <Oppy> =2.3 mm. On the other hand, for patients where
anatomical changes occurred, we found larger standard
deviation values.

For the patients with anatomical changes we created outliers
maps to indicate anomalous range variations. These were
superimposed on the control CT, and the regions affected by an
anomalous range difference approximately covered those with real
anatomical variations observed in the control CT. The results are
encouraging and suggest that the MLS method can possibly be used
as a support tool by clinical personnel to detect anomalous
situations during the treatment course and to guarantee the
effectiveness of the treatment plan.
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