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Simple Summary: Intensity modulated proton therapy provides unparalleled normal tissue spar-
ing for the treatment of pediatric cancers such as medulloblastoma using craniospinal irradiation.
However, proton delivery systems have a minimum deliverable energy and depth, requiring range
shifter devices for the treatment of shallow targets and/or small anatomy. Standard range shifters
are mounted to the treatment nozzle and introduce lateral scatter which, unfortunately, increases
normal tissue dose. In this study we designed, manufactured, and characterized a range shifter board
which rests directly under the patient during treatment to maintain a shallow treatment depth while
minimizing lateral scatter, similar to previously proposed designs but optimized for our synchrotron-
based delivery system. We present the dosimetric measurements we performed to characterize the
device for treatment planning including severity of artifacts in on-board images. We compared
the standard and range shifter board planning approaches in an anthropomorphic phantom and
delivered the treatment plans to confirm the dosimetric differences. Finally, we compared treatment
plans from two previously treated pediatric patients, demonstrating the ability to significantly reduce
lung and kidney dose using this device compared to a standard range shifter. This device is now in
routine use at our clinic.

Abstract: Purpose: To report our design, manufacturing, commissioning and initial clinical experience
with a table-mounted range shifter board (RSB) intended to replace the machine-mounted range
shifter (MRS) in a synchrotron-based pencil beam scanning (PBS) system to reduce penumbra and
normal tissue dose for image-guided pediatric craniospinal irradiation (CSI). Methods: A custom
RSB was designed and manufactured from a 3.5 cm thick slab of polymethyl methacrylate (PMMA)
to be placed directly under patients, on top of our existing couch top. The relative linear stopping
power (RLSP) of the RSB was measured using a multi-layer ionization chamber, and output constancy
was measured using an ion chamber. End-to-end tests were performed using the MRS and RSB
approaches using an anthropomorphic phantom and radiochromic film measurements. Cone beam
CT (CBCT) and 2D planar kV X-ray image quality were compared with and without the RSB present
using image quality phantoms. CSI plans were produced using MRS and RSB approaches for two
retrospective pediatric patients, and the resultant normal tissue doses were compared. Results: The
RLSP of the RSB was found to be 1.163 and provided computed penumbra of 6.9 mm in the phantom
compared to 11.8 mm using the MRS. Phantom measurements using the RSB demonstrated errors
in output constancy, range, and penumbra of 0.3%, —0.8%, and 0.6 mm, respectively. The RSB
reduced mean kidney and lung dose compared to the MRS by 57.7% and 46.3%, respectively. The
RSB decreased mean CBCT image intensities by 86.8 HU but did not significantly impact CBCT or kV
spatial resolution providing acceptable image quality for patient setup. Conclusions: A custom RSB
for pediatric proton CSI was designed, manufactured, modeled in our TPS, and found to significantly
reduce lateral proton beam penumbra compared to a standard MRS while maintaining CBCT and kV
image-quality and is in routine use at our center.
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1. Introduction

Craniospinal irradiation (CSI) is a common cancer treatment technique involving
irradiation of the entire cerebrospinal fluid (CSF) in the brain and spine [1]. CSI is frequently
employed to treat medulloblastoma and other cancers in pediatric patients, where smaller
anatomy and increased potential for late treatment side effects create specific challenges
compared to CSI in adults [2-5]. Intensity modulated proton therapy (IMPT) has been
shown to provide unparalleled normal tissue sparing compared to photon-based CSI due
to the finite proton range in tissue and ability to create modulated conformal treatment
plans [5-7]. For modern pencil beam scanning (PBS) systems without additional collimation
devices [8], lateral penumbra and the resultant conformity of the CSI plan are largely
dependent upon the lateral pencil beam spot size [9-11]. The spot size in air tends to
increase with decreasing energy (depth) until the minimum deliverable energy at the
nozzle is reached, often approximately 70-100 MeV or 4-7 cm range in water [12,13]. For
targets extending closer to the surface than this minimum depth, some form of compensator
or range shifter is required at the nozzle to reduce the minimum proton energy and range.
Machine-mounted range shifter (MRS) devices may be provided by the manufacturer to
mount on the gantry nozzle or snout, which may or may not be adjustable to modify
the air gap between the MRS and patient surface. In addition to proton range reduction,
multiple-coulomb scattering (MCS) within the MRS introduces divergence in the pencil
beam leading to a significant increase in spot size in the patient [14], which increases with
air gap [11-13]. Range shifter solutions are frequently required for pediatric proton CSI to
adequately cover shallow regions of the target, leading to increased lateral penumbra and
dose to critical organs such as the lungs and kidneys.

Several groups have investigated methods of minimizing the air gap for this and other
treatment sites to reduce penumbra. Both et al. generated universal bolus (UB) solutions to
replace the MRS for a cyclotron-based system [15]. The UB consisted of a curved 5.5 cm
water equivalent thickness (WET) surface and was mounted to the treatment couch in close
proximity to the patient for cranial treatments. The UB significantly reduced spot size but
did not rest directly on the patient surface and was found to introduce image artifacts due
to the size and thickness. Lin et al. investigated various rangeshifter approaches for the
same cyclotron system including a couch top bolus (CTB) consisting of a slab of fiberglass
laminate placed directly under the patient with 7.35 cm WET, which could be employed for
CSI treatments and demonstrated dosimetric benefits [13]. However, this system was also
found to introduce significant CBCT artifacts and was not characterized by image-guided
pediatric CSI. Michiels et al. demonstrated dosimetric benefits that could be obtained
with custom patient-specific bolus (PSB) to eliminate the range shifter air gap for head
and neck patients treated with proton therapy [16]. Kang et al. implemented a wax PSB
approach to improve proton dosimetry for periorbital disease treatment; however, these
PSB designs rested on the patient’s anterior surface and so are unsuitable for CSI without
modification [17]. Wong et al. reported the use of a range shifter board (RSB) for pediatric
whole lung irradiation (WLI) consisting of polymethyl methacrylate (PMMA) for use with
a synchrotron-based PBS system, demonstrating significant reductions in heart and breast
dose compared to photon irradiation [13]. Other commercial solutions for couch-top range
shifter boards (RSBs) have recently become available but to our knowledge have not been
characterized in-depth in the literature.

Furthermore, modern synchrotron-based IMPT delivery systems with dedicated noz-
zles now provide decreased spot sizes (sigma = 3-8 mm in air) and low minimum energies
of approximately 70 MeV [18,19] which enables a reduction in RSB thickness compared to
previously reported designs [13,15]. A thinner RSB may preserve on-board image quality
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while maintaining a sharp dosimetric penumbra, leading to overall improvements in treat-
ment precision compared to current clinical standards. To this end, our clinic previously
designed, manufactured, and commissioned an RSB for image-guided pediatric CSI using
our synchrotron-based PBS system. In this report, we summarize this experience and
provide comparisons with the manufacturer-provided MRS.

2. Materials and Methods
2.1. Proton Delivery System

The ProBeat compact-gantry system (Hitachi, Tokyo, Japan) at our institution is
synchrotron-based, providing 98 discrete proton beam energies from 70.2 MeV to 228.7 MeV
with in-air sigma at isocenter from 6.1 mm to 2.8 mm, respectively. We have three 360°
gantries, which each have dedicated PBS nozzles with matched beams. The maximum field
size is 30 x 40 cm? at isocenter, and two nozzle-mounted X-ray panels enable orthogonal
2D and volumetric CBCT image-guidance. The depth of the distal 80% of the integral
depth dose curve (R80) of the minimum energy is 3.9 cm in water, and the manufacturer
provides a removable nozzle-mounted MRS manufactured from acrylonitrile butadiene
styrene (ABS) resin with physical thickness of 3.9 cm and water equivalent thickness (WET)
of 4.0 cm. Our nozzle is not moveable (i.e., no “snout”) with a constant gap between the
MRS and isocenter plane of 39.1 cm. This system, including the MRS, was modeled in
RayStation 10A SP1 (RaySearch, Stockholm, Sweden) treatment planning system (TPS),
providing Monte Carlo dose calculation for treatment planning.

2.2. RSB Design

The RSB was designed as a rectangular slab of PMMA intended to be placed under the
patient, on top of our ProPatient treatment couch (CIVCO, Coralville, IA, USA), similar to
the PMMA RSB previously developed at St. Jude and employed in the study by Wong et al.
for pediatric WLI [20]. The physical thickness of our RSB was designed to be 3.50 cm (WET
of 4.07 cm). When placed on top of the treatment couch, which itself has a WET of 0.83 cm,
the total WET of the couch + RSB is 4.90 cm, which exceeds the minimum required range
reduction to treat the patient’s surface. This thickness was chosen to provide some design
margin in case of density deviations in the PMMA and to ease manufacturing. The width
of the board (left/right dimension) was chosen to be 46.99 cm (18.5”), which is slightly
narrower than our treatment couch enabling visualization of the indexing locations and
attachment of hand pegs. The total length of the board was 91.44 cm (36”), which is the
maximum size of material that could fit on the vendor’s CNC router. With margins at
each end of the RSB to accommodate the mask and indexing bar, this leads to a maximum
useable treatment length of ~70 cm. Note that this RSB is too short for most adult CSI
treatments, but the shorter length accommodates pediatric CSI treatments and limits the
weight of the device to ease manipulation by staff, so it was deemed acceptable.

The RSB was designed to allow a moldable cushion and short mask (CIVCO, Coralville,
IA, USA) to fasten directly to the board as required for CSI patient immobilization as shown
in Figure 1c. This required the placement of five tapered holes for cushion and mask
attachment similar to a commercial couch extension. A single slot was added near the
inferior edge to enable indexing of the board with the couch as shown in Figure 1d. The
top corners of the board were rounded to limit sharp corners near the treatment area. The
RSB was modeled in FreeCAD V0.19 and manufactured off site by a vendor (.decimal Inc.,
Sanford, FL, USA).

2.3. Measurements
2.3.1. Mechanical Verification

Following manufacture, the physical dimensions of the RSB were verified using
calipers and a ruler. The RSB was placed on the treatment couch making use of the index
bar and mask immobilization to test fit and attachment. The RSB was then scanned using
a 64 slice Definition Edge Plus fan-beam CT scanner (Siemens Healthineers, Erlangen,
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Germany) with 120 kV tube potential and 2 mm slice thickness and imported in the TPS to
verify dimensions and absence of internal defects.

Figure 1. (a) CAD drawing of the RSB. (b) Photo of the RSB indexed to treatment couch. Note that
the RSB has uniform thickness across all regions traversed by both cranial and spine fields. (c) Photo
of mask attached to RSB mounting holes. (d) Photo of RSB indexing slot. This area cannot be used
for treatment. (e,f) Screenshots of the RSB model aligned with CT scan of the RSB in the TPS. The
model intentionally ends before the indexing bar location as a clear indicator of the usable RSB length
within the TPS.

2.3.2. Relative Linear Stopping Power (RLSP)

A multilayer ion chamber (MLIC) (Hitachi, Tokyo, Japan) was used to determine the
RLSP of the RSB by measuring the R80 for four pristine Bragg peaks (93.1 MeV, 106.3 MeV,
146.1 MeV, and 203.0 MeV), followed by the residual R80 after the same beams passed
through the RSB. The “pull-back” was then computed as the difference between the two
measurements. To ensure consistent density across the RSB, the pull-back was evaluated
for two regions in the RSB approximately corresponding to the brain (Figure 2a) and spine
(Figure 2b) treatment locations as shown in Figure 2. The average of the two measurements
was used to compute the RLSP of the RSB (Figure 2c). The result of this measurement was
then used to inform the design of a virtual model of the RSB including an accurate material
override designed to match the physical dimensions and measured RLSP (Table 1).

2.3.3. Output Constancy

As a test of the output constancy of the RSB setup compared to our standard calibration
field, absolute dose measurements were acquired with a 30013 farmer chamber (PTW,
Freiburg, Germany) for our standard reference spread-out Bragg peak (SOBP) at gantry
angle of 0° and compared to the same field delivered at gantry angle of 180° through the
ProPatient couch and RSB [21]. The reference SOBP field delivers a uniform physical dose
of 2Gy toa 10 x 10 x 10 cm® cube with 20 cm range in water. A solid water phantom was
used with the farmer chamber placed at isocenter such that the depth of the center of the
chamber was at 15 cm WET for both the reference and test field.
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Figure 2. Experimental setup used to measure the RLSP of the RSB using the MLIC device. Two
sets of measurements were performed in the head region (a) and spine region (b) indicated by the
yellow arrows. (c) IDD plots of the open beam and beam after traversing the range shifter board for
4 beam energies.

Table 1. MLIC measurement results.

R80 (mm) Pull-Back (mm)
Energy (MeV) - -

Open Beam RSB—Head RSB—Spine RSB—Head RSB—Spine

93.1 66.50 25.10 25.36 41.40 41.14

108.3 88.08 47.06 47.33 41.03 40.75

146.1 150.76 110.11 110.27 40.66 40.49

203.0 267.97 227.71 227.92 40.26 40.05
Mean =+ SD - - - 40.84 £ 049  40.61 +0.46

2.3.4. Image Quality

To evaluate image quality and artifacts introduced by the RSB, CBCT and kV images
were acquired both with and without the RSB present. For CBCT, the CatPhan (The Phan-
tom Laboratory, Greenwich, NY, USA) was set on top of the RSB enabling the evaluation of
image quality. For the kV images, the Normi phantom (PTW, Frieburg, Germany) was used.
The planar kV images were acquired with two tube potentials including 75 kV and 100 kV.

2.3.5. Penumbra and Range in an Anthropomorphic Phantom

To quantify the difference in penumbra between the MRS and RSB approaches and
validate the TPS model, two IMPT plans mimicking pediatric CSI spine fields were pro-
duced in the TPS delivered to the phantom containing radiochromic film (RCF) as follows.
A CT scan of an anthropomorphic thorax SBRT phantom (CIRS, Norfolk, VA, USA) was
acquired and imported in the TPS. Two copies of the scan were generated, where one was
prepared using our standard couch model for use with the standard MRS, while the other
was prepared using the RSB + couch model (no MRS). A 10 cm length segment of the spine
structure in the phantom was contoured and used as the planning target volume. Both
plans were optimized robustly with -3 mm setup and +3.5% and range uncertainties to
deliver a uniform dose of 23.4 Gy[RBE] in 13 fractions to the target while minimizing the
dose to the rest of the phantom.

The phantom was then set up at the proton gantry with a piece of RCF inserted in the
center of the treatment field in the axial orientation and the bottom of the film abutting
either the couch top for the MRS plan or RSB surface for the RSB plan. A single CBCT
was acquired to align the phantom for each setup. Following each setup, a single fraction
of the corresponding plan was delivered. Twenty-four hours later, the irradiated films
were scanned using a 12000 XL flatbed scanner (Epson, Tokyo, Japan) in transmission
mode at 75 dpi resolution with no color corrections [22]. The red channel of the image was
converted into net optical density (OD), which was converted to a physical dose using a cal-
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ibration curve derived from calibration films irradiated with protons in 50 cGy increments.
Although RCF response has been shown to be strongly dependent on proton energy [23],
no additional spectral or LET corrections were applied following dose conversion. Lateral
profiles and depth dose profiles were extracted from the RCF and TPS centered on the
target and used to compute lateral penumbra and range (R80).

2.4. Dose Evaluation in Pediatric CSI Patients

This retrospective study was approved by our institutional review board (IRB). In
two previously treated pediatric CSI patients, the dosimetry was compared between the
MRS and RSB approaches as follows. We generated two proton CSI plans for each patient
using anonymized copies of the plan CT and contours, one with the MRS and one with the
RSB, aiming to generate conformal treatment plans providing equivalent target coverage
with prescription of 23.4 Gy[RBE] in 13 fractions. Our institution’s standard CSI beam
arrangement was used for both plans, consisting of 2 posterior oblique beams (155° and
205°) to treat the brain and a posterior-to-anterior beam (180°) to treat the spine. A smooth
PBS field junction technique was employed as described in previous studies, involving
generation of a smooth dose gradient between cranial and spine fields in the region of
overlap [9,10,24]. Note that although posterior oblique beams are used for the cranial fields,
the RSB was designed with sufficient width ensuring that these beams also only traverse
the regions of uniform RSB thickness including the field junctions to minimize any impacts
on plan robustness. Plans were optimized robustly with +3 mm of setup and £3.5% range
uncertainty. Following optimization, the treatment plans were normalized such that the
coverage was the same (i.e., 95% of volume receiving prescription of 23.4 Gy[RBE]). The
penumbra and mean dose (Dmean) to the kidneys and lungs were computed and compared.
Since the RSB has been commissioned and is in routine clinical use at our center, we also
documented CBCT and kV image quality for a single pediatric CSI patient treated with the
RSB present as a demonstration of clinical image quality.

3. Results
3.1. Mechanical Verification

All physical dimensions of the RSB matched the design as expected; the mask attach-
ment and table indexing functioned correctly, and the CT scan also demonstrated correct
dimensions and absence of any internal defects.

3.2. Relative Linear Stopping Power (RLSP)

The integrated depth dose (IDD) curves are shown in Figure 2 for four energies in the
brain and spine regions. Measurement results demonstrated a mean pull-back of 40.72 mm.
Comparing this to the physical RSB thickness of 35.00 mm, the RLSP was found to be 1.163
(Table 1). The RSB template was generated in the TPS by importing the CAD model using
an in-house Python script. We tested overrides of the RSB using both water and PMMA as
base materials with mass densities adjusted to 1.163 g/cc. In principle, setting the mass
density equal to the RLSP is only applicable when using water as base material; however,
in this case the PMMA base material provided an equivalent range. Since we expect proton
scatter to be modeled more accurately when assigning PMMA as a base material, PMMA
was selected for the final TPS model, although this difference has previously been shown
to be small [25]. Finally, The RSB model was combined with the previously commissioned
rectangular couch top model to ease import and alignment during planning and matching
the intended clinical setup.

3.3. Output Constancy

The mean =+ standard deviation of three charge measurements acquired using
the reference field at gantry 0° and test field at gantry 180° passing through the RSB
were 34.87 £ 0.03 nC and 34.80 & 0.03 nC, respectively, corresponding to output con-
stancy within 0.3%. Based on our monthly setup calibration factor and temperature and
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pressure corrections, these measurements corresponded to outputs of 0.998 cGy/MU and
0.995 cGy /MU, respectively.

3.4. Image Quality

Figure 3 shows imaging results for both CBCT and kV images. All images had
identical window and level between the “No RSB” and “RSB” conditions enabling visual
comparison. The RSB introduced hardening artifacts in the CBCT images as shown in
Figure 3b. However, spatial resolution is consistent between images acquired with and
without the RSB. A similar effect is observed in the planar kV images in Figure 3f, where
spatial resolution, as indicated by visible line pairs, was consistent. A comparison of metrics
for the CBCT images is provided in Table 2. While there is an increase in HU heterogeneity
and systematic decrease in HUs associated with the RSB, the overall image appearance and
spatial resolution are maintained and so were deemed acceptable for patient setup.

Figure 3. (a) Experimental setup of the CBCT evaluation (left) and indication of the 7 density plugs

P/ 0.0Smm Pt CN 74295

RSB

pirw FREIBURS  LB5300S

used for HU evaluation (right). (b—d) Phantom region used to evaluate HU heterogeneity (b), mean
HU across inserts (c), and maximum visible line pairs (d). (e) Experimental setup of the kV planar
imaging evaluation. (f,g) Line pair insert imaged using 75 kV (f) and 100 kV (g) tube potentials.

Table 2. Results of CBCT imaging metrics without and with the RSB present.

No RSB RSB Difference
Heterogeneity (HUmax—HUmin) 20.8 157.1 136.3
Mean HU Across Inserts —50.5 —1374 —86.8
Max. Visible Line Pairs (Ip/cm) 7 7 0

3.5. Penumbra and Range Measurements in an Anthropomorphic Phantom

The experimental setup, treatment plans, and results of RCF irradiation in the anthro-
pomorphic phantom are shown in Figure 4. A reduction in penumbra associated with the
RSB compared to the MRS is visibly apparent in the isodose distributions and irradiated
films shown in Figure 4b,c. Figure 4d shows depth—dose profiles extracted from the dose



Cancers 2023, 15, 2882

8of 13

distributions in the TPS and measured using RCE. RCF has been shown to under-respond
to low energy protons such as those found near the Bragg peak [23], which we observed
in the SOBP with greatest effect at the distal end of the beam profiles. Computed and
measured ranges were found to be 71.9 mm and 71.1 mm for the MRS and 71.0 mm and
70.4 mm for the RSB indicating agreement between the TPS and measurement within the
dose grid resolution (2 mm). Figure 4e shows lateral dose profiles extracted from the center
of the target in the TPS and measured using RCF. Computed and measured penumbras
were found to be 11.8 mm and 15.0 mm for the MRS and 6.9 mm and 7.5 mm for the RSB.
Increased measured penumbra width was also associated with some under-estimation of
dose at the beam edges using RCF leading to “rounded” profiles; however, overall beam
profile and width agreed well with the TPS.

(b) MRS (c) RSB

W

20

=)
U]
N
© — RSB -Film
= ---- RSB - TPS
S — MRS - Film
< -==- MRS - TPS
O]
72}
O
o)

40 60 80 100
z (mm)

Figure 4. (a) Photo of the experimental setup used to verify the proton beam penumbra and range
using the RSB. (b,c) provide isodose distributions on the top and images of the RCF following
irradiation using the MRS and RSB approaches, respectively. (d) Plots of depth dose distributions
as computed in the TPS and measured using film. Note the film under-response at the distal end of
the proton beam where the energy spectrum is lower. (e) Plots of normalized lateral beam profiles
computed in the TPS and measured using film.

3.6. RSB in Pediatric CSI Patients

Figure 5 shows an example pediatric patient with an MRS based CSI plan (left:
Figure 5a,c) and an RSB CSI plan (right: Figure 5b,d) demonstrating significant reduc-
tion in lateral penumbra provided by the RSB at the levels of the kidneys and lungs.
Corresponding dose profiles across the center of the CTV at the level of the kidneys and
lung are shown for the MRS (solid line) and RSB (dotted line) in Figure 5e,f. Dose volume
histograms (DVH) for the example patient are provided in Figure 5g, demonstrating equiv-
alent target coverage but significant reductions in kidney dose. Dose metrics associated
with the two patients investigated are provided in Table 3, demonstrating reductions in
mean kidney and lung dose of 57.7% and 46.3%, respectively.
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Figure 5. (a—d) CT and isodose distributions for CSI plans produced using the MRS and RSB
approaches in a single patient at the level of the (a,b) kidneys and (c,d) lungs. (e f) Lateral dose
profiles extracted at locations indicated by yellow lines in (a—d) at the level of the (e) kidneys and
(f) lungs. (g) Dose volume histogram (DVH) curves for the CTV and the left and right kidneys.

Table 3. Dose metrics associated with the MRS and RSB CSI approaches in two patients.

Patient 1 Patient 2 Mean
MRS RSB MRS RSB MRS RSB
Kidney Dmean (GY[RBE]) 3.1 1.6 4.7 1.7 39 1.7
Lung Dmean (Gy[RBE]) 43 2.1 3.9 2.3 4.1 22
Kidney Penumbra (mm) 13.0 7.0 15.0 7.0 14.0 7.0
Lung Penumbra (mm) 14.0 10.0 17.0 11.0 155 10.5

Figure 6 shows (a) example planar kV images and (b) CBCT images acquired for a
single pediatric CSI patient previously setup and treated with the RSB present, demonstrat-
ing preservation of image quality sufficient for patient visualization and setup. The RSB is
visible in the sagittal images in both (a) and (b). In the axial CBCT image, it is apparent that
there are visible beam hardening artifacts at the interface of the RSB and the posterior boney
anatomy. However, these were not found to adversely impact assessment of patient setup.
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@)

Figure 6. (a) Example (a) orthogonal kV images and (b) CBCT acquired using our on-board proton
imaging system from a pediatric patient set up and treated with the RSB present.

4. Discussion

We have reported steps previously taken to develop, manufacture, and characterize a
RSB for pediatric CSI using image-guided synchrotron-based PBS. We described design
rationale, characterization of the dosimetric and imaging characteristics of the RSB to enable
modeling in our TPS, results of validation measurements, and a preliminary demonstration
of dosimetric improvements compared to the clinically standard MRS approach. By mini-
mizing the air gap between the range shifter and patient surface, the lateral pencil beam
spot size is reduced leading to significant improvements in lateral penumbra and ultimately
the normal tissue dose. This principle has previously been demonstrated and implemented
by several groups for various treatment sites [13,15,17]. In this report, we focused our
design and characterization for pediatric CSI patients due to the smaller anatomy and
increased potential for late effects due to low dose radiation; however, this type of device
could be applicable to other treatment sites and patient populations making use of posterior
PBS beams. The major limitation of the current device is the length, which limits the usable
treatment length to ~70 cm. This length could be increased but would significantly increase
the weight of the device making it more difficult to manipulate, which already represents a
workflow challenge.

In addition to the technical considerations described in this report, our clinical commis-
sioning process included many additional steps including developing and documenting
simulation, treatment planning, and delivery workflows through a multi-disciplinary team
including physicians, physicists, therapists, and dosimetrists. Briefly, our workflow in-
volves simulating patients without the RSB present to eliminate any image artifacts that
could impact our RLSP estimation based on CT. The patient headrest is positioned to
avoid beams traversing the holes in the RSB, and patient height is evaluated to ensure the
target will fit within the usable length of the board, avoiding the holes and indexing bar.
Dosimetry and physics then insert the virtual model of the RSB at the time of treatment
planning with the associated density overrides and remove the MRS from all treatment
beams. This process is captured in our plan documentation and setup instructions at the
machine, and a physicist is present on the first day of treatment to ensure the RSB is setup
correctly. We also devised an approach where therapy will be prevented from loading the
treatment fields if the RSB is omitted by differentiating the couch extensions used with
the RSB or standard short mask couch setup in the oncology information system (OIS).
Our proton gantries incorporate six degree-of-freedom robotic couches enabling rotational
patient position corrections. To minimize range uncertainty due to beam obliquity through
the RSB, we limit rotational corrections to <1° for patients treated using the RSB.

Soft tissue imaging is important in the setting of proton therapy as changes in the
beam’s path can modify the proton dosimetry. As previously shown, different types of RS
materials may have a different impact on the verification imaging quality [13] in particular
on volumetric imaging such as CBCT. As the RSB is always present, its high density and
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thickness can lead to photon starvation which causes artifacts to degrade the image quality.
We use daily CBCT and kV for all pediatric CSI patients, thus characterizing the imaging
characteristics of our system in the presence of the RSB, specifically the spatial resolution
and image heterogeneity. Using the Normi phantom and CatPhan, we determined that
image quality preserved edges and is sufficient for patient set-up. Furthermore, we have
not noticed any degradation of setup image quality in patients treated with the RSB since
releasing it clinically.

The use of a similar 3.9 cm thick PMMA range shifter has previously been described
for use with pediatric WLI [20]. We are utilizing the RSB clinically for all pediatric CSI
patients and any pediatric patient requiring posterior beams where the use of the RSB may
limit low dose to normal tissue. In pediatric patients where there is minimal lateral margin
between the CSI spinal target and kidneys, this is especially important. Compared to
previously published data, the penumbra achieved with the RSB is similar to what has been
reported using passively scattered proton therapy (PSPT) with an aperture of 6-8 mm [24].
Similarly, the reported mean lung and kidney doses were similar to what has previously
been reported using aperture-based PSPT [24]. Although the observed doses are not likely
to lead to organ dysfunction, further normal tissue dose reductions are clinically desirable,
especially in the pediatric setting [25-27]. Further improvements in lateral penumbra may
be possible with additional collimation devices as explored by Winterhalter et al. [11] and
may be the subject of future investigation.

Proton range shifting devices could change secondary dose contributions due to
neutrons and other secondary particles. We did not report measurements of these dose
components, which is a limitation of the current study. Kern et al. investigated the
impact of range shifters and air gap on IMPT skin dose through measurements and Monte
Carlo simulations and did find an increase in skin dose of up to 4% with the presence
of range shifters with small air gaps compared to removal of range shifters and a larger
air gap [28]. However, our clinical dose is computed using Monte Carlo [29], and, in the
absence of the RSB, our supine CSI techniques involve irradiation through the existing
couch top, itself acting as a thin range shifter. Given these considerations, we believe an
increase in secondary dose is very small compared to the improvements in therapeutic dose
conformity but could be the focus of future studies. Furthermore, previous investigators
have demonstrated that PMMA exhibits fluorescence when irradiated by high-energy
proton beams [30]. We have not investigated this phenomenon with our RSB devices, but
it may be of interest for advanced beam monitoring or quality assurance applications in
the future. Finally, in order to ensure clinical stability of the dosimetric RSB characteristics,
we are continuing to investigate appropriate quality assurance approaches for this device
including routine geometric and WET measurements.

5. Conclusions

We have summarized our clinical experience designing, manufacturing, and commis-
sioning a custom RSB for image-guided proton CSI for pediatric cancer patients. The RSB
was found to significantly reduce lateral proton beam penumbra compared to a standard
MRS while maintaining CBCT and kV image-quality, thereby reducing normal tissue dose,
and is now in routine use at our center.

Author Contributions: Conceptualization, W.T.H., H.L., S.A.,, M.M.L. and K.S.; Investigation, W.T.H.,
A.T. and K.S.; Methodology, WT.H., HL., AT, S.A,, MM.L. and K.S.; Resources, W.T.H., H.L.
and M-.M.L.; Software, W.T.H.; Writing—Original draft, W.T.H. and K.S.; Writing—Review and
editing, H.L., A.T., S.A. and M.M.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by a grant through the Sibley Memorial Hospital Foundation.
WTH acknowledges funding from an AAPM research seed grant.



Cancers 2023, 15, 2882 12 of 13

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of Johns Hopkins Hospital
(protocol #IRB00284297 approved on 12 December 2021).

Informed Consent Statement: This retrospective study involved only de-identified images from
existing medical records and did not require informed consent.

Data Availability Statement: The data are not publicly available due to privacy restrictions.

Acknowledgments: Austin Faught provided clinical experience regarding the custom RSB previously
developed and employed at St. Jude, which informed the design of the RSB in this study. Kevin
Erhart and Henry Stanley provided feedback and facilitated RSB manufacturing.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Michalski, ].M.; Klein, E.E.; Gerber, R. Method to plan, administer, and verify supine craniospinal irradiation. J. Appl. Clin. Med.
Phys. 2002, 3, 310-316. [CrossRef]

Yuh, G.E.; Loredo, L.N.; Yonemoto, L.T.; Bush, D.A.; Shahnazi, K.; Preston, W.; Slater, ].M.; Slater, ].D. Reducing toxicity from
craniospinal irradiation: Using proton beams to treat medulloblastoma in young children. Cancer J. 2004, 10, 386. [CrossRef]
[PubMed]

Lee, C.T;; Bilton, S.D.; Famiglietti, R.M.; Riley, B.A.; Mahajan, A.; Chang, E.L.; Maor, M.H.; Woo, S.Y.; Cox, ].D.; Smith, A.R.
Treatment planning with protons for pediatric retinoblastoma, medulloblastoma, and pelvic sarcoma: How do protons compare
with other conformal techniques? Int. J. Radiat. Oncol. Biol. Phys. 2005, 63, 362-372. [CrossRef]

Bernier, V.; Klein, O. Late effects of craniospinal irradiation for medulloblastomas in paediatric patients. Neurochirurgie 2021, 67,
83-86. [CrossRef]

Zhang, R.; Howell, R.M.; Taddei, PJ.; Giebeler, A.; Mahajan, A.; Newhauser, W.D. A comparative study on the risks of radiogenic
second cancers and cardiac mortality in a set of pediatric medulloblastoma patients treated with photon or proton craniospinal
irradiation. Radiother. Oncol. 2014, 113, 84-88. [CrossRef] [PubMed]

Yoon, M.; Shin, D.H.; Kim, J.; Kim, ] W.; Kim, D.W,; Park, S.Y.; Lee, S.B.; Kim, ].Y.; Park, H.-].; Park, B.; et al. Craniospinal
Irradiation Techniques: A Dosimetric Comparison of Proton Beams with Standard and Advanced Photon Radiotherapy. Int. J.
Radiat. Oncol. Biol. Phys. 2011, 81, 637-646. [CrossRef] [PubMed]

Seravalli, E.; Bosman, M.; Lassen-Ramshad, Y.; Vestergaard, A.; Oldenburger, F; Visser, ].; Koutsouveli, E.; Paraskevopoulou, C.;
Horan, G.; Ajithkumar, T.; et al. Dosimetric comparison of five different techniques for craniospinal irradiation across 15 European
centers: Analysis on behalf of the SIOP-E-BTG (radiotherapy working group). Acta Oncol. 2018, 57, 1240-1249. [CrossRef]
Lomax, AJ.; Bohringer, T.; Bolsi, A.; Coray, D.; Emert, F,; Goitein, G.; Jermann, M.; Lin, S.; Pedroni, E.; Rutz, H.; et al. Treatment
planning and verification of proton therapy using spot scanning: Initial experiences. Med. Phys. 2004, 31, 3150-3157. [CrossRef]
Lin, H.; Ding, X.; Kirk, M.; Liu, H.; Zhai, H.; Hill-Kayser, C.E.; Lustig, R.A.; Tochner, Z.; Both, S.; McDonough, J. Supine
craniospinal irradiation using a proton pencil beam scanning technique without match line changes for field junctions. Int. J.
Radiat. Oncol. Biol. Phys. 2014, 90, 71-78. [CrossRef]

Farace, P; Bizzocchi, N.; Righetto, R.; Fellin, F; Fracchiolla, F; Lorentini, S.; Widesott, L.; Algranati, C.; Rombi, B,
Vennarini, S.; et al. Supine craniospinal irradiation in pediatric patients by proton pencil beam scanning. Radiother. Oncol. 2017,
123, 112-118. [CrossRef]

Winterhalter, C.; Lomax, A.].; Oxley, D.; Weber, D.C.; Safai, S. A study of lateral fall-off (penumbra) optimisation for pencil beam
scanning (PBS) proton therapy. Phys. Med. Biol. 2018, 63, 025022. [CrossRef]

Safai, S.; Bortfeld, T.; Engelsman, M. Comparison between the lateral penumbra of a collimated double-scattered beam and
uncollimated scanning beam in proton radiotherapy. Phys. Med. Biol. 2008, 53, 1729-1750. [CrossRef] [PubMed]

Lin, H.; Shi, C.; Huang, S.; Shen, J.; Kang, M.; Chen, Q.; Zhai, H.; McDonough, J.; Tochner, Z.; Deville, C.; et al. Applications of
various range shifters for proton pencil beam scanning radiotherapy. Radiat. Oncol. 2021, 16, 146. [CrossRef] [PubMed]
Gottschalk, B.; Koehler, A.; Schneider, R.; Sisterson, J.; Wagner, M. Multiple Coulomb scattering of 160 MeV protons. Nucl.
Instrum. Methods Phys. Res. B 1993, 74, 467-490. [CrossRef]

Both, S.; Shen, J.; Kirk, M; Lin, L.; Tang, S.; Alonso-Basanta, M.; Lustig, R.; Lin, H.; Deville, C.; Hill-Kayser, C.; et al. Development
and clinical implementation of a universal bolus to maintain spot size during delivery of base of skull pencil beam scanning
proton therapy. Int. |. Radiat. Oncol. Biol. Phys. 2014, 90, 79-84. [CrossRef]

Michiels, S.; Barragan, A.M.; Souris, K.; Poels, K.; Crijns, W.; Lee, J.A.; Sterpin, E.; Nuyts, S.; Haustermans, K.; Depuydt, T.
Patient-specific bolus for range shifter air gap reduction in intensity-modulated proton therapy of head-and-neck cancer studied
with Monte Carlo based plan optimization. Radiother. Oncol. 2018, 128, 161-166. [CrossRef]

Kang, M.; Hasan, S.; Press, R.H.; Yu, F.; Abdo, M.; Xiong, W.; Choi, ].I; Ii, C.B.S.; Lin, H. Using patient-specific bolus for pencil
beam scanning proton treatment of periorbital disease. J. Appl. Clin. Med. Phys. 2021, 22, 203-209. [CrossRef]


https://doi.org/10.1120/jacmp.v3i4.2555
https://doi.org/10.1097/00130404-200411000-00009
https://www.ncbi.nlm.nih.gov/pubmed/15701271
https://doi.org/10.1016/j.ijrobp.2005.01.060
https://doi.org/10.1016/j.neuchi.2018.01.006
https://doi.org/10.1016/j.radonc.2014.07.003
https://www.ncbi.nlm.nih.gov/pubmed/25128084
https://doi.org/10.1016/j.ijrobp.2010.06.039
https://www.ncbi.nlm.nih.gov/pubmed/20932690
https://doi.org/10.1080/0284186X.2018.1465588
https://doi.org/10.1118/1.1779371
https://doi.org/10.1016/j.ijrobp.2014.05.029
https://doi.org/10.1016/j.radonc.2017.02.008
https://doi.org/10.1088/1361-6560/aaa2ad
https://doi.org/10.1088/0031-9155/53/6/016
https://www.ncbi.nlm.nih.gov/pubmed/18367800
https://doi.org/10.1186/s13014-021-01873-8
https://www.ncbi.nlm.nih.gov/pubmed/34362396
https://doi.org/10.1016/0168-583X(93)95944-Z
https://doi.org/10.1016/j.ijrobp.2014.05.005
https://doi.org/10.1016/j.radonc.2017.09.006
https://doi.org/10.1002/acm2.13134

Cancers 2023, 15, 2882 13 of 13

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Azcona, ].-D.; Aguilar, B.; Perales, A.; Polo, R.; Zucca, D.; Irazola, L.; Vifals, A.; Cabello, P; Delgado, J.-M.; Pedrero, D.; et al.
Commissioning of a synchrotron-based proton beam therapy system for use with a Monte Carlo treatment planning system.
Radiat. Phys. Chem. 2023, 204, 110708. [CrossRef]

Gillin, M.T,; Sahoo, N.; Bues, M.; Ciangaru, G.; Sawakuchi, G.; Poenisch, E; Arjomandy, B.; Martin, C.; Titt, U.; Suzuki, K,; et al.
Commissioning of the discrete spot scanning proton beam delivery system at The University of Texas MD Anderson Cancer
Center, Proton Therapy Center, Houston. Med. Phys. 2010, 37, 154-163. [CrossRef]

Wong, R.X; Faught, J.; Gargone, M.; Myers, W.; Krasin, M.; Faught, A.; Acharya, S. Cardiac-sparing and breast-sparing whole
lung irradiation using intensity-modulated proton therapy. Int. J. Part. Ther. 2021, 7, 65-73. [CrossRef]

Arjomandy, B.; Taylor, P; Ainsley, C.; Safai, S.; Sahoo, N.; Pankuch, M; Farr, ].B.; Park, S.Y,; Klein, E.; Flanz, J.; et al. AAPM task
group 224: Comprehensive proton therapy machine quality assurance. Med. Phys. 2019, 46, e678—€705. [CrossRef]
Niroomand-Rad, A.; Chiu-Tsao, S.; Grams, M.P.; Lewis, D.E,; Soares, C.G.; Van Battum, L.J.; Das, L].; Trichter, S.; Kissick, M.W.;
Massillon-J1, G.; et al. Report of AAPM Task Group 235 Radiochromic Film Dosimetry: An Update to TG-55. Med. Phys. 2020, 47,
5986-6025. [CrossRef] [PubMed]

Kirby, D.; Green, S.; Palmans, H.; Hugtenburg, R.; Wojnecki, C.; Parker, D. LET dependence of GafChromic films and an ion
chamber in low-energy proton dosimetry. Phys. Med. Biol. 2010, 55, 417-433. [CrossRef] [PubMed]

Stoker, ].B.; Grant, J.; Zhu, X.R.; Pidikiti, R.; Mahajan, A.; Grosshans, D.R. Intensity modulated proton therapy for craniospinal
irradiation: Organ-at-risk exposure and a low-gradient junctioning technique. Int. . Radiat. Oncol. Biol. Phys. 2014, 90, 637-644.
[CrossRef] [PubMed]

Shen, J.; Liu, W.; Anand, A.; Stoker, ].B.; Ding, X.; Fatyga, M.; Herman, M.G.; Bues, M. Impact of range shifter material on proton
pencil beam spot characteristics. Med. Phys. 2015, 42, 1335-1340. [CrossRef]

Miralbell, R.; Lomax, A.; Cella, L.; Schneider, U. Potential reduction of the incidence of radiation-induced second cancers by using
proton beams in the treatment of pediatric tumors. Int. J. Radiat. Oncol. 2002, 54, 824-829. [CrossRef]

Newhauser, W.D.; Fontenot, J.D.; Mahajan, A.; Kornguth, D.; Stovall, M.; Zheng, Y.; Taddei, P.; Mirkovic, D.; Mohan, R;;
Cox, ].D.; et al. The risk of developing a second cancer after receiving craniospinal proton irradiation. Phys. Med. Biol. 2009, 54,
2277-2291. [CrossRef]

Kern, A.; Baumer, C.; Kroninger, K.; Wulff, J.; Timmermann, B. Impact of air gap, range shifter, and delivery technique on skin
dose in proton therapy. Med. Phys. 2021, 48, 831-840. [CrossRef]

Sorriaux, J.; Testa, M.; Paganetti, H.; de Xivry, ].O.; Lee, J.; Traneus, E.; Souris, K.; Vynckier, S.; Sterpin, E. Experimental assessment
of proton dose calculation accuracy in inhomogeneous media. Phys. Med. 2017, 38, 10-15. [CrossRef]

Almurayshid, M.M. Evaluation of Photography of a Plastic Scintillator for Quality Assurance in Radiation Therapy. Ph.D. Thesis,
UCL (University College London), London, UK, 2016.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.radphyschem.2022.110708
https://doi.org/10.1118/1.3259742
https://doi.org/10.14338/IJPT-20-00079.1
https://doi.org/10.1002/mp.13622
https://doi.org/10.1002/mp.14497
https://www.ncbi.nlm.nih.gov/pubmed/32990328
https://doi.org/10.1088/0031-9155/55/2/006
https://www.ncbi.nlm.nih.gov/pubmed/20019399
https://doi.org/10.1016/j.ijrobp.2014.07.003
https://www.ncbi.nlm.nih.gov/pubmed/25194667
https://doi.org/10.1118/1.4908208
https://doi.org/10.1016/S0360-3016(02)02982-6
https://doi.org/10.1088/0031-9155/54/8/002
https://doi.org/10.1002/mp.14626
https://doi.org/10.1016/j.ejmp.2017.04.020

	Introduction 
	Materials and Methods 
	Proton Delivery System 
	RSB Design 
	Measurements 
	Mechanical Verification 
	Relative Linear Stopping Power (RLSP) 
	Output Constancy 
	Image Quality 
	Penumbra and Range in an Anthropomorphic Phantom 

	Dose Evaluation in Pediatric CSI Patients 

	Results 
	Mechanical Verification 
	Relative Linear Stopping Power (RLSP) 
	Output Constancy 
	Image Quality 
	Penumbra and Range Measurements in an Anthropomorphic Phantom 
	RSB in Pediatric CSI Patients 

	Discussion 
	Conclusions 
	References

