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Abstract

Purpose—This study aims to assess the clinical impact of spot size and the addition of apertures
and range compensators on the treatment quality of pencil beam scanning (PBS) proton therapy
and to define when PBS could improve upon passive scattering proton therapy (PSPT).

Methods and materials—The patient cohort included fourteen pediatric patients treated with
PSPT. Six PBS plans were created and optimized for each patient using three spot sizes (~12, 5.4,
and 2.5 mm median sigma at isocenter for 90-230 MeV range), and adding apertures and
compensators to plans with the two larger spots. Conformity and homogeneity indices, dose-
volume histogram parameters, equivalent uniform dose (EUD), normal tissue complication
probability (NTCP) and integral dose were quantified and compared with the respective PSPT
plans.

Results—The results clearly indicated that PBS with the largest spots does not necessarily offer a
dosimetric or clinical advantage over PSPT. With comparable target coverage, the mean dose
(Dmean) to healthy organs was on average 6.3% larger than PSPT when using this spot size.
However, adding apertures to plans with large spots improved the treatment quality by decreasing
the average Dmean and EUD by up to 8.6 and 3.2% of the prescribed dose, respectively. Decreasing
the spot size further improved all plans, lowering the average Dyean and EUD by up to 11.6% and
10.9% compared to PSPT, respectively, and eliminated the need for beam-shaping devices. The
NTCP decreased with spot size and addition of apertures, with maximum reduction of 5.4%
relative to PSPT.

Conclusions—The added benefit of using PBS strongly depends on the delivery configurations.
Facilities limited to large spot sizes (>~8 mm median sigma at isocenter) are recommended to use
apertures in order to reduce the treatment-related toxicities, at least for complex and/or small
tumors.
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Introduction

Proton therapy offers benefits over photon-based radiotherapy for specific patient groups in
terms of treatment outcome [1-5]. One of the strongest indications for a proton therapy
referral is the curable pediatric solid tumors, since the significantly smaller integral dose
deposited by protons contributes to lower adverse side effects compared with photon
modalities [6-9]. For these patients, any excessive amount of radiation could negatively
impact development and organ function [10-13]. Side effects, besides acute toxicities caused
by the high dose exposure, could include neurocognitive/behavioral effects, endocrine
abnormalities, vascular effects, and second malignancies [14-20].

Pencil beam scanning (PBS) is a proton therapy delivery technique featuring several
dosimetric traits, which depending on the circumstances, could further improve upon what
passive scattering proton therapy (PSPT) can achieve in terms of clinical outcome [21-23].
Namely, it provides smaller entrance dose and allows for intensity-modulated treatments
enabling dose painting to further spare normal tissue in the vicinity of complex tumor
structures. Furthermore, the use of custom fabricated beam-shaping components i.e.
apertures (AP) and range compensators (RC) could be avoided, hence reducing scatter
neutron dose [20,24], and also saving extra cost, time and effort needed for creating such
devices.

These advantages, however, may not be fully realized depending on the specific settings
available at each institution for PBS treatments. Suboptimal pencil beams with wide lateral
profiles could lead to less steep penumbrae that may not necessarily be more suitable than
PSPT, especially to treat smaller sized tumors that are common in pediatric patients.
Therefore the question arises whether and when would PBS have additional therapeutic
advantages and be a preferred method of treatment over PSPT. More specifically, what spot
size should be considered appropriate and if using AP and/or RC could still play a role.

Previous studies have indicated better organ sparing due to reduced PBS spot size for
specific patient cases [25,26]. Chanrion et a/[27] explored the consequences of unexpected
spot size fluctuations on the target coverage in PBS. Dowdell ef a/[28] investigated the
effects of beam-specific apertures on dose characteristics incident on a lucite phantom using
Monte-Carlo and measurements. Hyer et a/[29] studied the effects of a dynamic collimator
system on the lateral dose profile for PBS as a function of spot size and spot spacing in a
solid water phantom. Comprehensive patient-based comparison of all possible scenarios (i.e.
spot size variations and addition of beam-shaping devices) is currently lacking.

In this study we aim to assess the effect of spot size and the use of beam-specific AP and RC
in PBS treatments of pediatric patients. This patient group is more sensitive to dose
variations due to their smaller statures and radiosensitive organs, and could highly benefit
from any degree of sparing. We compare the dosimetric and clinical endpoints between
variable PBS settings and PSPT, by quantifying the plan specific dose-volume indices as
well as normal tissue complication probabilities (NTCP) for a relatively large patient cohort.
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Methods and Materials

1. Patient Cohort

Fourteen pediatric patients (7 CNS, 4 head & neck, 2 pelvic and 1 thoracic solid tumors)
treated with PSPT were selected for this study. This was a representative patient cohort due
to variability in tumor histology, location and size, and patient age. Tumor characteristics
(i.e. histology and volume) and some key treatment plan information (i.e. number of beams
and the prescribed dose) are listed in table 1. In summary, plans originally included 4-13
beams and the prescribed dose ranged between 36-57.6 Gy(RBE), delivered in 1.8 Gy(RBE)
per fraction. In all the cases, the tumor volume and organs at risk (OAR) were identified and
delineated by the treating physician or neuro-anatomist. Most targets included clinical target
volumes (CTV) as well as boost volumes (GTV), and in some complex cases (e.g. patients
11 and 12), multiple targets, including the nodes, were involved. The most relevant OARS
for cranial patients included optic nerves, brainstem, bilateral cochlea, pituitary gland, optic
chiasm, hypothalamus, hippocampi, parotids, lacrimal glands, and non-tumor (healthy) brain
tissue. For pelvic/thoracic patients, the OARs included rectum, bladder, femoral heads,
growth plates, uterus, lungs, spinal cord and esophagus. Not all OARs were studied for all
patients. Skin was additionally segmented for all patients.

2. Treatment planning

An in-house developed fully validated and clinically commissioned treatment planning
system XXX (version XXX) was used to create six new PBS plans for each patient. Three
distinct pencil beam spot sizes were defined in XXX. In this context, beams with sigma of
16.8x18.6-8.2x8.9 (median~11x13.6) mm, 9.3-4.6 (median~5.4) mm, and 4.4-2.2
(median~2.5) mm at isocenter for 90-230 MeV range in air, are referred to here as large,
medium and small spots, respectively [30]. PBS plans were created and optimized with the
following specifications: (1) large spot size (no device) (2) large spot size (with AP), (3)
large spot size (with AP and RC), (4) medium spot size (no device), (5) medium spot size
(with AP) and (6) small spot size (no device). The devices were identical to those used in
PSPT plans. The aperture model in PBS dose calculation engine considers the projection of
the aperture at the calculation depth based on the source and aperture positions, and
convolves the proton spot component-wise over the aperture edge for a continuous
transition. The convolution Gaussian spread is modeled as a virtual source position/size to
conform to measurements. Hence, the spot-size contribution in the penumbra is significantly
reduced. The general PBS planning parameters were kept the same as PSPT, e.g. the air gap
(2-5cm), beam orientation, AP margins (8-10mm), and RC smearing distance (3—10mm).
The uncertainties were taken into account for both modalities as per our current clinical
practice. RC was only used for the large spots where the spot size at the distal layer was
larger than the RC smearing, allowing for the distal dose to be trimmed closer to the tumor
shape.

For PBS plans, spot spacing was set equal to 0.7 times the sigma of the pencil beam's lateral
profile and the layer spacing was equal to 0.8 times the width of the most distal Bragg peak
at 80% dose level. Furthermore, the spot placement margins were set to 15 mm lateral and
10 mm distal of the target in the beam direction, and the unnecessary spots were
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automatically eliminated. Intensity-modulated proton therapy (IMPT) optimization was
applied. Lucite range shifters were used for beams with shallow (<~6 cm) range.

The prescribed dose and treatment constraints were extracted from the patient charts. Using
the multicriteria optimization (MCO) [31] engine in XXX, the maximum dose to patients
and minimum target dose were set as plan constraints. The objectives were to minimize the
OAR mean dose and maintain the target coverage and total dose uniformity. All plans were
created using identical criteria for fair comparisons.

Although not all the beams used in PSPT were always needed to achieve optimized PBS
plans for most cases, we kept the default beam configuration constant for a fair comparison
during the primary analysis. The field configuration was simplified for 8 cases under the
guidance of clinical dosimetrists to yield plans better suited for PBS delivery, including
patients 11 and 12 where due to highly complex targets and field-patching in the original
plans, keeping all the beams would not be sensible for PBS (see table 1). Comparison
between original and reduced number of fields was only performed for medium-spot plans.

3. Data analysis

Results

Optimized PBS plans were compared with the existing PSPT plans. Conformity index (CI)
and homogeneity index (HI) were calculated as defined by RTOG [32]. Additionally, CI at
50% prescription dose was calculated to further compare the medium dose exposure of the
surrounding tissue. PBS plans were normalized to PSPT (matching dose at 98% volume of
the GTVs). Dose volume histograms (DVH) were analyzed for the target and all OARs, by
extracting the mean dose (Dmean), dose 2% volume (D,) and volume receiving 90% of the
prescribed dose (Vgg). The equivalent uniform dose (EUD) and normal tissue complication
probability (NTCP) were calculated as parameterized by Niemierko et al [33]. The
parameters for the geUD and NTCP models are organ-dependent and taken from the
literature [34,35]. The differences between dose and volume indices were assessed as the
percentage of the proscribed dose and total volume, respectively. Furthermore, the integral
dose (Djnt) (defined as the total energy deposited in the patient) was calculated and
compared for all plans, as a measure of the extent of patient radiation exposure, and hence
the estimated risk of late toxicities.

1. Effect of spot size variation

The pencil beam spot size has a significant effect on the PBS plan quality. Figure 1 shows
the dose distribution and DVH curves for two representative patients in the cranial and
pelvic/thoracic categories. The PBS target coverage was adequate in all cases, with average
GTV D98 being 1% smaller than PSPT. After normalization, the average D, was 2.2%
larger than PSPT. The CI considering the GTVs were on average 1.27, 1.14 and 1.10 for
large, medium and small spots, respectively, compared to 1.45 for PSPT. The average HI
was comparable between all cases (~1.1). For PBS plans with large spots, the dose to most
nearby organs was larger than PSPT. This is due to the rather wide lateral penumbrae
leading to larger and more spread-out dose distribution adjacent to the primary treatment
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field. As the spot size was reduced, the field penumbrae were sharpened and the dose to
organs located both laterally and distally to the beam decreased. The Dpyean for all OARS
averaged over all patients was 6.3% and up to 19% larger for PBS with large spot than
PSPT. For some organs such as skin, however, the mean dose was smaller than PSPT for
most patients even when using large spots due to the better proximal dose conformity. For
PBS plans with medium and small spots, the average Dyean Over the OARs was 5.2% and
11.6%, and EUD 6.6% and 10.9% smaller than PSPT, respectively. For large, medium and
small spots, Vg was on average 6.9%, 12.3% and 14.1% smaller than PSPT, for all patient/
OARs. Furthermore, CI50 reduced by 37.3 and 51.5% for medium and small spots relative
to large spots, respectively. Hence, the medium and small spot PBS (even with no devices)
were clinically superior to PSPT.

2. Effect of using beam-shaping devices

Beam-specific APs effectively sharpened the lateral dose penumbrae. In most cases when
only AP was used in plans with large spots, the OAR dose became smaller or at least
equivalent to PSPT plans. The exception was for organs distal to specific fields, where RC
was also necessary to achieve superior sparing than PSPT. Adding RC to plans with large
spots always led to dosimetrically superior plans to PSPT. Plans with medium spots also
improved further with AP, although the degree of improvement was smaller than the large
spots. Figure 2 illustrates the effect of adding AP alone as well as both devices on plans with
large spots for two representative cases. In case of patient 4, for example, the lung mean
dose decreased by 4.4% after applying AP only but still remained 2.3% larger than PSPT,
and further decreased to 3.2% less than PSPT, when adding RC. In case of patient 14, the
mean dose to the brainstem already dropped to 6.3% below PSPT by adding AP only, due to
the reduced penumbrae width for the laterally oriented fields. Adding RC further reduced the
brainstem dose by another 9.3%, mainly due to the close proximity of the structure to the
distal edge of the anterior oblique field. Adding AP to medium spot plans reduced the
brainstem mean dose by 6.3% compared with 15.2% for large spots (not shown).

When using beam-shaping devices, the CI was reduced on average by 0.08 and 0.12 below
the case with no devices for large spots with AP only and with both devices, respectively,
and by 0.03 for medium spots with AP. C150 was reduced by 30.9, 41 and 9.4% for the
above scenarios, respectively. Uniform target dose was more easily achieved when adding
devices, as D, was reduced. Average OAR Dypean/EUD were 2.3/2.4%, 7.1/5.7% and
9.3/8.1% smaller than PSPT for large spots with AP, large spots with both devices, and
medium spots with AP, respectively. For large spots, adding APs on average reduced the
OAR Dynean/EUD by 8.6/3.1%, whereas adding both devices reduced these values by
13.4/6.5% compared with no devices, respectively. For medium spots, these reductions were
4.1/1.6%. Therefore, beam-shaping devices were deemed necessary for large spots to
achieve plans equivalent or better than PSPT.

3. Overall comparison

Figure 3 shows a comparison of the dose distributions and DVH curves between all PBS
plans and the PSPT plan for patient 5. Although the OAR dose decreases with decreasing the
spot size and adding both devices, the dosimetric advantage over PSPT when adding AP
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alone to plans with large spots was organ-dependent. Also the benefits of adding AP
sometimes exceeded that of reducing the spot size. For example, in figure 3 the mean dose to
cochleas when using large spots with AP was 2.5% smaller than using medium spots with no
AP. When adding AP to medium spots, the mean dose was then reduced relative to large
spots with both devices. The CI/CI50 decreased as devices were added and further as the
spot size decrease but always remained above the lower limit of 1.0.

Figure 4 summarizes the mean and standard deviation of percent differences of organ Dmean,
EUD and Vgq between each PBS and the PSPT plan averaged over all patients. Positive
values indicate larger PBS doses than PSPT. It clearly illustrates the trend of decreasing
OAR dose as the spot sizes decrease and beam-shaping hardware are added. For all cases,
the NTCP with acute toxicity endpoints for PBS was either equivalent or slightly smaller
than PSPT. Absolute NTCP of up to 8.4% was found, and the largest NTCP reduction was
5.4% for patient 10 lens, when using small spots. Other examples were cochleas for patients
5 and 11 where NTCP decrease by 4.0% and 3.0% for small spots relative to PSPT,
respectively. Also for patient 14 (figure 2), the brainstem NTCP was decreased by up to
1.5%. In all cases, NTCP decreased when reducing the spot size and using devices.

The integral doses for all plans are quantified in figure 5. As expected, plans with large spots
had the largest Djn, which was on average 10.4 J and up to 16.2 J larger than PSPT. Djn¢
decreased below PSPT after adding beam-shaping devices and decreasing the spot size. On
average, Djn: decreased by 6.3, 16.2, 4.9, 19.7 and 26.2% for PBS plans 2 through 6,
respectively.

The findings were similar for cranial and thoracic/pelvic patient groups and no significant
site dependence was observed, despite differences in tumor depth and size.

4. Effect of reducing the number of beams

Simplifying the beam configuration for a representative subgroup yielded overall
comparable plans to the original ones. Omitting some beams resulted in slight rise in mean
dose in some organs while sparing others, due to the redistribution of the dose. For example,
in case of patient 7, for equivalent target coverage, eliminating the posterior field decreased
the brainstem Dp,eqn by 6.6% at the cost of increasing the optic nerves Dyean by 4.6%.

Discussion

This study was designed to not only guide on the possible benefits and limitations of PBS
versus PSPT, which is currently the primary clinical practice for pediatric patients, but
mainly to assess the dependence of PBS plan quality upon delivery specifications. We
included a cohort of patients with cranial/head & neck and thoracic/pelvic solid tumors. The
PBS beam spot size was varied to simulate the beam characteristics available at different
institutions. Furthermore, the impact of applying AP and RC to plans with larger spots was
examined. We found that if the spot size is large, as could be the case in facilities that have
implemented a PBS system within their operating double scattering nozzle, the plans could
be dosimetrically inferior to PSPT. As the spot size is reduced the penumbrae will shrink and
so will the dose to the healthy organs, making the plans more clinically desirable. However,
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if the possibility of upgrading to smaller spot sizes is not available, beam-specific AP and
RC similar to ones used in PSPT could be applied to achieve clinically superior plans to
PSPT. We also found that simplifying the beam configuration could yield dosimetrically
equivalent plans to ones with beams optimized to PSPT, hence not affecting the general
conclusions.

Our results agreed with the findings of Hyer et al [29] who saw a 40% reduction of mean
normal tissue dose when using collimators for 9 mm spot size in air. Since their definition of
normal tissue included the entire non-tumor region in a water tank, it was comparable to our
results on integral dose that was decreased by on average 32% when adding AP to large
spots.

Although NTCP for most organs studied were not significantly different between plans due
to relatively extreme endpoints (e.g. necrosis, blindness, etc), considering smaller thresholds
made large differences in terms of late toxicities. For example, according to previous study
by Fuss et a/[36], doses of 32 and 39 Gy to the whole brain could cause 1Q drop in children
to below 90 and 80 points, respectively. Using these numbers, we found up to 38.0% and
6.4% smaller chance of 1Q reduction to below 90 and 80 points, respectively, for PBS with
small spots compared to PSPT. We also found considerable reductions in NTCP for
hypothalamus when considering growth hormone deficiency as an endpoint [37].

While including AP could largely improve PBS plans, these devices are known to be the
primary contributors to the scatter neutron dose in organs away from the treatment field in
PSPT. For PBS, however, this dose has been found to be much smaller than PSPT [24,38]
due to the fact that in PBS apertures only trim the penumbrae rather than blocking a portion
of the fields as done in PSPT. Furthermore, although large spots with no devices were
inferior to PSPT for pediatric cases studied, it might still be beneficial for treatment of very
large tumors due to considerable simplification of treatment planning and delivery [21].

It should be noted that PSPT and PBS plans were created using different planning systems
and optimization algorithms. However, both dose calculation engines were based on Hong's
pencil beam algorithm [39]. Therefore, differences are expected to be negligible and not
impact our general conclusions.

When considering the comparison between PBS and PSPT, the issue of robustness was not
taken into account in this work. Plan robustness to setup/range uncertainty as a function of
spot size for IMPT should be thoroughly investigated. This is especially worth exploring for
facilities with smaller spot size and for patient sites with highly mobile and variable tumors.
Furthermore, adding AP and RC could make plans more susceptible to loss of robustness,
due to increased conformity and sharper dose falloffs.

Conclusion

For the patient cohort studied, we can conclude that PBS plan quality improves as the spot
size decreases and/or beam-shaping devices are included. We recommend that institutions
whose available spot size exceeds ~8 mm median sigma at isocenter for 90-230 MeV range
to consider using AP and even RC depending on the patient case. Hence, PBS is the
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favorable proton therapy modality to treat pediatric patients due to the apparent clinical and
dosimetric advantages.
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Figure 1.
Effect of spot size on the dose distribution and corresponding DVH curves for patients 1 and

9.
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Effect of using AP and RC on dose distributions and DVH curves for targets and example

OARs for patients 4 and 14.
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Figure 3.
Dose distributions comparing PSPT and all PBS plans, and DVH curves for GTV, cochleas,

brainstem and brain for patient 5.
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Figure 4.
Percent difference of Dipean, EUD and Vgg between PSPT and all PBS plans for all OARs

(averaged over number of patients shown in parenthesis). Error bars represent standard
deviations.
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Table 1

Patient and treatment-plan specifications.

Page 15

R
1 Ewing sarcoma (pelvic) 384 3/5 57.6
2 Germinoma 22-170 6-4/6 36.0-21.0
3 Bladder/Prostate rhabdomyosarcoma 41-106 717 50.4-30.6
4 Ewing sarcoma (thoracic) 7-94 4-3/5 55.8-43.2
5 Astrocytoma 90 5/5 52.2
6 Ependymoma 75-127 6/6 55.8-54.0
7 Craniopharyngioma 11 4-3/4 52.2
8 Germinoma 36-203 7 36.0-21.0
9 Embryonal rhabdomyosarcoma 61 6/6 50.4
10 Orbital rhabdomyosarcoma 5-7 4/4 45.0-36.0
11 Embryonal rhabdomyosarcoma 149 3/10 52.2
12 Ependymoma 12-41 5-3/5 54.0-52.2
13 Embryonal rhabdomyosarcoma 139-222 5/13 50.4-36.0
14 Astrocytoma 47 4-3/4 52.2
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