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Abstract

Purpose: To characterize potential dose to the fetus for all modes of delivery
(dynamic adaptive aperture, static adaptive aperture, and no adaptive aperture)
for the Mevion S250i Proton Therapy System with HYPERSCAN and compare
the findings with those of other available proton systems.

Materials and Methods: Fetal dose measurements were performed for all
three modes of dose delivery on the Mevion S250i Proton therapy system with
HYPERSCAN (static aperture, dynamic aperture and uncollimated). Standard
treatment plans were created in RayStation for a left-sided brain lesion treated
with a vertex field, a left lateral field, and a posterior field. Measurements were
performed using WENDI and the RANDO with the detector placed at repre-
sentative locations to mimic the growth and movement of the fetus at different
gestational stages.

Results: The fetal dose measurements varied with fetus position and the largest
measured dose was 64.7 uSv per 2 Gy (RBE) fraction using the dynamic aper-
ture. The smallest estimated fetal dose was 45.0 uSv per 2 Gy (RBE) at the base
of the RANDO abdomen (47 cm from isocenter to the outer width of WENDI
and 58.5 cm from the center of the WENDI detector) for the static aperture
delivery. The vertex fields at all depths had larger contributions to the total dose
than the other two and the dynamic aperture plans resulted in the highest dose
measured for all depths.

Conclusion: The reported doses are lower than reported doses using a double-
scattering system. This work suggests that avoiding vertex fields and using the
static aperture will help minimize dose to the fetus.
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that nearby, at-risk healthy tissues and organs may be
spared, receiving very little radiation dose from protons.

Proton therapy is an established form of radiation ther-
apy treatment available to patients throughout the world
and ~40 centers currently offer proton therapy treat-
ment to patients in the United States.! Many patients
may benefit from the finite range and reduced exit dose,
distinct characteristics of the radiation dose deposi-
tion in proton therapy. The reduced exit dose allows
for treatment plans to be created for patients such

Out-of-field dose is a concern when treating young
patients who may develop secondary cancers, cardiac
dose, and in the treatment of pregnant patients. In pro-
ton radiation therapy the out-of-field dose to patients
is predominantly from neutrons and may originate from
the equipment or from interactions within the patient.?
For the estimate of out-of-field dose, measurements of
the neutron dose remain the gold standard.® This work
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focuses on aspects related to estimating the dose to the
fetus.

AAPM Task Group Report #36 includes a summary
of risk as a function of the dose to the fetus and
reports that below 0.05 Gy, there is little risk of dam-
age. The report of AAPM Task Group 36 has also been
used to estimate fetal dose from photon therapy but
there is not a comprehensive reference or guideline
for patients receiving proton radiation therapy. Some of
the information in this report can be applied to pro-
ton therapy but there still exists a gap between fetal
dose estimates for photon therapy and proton therapy,
and guidelines for best practices.* Similar to photons,
the choice of beam angles and treatment technique
can mitigate the total dose delivered to a fetus. Unlike
in photons, the estimated fetal dose from protons can
have a large dependency on the treatment delivery
system.

As the technology for proton therapy has advanced,
the treatment delivery techniques have changed from
using scattering systems and external brass apertures
to shape the proton field to magnetically steering the
proton beam, as is done in pencil beam scanning (PBS)
systems.” Apertures may be used in conjunction with
PBS, as proposed by Dowdell et al.® and further charac-
terized by Maes et al® In these scenarios, custom brass
apertures designed to collimate the edges of the proton
radiation field decrease the lateral penumbra and have
the potential to provide improved sparing of organs at
risk. Multi-leaf collimators have also been used to shape
pencil beam scanning proton fields and are extensively
discussed in Hyer et al.” On the Mevion S250i, the
lateral edges of the field may be collimated with an
adaptive aperture. This aperture is inside the nozzle
and is comprised of seven nickel collimators. Unlike
patient-specific brass apertures, the adaptive aperture
has the capability to change shapes with energy layers,
allowing for the collimation to change with depth?

This work investigates the out-of-field dose from neu-
trons on the Mevion S250i single-room proton therapy
system with HYPERSCAN?® in the context of fetal dose
estimates, and to our knowledge represents the first
published estimates of fetal dose with the system,
including an evaluation of all collimation techniques
available. This is of particular interest as the system
described combines pencil beam scanning with several
methods of collimating the beam using adaptive aper-
tures. The results are compared to published results on
other systems, adding to the base of clinical knowledge
of out-of-field dose in proton radiation therapy.

2 | METHODS

In this work, an anthropomorphic phantom with a large
intracranial mass was used as the model patient. Treat-
ment plans were created using a CT scan of the

phantom and measurements of the out-of-field dose
were performed on the clinical system. Three equiva-
lent treatment plans were created using the available
collimation techniques on the Mevion S250i. These
collimation techniques include:

1. Without an adaptive aperture (e.g., the proton beam
locations are magnetically steered without the use of
apertures).

2. With a static aperture (e.g., the HYPERSCAN aper-
ture which is internal to the Mevion S250i was shaped
to the largest projection of the target plus a margin of
0.7 cm).

3. With a dynamic aperture (e.g., the Hyperscan aper-
ture changes shape and position for each delivered
layer of the dose distribution, with a lateral margin for
spot spacing of 0.4 cm).

21 | Treatment planning
Treatment plans were generated using Monte Carlo opti-
mization in RayStation version 11A (RaySearch Labo-
ratories, Stockholm, Sweden) to deliver 66 Gy(RBE) in
2 Gy(RBE) fractions to a left-sided spherical target of
6 cm diameter. Each treatment plan had the same three
treatment fields, including a left lateral field, a posterior
field, and a vertex field. The Monte Carlo dose calcu-
lation used does not model secondary neutrons and
cannot be used to estimate out-of-field dose.
Treatment plans were created using CT scans of the
RANDO phantom. The plan dose distribution is shown in
Figure 1 for the scenario where the dynamic apertures
were used, and the dose-volume histograms for all three
treatments are shown in Figure 2. Three plans were
created corresponding to the three different collimation
techniques: dynamic adaptive aperture, static adaptive
aperture, and uncollimated (“no AA”). All plans had
95% of the target volume treated to the prescription
dose. Dose deposition differences inherent to the three
collimation techniques are evident on the dose-volume
histogram. The dose to normal tissue (brain structure)
is less in the scenarios where apertures are used (both
static and dynamic) and is lowest when the dynamic
aperture is used. The dose to the target is less uniform
for the scenario where the dynamic aperture is used,
resulting in larger high-dose regions within the target.
While Monte Carlo optimization and dose calculation is
used for all treatment plans, the treatment planning soft-
ware does not provide information about the out-of-field
dose at the investigated positions.

2.2 | Neutron measurements

All measurements were performed using WENDI
(Thermo Fisher Scientific, Waltham, MA) and the
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FIGURE 1 Dose distribution for 6 cm diameter left lateral lesion using vertex, posterior, and left lateral fields.
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FIGURE 2

Dose volume histograms for static aperture, dynamic aperture, and uncollimated treatments. Normal brain and target are shown.
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FIGURE 3

RANDO anthropomorphic phantom (Radiology Support
Devices, Inc., Long Beach, CA) with the detector placed
at representative locations to mimic the growth and
movement of the fetus at different gestational stages.
The WENDI detector was placed at three different supe-
rior to inferior locations, with the locations separated by
7.5 cm of phantom material, as shown in Figure 3. At
each measurement location, the detector was moved
and 7.5 cm of phantom was removed, ensuring that the
measurements were representative of the differences
in tissue that arise over the course of a pregnancy. The
measurement positions were 58.5 cm from isocenter
(66.5 cm from the most superior point of the anthropo-
morphic phantom) to the center of the WENDI detector
(which is 47 cm from the superior width of WENDI),
51 cm from isocenter (39.5 cm from WENDI edge), and
43.5 cm from isocenter (32 cm from WENDI edge). Mea-
surements for each field were repeated three times, for
a total of nine measurements per plan. The WENDI
measurement is the neutron ambient dose equivalent
H*(10), accounting for the physical dose deposited and
the quality factor (Q).° Bubble detector measurements
using BD-PND detectors (Bubble Technology Industries,
Chalk River, ON) with a sensitivity of 0.12-0.15 bub-
bles/uSv at 52 cm from isocenter were used to confirm
the measurements taken with the WENDI detector for
the adaptive aperture plan, which is the plan for which
the neutron dose was expected to be highest.

2.3 | Linac measurements

To characterize how the Mevion S250i proton out-
of-field dose compares to a modern (6 MV) VMAT
treatment plan for a similar target volume, a dosi-
metrically similar plan was created using the Eclipse
Treatment Planning System (Varian Medical Systems,
Palo Alto, CA) employing a Varian Edge accelerator.
Out-of-field contribution was measured using optically
stimulated luminescent detectors (OSLDs). As in the
proton plan, the prescription dose was 66 Gy in 33 frac-
tions (2 Gy per fraction) to the 6 cm target volume and

lllustration of the RANDO phantom and the positions of the WENDI for neutron dose equivalent measurement.

the plan was optimized to provide desired coverage of
the PTV (95% of the PTV received the full prescrip-
tion dose). The photon plans were delivered on a Varian
Edge linear accelerator. OSLDs were placed at the same
positions as the edge of the WENDI (47, 39.5, and
32 cm from isocenter). The OSLDs were annealed prior
to treatment to ensure that the residual dose was mini-
mized and the fields were repeated five times to ensure
an adequate measurement signal.

3 | RESULTS

Fetal dose measurements varied with detector position,
and the largest measured dose was 64.7 uSv (0.2 uSv)
per 2 Gy(RBE) using the dynamic aperture. The small-
est estimated fetal dose was 45.0 uSv (+0.2 uSv)
per 2 Gy(RBE) at the base of the RANDO abdomen
(35.5 cm from isocenter) for the static aperture delivery.
The vertex fields at all depths had larger contributions to
the total fetal dose than the other two fields. The dynamic
aperture plans resulted in the highest fetal dose mea-
sured for all depths. The contributions measured from
the individual beams and the three-beam plans for all
measurement points are shown in Figure 4. The out-
of-field dose for the photon plan per 2 Gy treatment
delivered is shown in Table 1.

4 | DISCUSSION

Estimated fetal doses ranged from 45.0 uSv (£0.2 uSv)
to 64.7 uSv (0.2 uSv) per 2 Gy(RBE). As expected,
the vertex fields for each beam collimation mode con-
tributed the highest dose to the fetus. Like photon fields,
this suggests that when treating a pregnant patient’s
brain, vertex fields should be avoided if possible, to limit
the dose to the fetus. Our data also demonstrates that
the use of the Mevion system’s Adaptive Aperture in
“Static Aperture Mode” is likely to minimize out-of-field
dose for similar beam arrangements. Increased dose
from neutrons produced in the patient is a source of
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FIGURE 4 Measurements of the out of field contribution. The blue cross is for the dynamic aperture measurements, the black square
represents the measurements where an aperture was not used, and the red circle represents measurements where the apertures were static.
The bubble detector measurement for the adaptive aperture field at 52 cm from isocenter is shown as a star. The error bars to demonstrate
standard deviation are too small in comparison to the size of the dose measurements.

TABLE 1 VMAT measurements with an anthropomorphic
phantom and OSLDs.

OSLD location OSLD depth Average reading (cSv)
from ISO (cm) (cm) and range of values (cSv)
32 1.5 0.661 (0.644-0.677)

32 6 0.530 (0.519-0.542)

39.5 1.5 0.290 (0.278-0.305)

39.5 6 0.302 (0.300-0.304)

47 1.5 0.171 (0.163-0.178)

47 6 0.163 (0.159-0.167)

the higher dose from the plan with no adaptive aper-
ture present. All of the measurements in this work
demonstrate that the total out-of-field dose to a fetus
would be significantly less than the 0.05 Gy value listed
in TG-36.

There is concern regarding dose pile-up in the WENDI
detector, causing underestimation of neutron dose, and
previous studies have shown that WENDI will under-
estimate dose from a Mevion system.’'" As a result
of these studies, bubble detectors, which have no such
issue with dose pile-up, were used to confirm the results
of the measurements. The average dose for the bubble
detectors measured location to isocenter was 57.9 uSv
per 2 Gy(RBE), consistent with the other measure-
ments in this study. Bubble detectors on their own have
additional limitations, as discussed in depth in AAPM
TG-158."2 The purpose of including these measure-
ments here was to confirm that the other measurements
in the study were not limited by detector dead time.

For a dosimetrically similar VMAT plan, the out-of-field
dose was significantly higher with photons than with pro-
tons. This is due to scattered radiation and not due to
neutrons, as a 6 MV VMAT plan would have almost no
neutron dose, while a proton plan would have a much
higher neutron dose. The out-of-field dose could be min-
imized in this scenario by treating this volume with a 3D
photon plan instead of a VMAT plan, but this would result
in a less conformal treatment plan. The out-of-field dose
for the VMAT plan is presented here as an initial refer-
ence point for out-of -field dose in a VMAT treatment plan
scenario. The over-response of detectors due to energy
dependence is discussed in the report of AAPM TG
158,'2 with OSLDs having an over-response in the range
of 5%—13%. In the VMAT treatment plan, the cumulative
dose to the fetus would range from approximately 5 cGy
for 33 fractions (using the largest distance to the isocen-
ter and the measurement depth of 6 cm) to 17.49 cGy
for 33 fractions (using the smallest distance to isocenter
and the depth of 6 cm). All these measurements would
exceed the TG-36 recommendation of 5 cGy; the treat-
ment plan could be intentionally varied to decrease the
out-of-field dose.

In comparison to other proton treatment modalities,
the neutron dose equivalent for the Mevion pencil
beam scanning system is equivalent or reduced. The
32.35 uSv per Gy(RBE), measured here represents a
significant decrease from the 2.59-3.95 mSv/Gy equiv-
alent measured by Howell et al. for Mevion double
scattering system.2 Heimovaara et al. showed that for
a nasopharyngeal carcinoma treated with protons, the
estimated total dose to a fetus was 5.5 mSyv,with 4.6 mSv
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from neutrons alone, at a distance of 20 cm from the
border of the CTV and at 7 cm depth.'®> Additional work
by KnezZevic et al. demonstrated the differences in dose
for proton therapy compared to 3D conformal radiation
therapy, IMRT, and Gamma Knife (Elekta, Stockholm,
Sweden) with the proton therapy plan containing two
coplanar beams treating a brain lesion in a pediatric
phantom.’ The study found a decreased total organ
dose equivalent for intensity modulated proton therapy
(IMPT) with pencil beam scanning compared to photon
therapy.'* Compared to phantom measurements taken
with bubble detectors at the Indiana University Cyclotron
double scattering system, reported by Mesoloras et al.,
the fetal dose is reduced from the 25-871 uSv per
Gy to the maximum 64.7 uSv per 2 Gy(RBE) reported
here.'®> With previous literature demonstrating that pas-
sively scattered proton therapy is not associated with
a significant increase in secondary malignancies when
compared with photon therapy,>'® our work suggests
that this risk is further reduced when using pencil beam
scanning systems, such as the Mevion S250i system.
In all scenarios, however, the cumulative dose over 33
fractions would be far less than the TG-36 quoted value
(0.02 mSv for the entire course compared to 0.05 Gy).
Halg and Schneider compiled a list of out-of-field dose
measurements for other pencil beam scanning sys-
tems, and neutron dose equivalents can vary widely
depending on energy and measurement distance from
the isocenter. However, the measurements in our study
are within the range of the pencil beam scanning
measurements reported (1.2-79 uSv per Gy).!”

In comparison to other studies on proton fetal dose,
this work demonstrates that the Mevion pencil beam
scanning system has slightly higher out-of-field dose
measurements than other pencil beam scanning sys-
tems, but that the estimated dose to the fetus is still lower
than that for double scattering proton therapy.'>18.19
Side by side comparisons between systems remain
challenging as differences in the delivered treatment
plan, measurement conditions and other geometric
factors (e.g., beam angles, measurement distance to
isocenter, target shape, target location, target size) are
not reproduced. The estimated dose to the fetus with
the Mevion single gantry PBS system is less than
the reported dose for the Mevion double scattering
system.'®
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