Out-of-field dose assessment for a 1.5 T MR-Linac with optically stimulated
luminescence dosimeters
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Purpose: To assess the out-of-field surface and internal dose of the 1.5 T MR-Linac compared to the
conventional external beam linac using optically stimulated luminescence dosimeters (OSLDs), and
evaluate the out-of-field dose calculation accuracy of the Monaco treatment planning system (TPS)
of the 1.5T MR-Linac.

Methods: A cubic solid water phantom, with OSLDs on the surface, was vertically irradiated by
MR-Linac square fields with different sizes. In addition, OSLDs were arranged out of the beam edges
in four directions. An anthropomorphic adult phantom, with 125 cm® simulated volume, was irradi-
ated in four orthogonal directions by both MR-Linac and conventional linac at the head, thoracic,
and pelvic sites. Out-of-field doses were measured by OSLDs on both the surface and internal emula-
tional organs at risk (OARs). The results were compared to the simulated dose from Monaco TPS.
Results: At different field sizes (5 X 5 to 20 x 20 sz) and distances (1 to 10 cm) to beam edge,
the out-of-field surface dose measured on MR-Linac varied from 0.16 % (10 cmto 5 X 5 cm? edge)
to 7.02 % (1 cm to 20 x 20 cm? edge) of the maximum dose laterally and from 0.14 % (10 cm to
5 x 5 cm? edge) to 8.56 % (1 cm to 20 X 20 cm? edge) of the maximum dose longitudinally. Com-
pared to the OSLDs measured data, the Monaco TPS presented an overestimate of the out-of-field
dose of OARs at 0-2 % isodose area on both surface and internal check points, and the overestima-
tion gets greater as the distance increases. The underestimation was found to be 0-35% at 2-5% iso-
dose area on both surface and internal check points. Compared to the conventional linac, MR-Linac
delivered higher average values of out-of-field dose on surface check points (20%, 19%, 21%) and
internal simulated OARs (42%, 37%, 9%) of the anthropomorphic phantom at head, thoracic, and
pelvic irradiations, respectively.

Conclusions: Compared to the conventional linac, MR-Linac has the same out-of-field dose distri-
bution. However, considering the absolute dose values, MR-Linac delivered relatively higher out-of-
field doses on both surface and internal OARs. Additional radiation shielding to patients undergo-
ing MR-Linac may provide protection from out-of-field exposure. © 2021 The Authors. Medical
Physics published by Wiley Periodicals LLC on behalf of American Association of Physicists in Med-
icine [https://doi.org/10.1002/mp.14839]
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1. INTRODUCTION

With the advent of upgraded radiation accelerators, manifold
radiation technologies, and improvements in imaging guid-
ance technology, image-guided radiation therapy (IGRT) was
introduced for highly targeted tumor location, high-resolution
tumor boundary delineation, and accurate treatment delivery.'
Cone-beam computed tomography is recognized in wide-
spread applications as it modifies the patient position error
appropriately before treatment; however, it has several draw-
backs such as poor image quality and severe shading of arti-
facts owing to extra scatter radiation.” To further reduce the
limitations of image quality for the development of radiother-
apy, the concept of combining an MRI scanner with a linear
accelerator has been developed, termed as MR-Linac. By pro-
viding the benefits of superior soft-tissue contrast, nonradia-
tive exposure, and real-time anatomical image tracking for
routine adaptive strategies, the MR-Linac achieves good
recognition for clinical practice.*’

However, the effects of the magnetic field on dose pertur-
bations in practice have raised concerns. Owing to the two
beam-field systems in the design of the MR-Linac,’ the two
orientations of the magnetic field, with respect to the radia-
tion beam, influence the dose perturbation caused by the sec-
ondary electrons in different ways. For the magnetic field
parallel to the radiation beam, electrons produced by the
Linac head or air move straight along the direction of the
radiation beam with less lateral scattering. For the targets that
are close to the patient surface or in some low density tissues,
the electrons strike the patient and finally are deposited on
the surface, which increases the planning target volume
(PTV) dose. To an extent, this spares the neighboring normal
tissues.”® For the transverse magnetic field, there is a lateral
shift of profiles in the direction of the Lorentz force and a
decrease in the depth of the maximum dose.” Additionally,
the electron return effect occurs between interfaces of differ-
ent densities.'”'" Nachbar et al. identified that the out-of-
field electron stream effect (ESE) dose could be accurately
calculated by the treatment planning system (TPS).'” Park
et al. reported that an unwanted electron stream is observed
outside the treatment region in partial breast irradiation in the
presence of the magnetic field."> Moreover, Hackett et al.
determined that the contaminant electrons are within the
same order of magnitude as the scattered or leaked photons
for larger fields."*

These studies have shown the non-negligible impact of the
magnetic field on secondary electrons, which induces extra
dose deposition outside the target volume. In addition, out-
of-field scattered photons should also be investigated for the
MR-Linac. The out-of-field dose is relatively low; however,
most secondary cancers occur in the proximity of the targeted
volume." Organs at risk (OARs), especially radiosensitive
organs (i.e., eyes, thyroid, breasts, and gonads) which sur-
round the irradiation region, are inevitably exposed to radia-
tion, which may increase the risk of deleterious effects and
even secondary malignancy.'® Tubiana et al. reported that
doses as low as 10 cGy in pediatric radiotherapy could lead
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to thyroid and breast malignancies.'” The threshold dose for
radiation-induced cataract formation may be less than
0.5 Gy]8 with a linear no-threshold model.'”*° Thus, for
pediatric patients, a low level of radiation exposure can lead
to many side effects.”’** As mentioned above, it is important
to investigate and quantify the out-of-field dose in the mag-
netic field.

Owing to the original configurations of the MR-Linac and
the complexity of out-of-field dose distribution, there is mini-
mal literature focusing on the out-of-field dose distribution of
the MR-Linac, and it remains to be investigated and measured
using reliable dosimeters. It has been proven that optically
stimulated luminescence dosimeters (OSLDs) are MR-safe
detectors.?® In addition, the beryllium oxide material, used in
an OSLD, possesses favorable features, such as near tissue
equivalence (Zegr = 7.2),>* high sensitivity, wide linearity
range, and low energy dependence.”” Hence, OSLDs can
accurately measure the dose in a magnetic field.*®

At the same time, there are several published works identi-
fying the poor performance, including under- and over-
estimation, of out-of-field dose calculation of specific
TPSs.2"~%° However, the accuracy of out-of-field dose calcu-
lation of the Monaco TPS, including the Graphics Processing
Unit-based Monte Carlo dose calculation algorithm
(GPUMCD) in the magnetic field, has rarely been evaluated.

This study aims to assess the out-of-field surface and inter-
nal dose of the 1.5 T MR-Linac compared to the conventional
external beam linac using OSLDs, and evaluate the out-of-
field dose calculation accuracy of the Monaco TPS of the 1.5
T MR-Linac.

2. MATERIALS AND METHODS
2.A. Optically stimulated luminescence dosimeters

The OSLD system (RadPro International GmbH, Ger-
many) is composed of several myOSLchips; a handheld man-
ual OSL reader; an eraser with 24 blue power light-emitting
diodes for annealing; and software for registration, calibra-
tion, and measurement. Similar to nanoDot dosimeters (Lan-
dauer, Illinois, USA), OSLDs are made from beryllium oxide
(BeO) and have a sensitive area of 4.7 X 4.7 mm? embedded
into a hard-plastic holder, with a QR code and number labels
for identification. Each dosimeter has a total length, width,
and thickness of 1 cm, 1 cm, and 2 mm, respectively.
Annealing each chip after the measurement is of great impor-
tance because it eliminates the effects of accumulated signals.

2.A.1. Calibration

Based on the guideline proposed by the vendor, prepro-
cessing is essential for the OSLDs before use. A batch of
OSLDs was preirradiated with a 10 Gy dose to improve sta-
bility. After removing the plastic casings, the BeO chips were
annealed by an eraser for more than 4 h. After registration
was completed, another important procedure was the calibra-
tion of the OSLDs based on the conventional Linac, which
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was then passed through the daily quality assurance protocol.
Several high-performance dosimeters were selected for cali-
bration mode as reference dosimeters, and the rest were
switched to field mode for use.

The three steps of the calibration were implemented in
sequence. First, the background values of OSLDs were read
by the manual OSL reader; then, they were positioned on the
linac couch between two solid water slabs, which were used
for buildup and backscatter. After irradiation with a known
local exposure value under the 6 MV beam, the OSLDs were
placed in the reader to obtain the signals. The device calibra-
tion factor was determined on the accompanying software
using the following formula:

Device Calibration Factor = (Signal — Background) :

/Local exposure value. W

Subsequently, the dosimeters were annealed for more than
2 h, and background values were measured for the next step.
Second, the OSLDs were irradiated with the known local
exposure value under the same irradiation condition, then sig-
nals from the chips were read out and the sensitivity was
obtained on the software using the following formula:

Sensitivity = Local exposure value )
x Device Calibration Factor/Signal.

Third, after the background was read out, OSLDs were
irradiated with the known local exposure value under the
same irradiation condition once again, and signals were
obtained. The system calibration factor was computed as a
conversion when reference field was given using the follow-
ing formula:

System Calibration Factor =
Reference exposure value x Local exposure signal ~ (3)
Reference exposure signal x Local exposure value

From the calibration, the actual dose value is represented
as follows:

1

Device Calibration Factor
x Sensitivity x System Calibration Factor

“

After calibration, dose verification was performed. The
remaining dosimeters, which were implemented in field mode,
were irradiated with a particular dose value to obtain the sensi-
tivity, and by the next irradiation, the actual dose was calculated
according to the above formula. Then the deviation was com-
pared between the actual dose and known dose. Therefore, the
aforementioned dose verification procedure in this study yielded
a measurement uncertainty of £+ 5% for the dosimeters.

Actualdose value = Signal x

2.B. Solid water phantom

The Unity system (Elekta, Stockholm, Sweden) comprises
a7 MV flattening filter-free (FFF) (TPR;g 10 = 0.703) Linac
and a 1.5 T MRI scanner (Philips, Best, The Netherlands).
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The magnetic field is oriented along the craniocaudal patient
axis perpendicular to the primary beam, and the coordinate
system is presented as shown in Fig. 1(a). Homogeneous
solid water slabs, with various depths, were stacked to form a
cubic solid water phantom (40 x 40 X 14 cm) positioned on
the treatment couch.

2.B.1. Solid water phantom setup

To further reduce the setup errors, specific important
details were emphasized as follows:

A tungsten ball was used on the center of the solid water
phantom at the surface and irradiated at a gantry angle of 0°;
frontal images were acquired by the MV imaging controller
software (MVIC). The location of the phantom was adjusted
and determined by comparing deviations in the center of the
small tungsten ball with respect to the treatment isocenter.
Marking the phantom edge in black lines, the phantom setup
can be accurately reproduced.

Then a tungsten ball was irradiated at gantry angles of 0°
and 90°, and frontal and lateral images were acquired by
MVIC to validate the isocenter at the center of the phantom
surface. Hence, the treatment isocenter was confirmed and
marked by a cross, along with the marked edge of a
15 x 15 cm? irradiation field in Fig. 1(b).

At the same time, according to the treatment isocenter and
marked edge of the irradiation field, each dosimeter was
arranged in a line using a scale. Due to the short distance
(1 cm) between the measurement points resulting from the
small physical size of the dosimeter, the other dosimeters
were located next to each other shown in Fig. 1(b). The entire
measuring distance is 10 cm in each direction.

2.B.2. Measurements

A cubic solid water phantom with OSLDs on the surface
was vertically irradiated by MR-Linac, where OSLDs were
arranged out of the beam edges in four directions. The center
of first dosimeter for each direction was located 0.5 cm from
the beam edge. At a gantry angle of 0° (beam vertical to the
phantom), source-to-surface distance of 133.5 cm (SSD), and
field size of 10 x 10 cm?, 200 monitor units MU) were deliv-
ered, which corresponds to 1.67 Gy at a depth of 9.7 cm in the
water phantom. Next, the field size was changed to 5 X 5 cmz,
15 x 15 cm2, and 20 x 20 cmz, and the same measurements
were performed. Each irradiation was repeated five times and
the data from the OSLD measurements were averaged.

2.C. Anthropomorphic phantom

The anthropomorphic adult phantom (ATOM, Computer-
ized Imaging Reference System Inc., Virginia, USA) consists
of serial horizontal sections, each 25 mm thick, drilled with
thru-holes 5 mm in diameter, and alignment nylon pins
stitched together to reduce air gaps. It can simulate the shape
of the actual patient and has specific internal organs with
solid plugs for holding myOSLchips.
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FiG. 1. (a) Coordinate system and the magnetic field orientation are marked by arrows. (b) Solid water phantom (40 X 40 cm) irradiation with optically stimu-
lated luminescence dosimeters ranged out of field of 1.5T MR-Linac at the field size of 15 x 15 ecm? in four directions. [Color figure can be viewed at wileyon

linelibrary.com]

2.C.1. Simulation setup and treatment planning

Before scanning, the OSLDs were placed on the surface of
emulational OAR (e.g., eyes, thyroid, breasts, and testes) of the
phantom, locations of which were specific to those of internal
organs. This ensures the repeatability of each measurement and
improves the accuracy of the TPS dose calculation of the corre-
sponding position.”® Three scan reference points, aligned to a
specific couch index, were marked to achieve stable and repro-
ducible positioning. Then, the computed tomography (CT)
simulator was used with a slice thickness of 3 mm, and the CT
simulated images were transferred to the Monaco treatment
planning system. To simulate specific anatomical sites (head,
thoracic, and pelvic), the size of the PTVs was uniformly set to
5% 5 x 5 cm’. The PTV of the head was located in slices 2
and 3, that of the thoracic was located in slices 14 and 15, and
that of the pelvic was located in slices 34 and 35, as shown in
Fig. 2. For each treatment site, 4 equally weighted treatment
fields, with gantry angles of 0°, 90°, 180° and 270° were
designed, and a prescribed dose of 2000 cGy in 1 fraction was
delivered to the target volume of 125 cm®. The field aperture
was set using only collimator jaws to design the three-
dimensional conformal radiotherapy (3DCRT) planning. The
coverage dose was rescaled to cover 90 % of the target volume
to maintain a similar plan quality. The SSD for head, thoracic,
and pelvic irradiations using Unity were 135.37, 134.38, and
134.65 cm, respectively. The MR body coil was added in the
TPS manually and utilized in each treatment. Before irradia-
tion, gamma analysis using 3%/3 mm pass criteria was per-
formed and points of agreement were over 95 % for the plans
of different sites.

2.C.2. Measurements

Given the absence of a cross-laser system and unavailabil-
ity of a magnetic resonance signal for the anthropomorphic
phantom, the position of the center of the small tungsten ball
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and the PTV isocenter were compared online by MVIC to
verify the PTV isocenter and further reduce the setup error
before each measurement.

First, during the thoracic treatment, the phantom was
adjusted in the supine position on the treatment couch and
irradiated with OSLDs lined up at different measurement
points, from the beam edge along the central axis as indicated
by the blue line in Fig. 2(a). Second, the OSLDs were placed
on the surface of the emulational OARs (e.g., eyes, thyroid,
breasts, and testes). The phantom was then consecutively irra-
diated at different radiotherapy sites. As these are some of the
most radiosensitive organs, measured surface doses cannot be
equivalent to the actual internal doses in the organs, which
need to be measured in comparison with the surface dose.
Therefore, by inserting myOSLchips into solid plugs, the
out-of-field dose of internal simulated OARs were measured.

The same plan of a 5 x 5 cm? field size and four orthogo-
nal treatment fields without a multileaf collimator (MLC) for
each anatomical site was created to be delivered to the 6 MV
FFF (TPR;0 10 = 0.655) VitalBeam accelerator (Varian Med-
ical Systems Palo Alto, CA). Experiments were conducted in
the same way as described above. The SSD for head, thoracic,
and pelvic irradiations using VitalBeam were 90.4, 89.4, and
89.6 cm, respectively.

For all measurements, each irradiation was repeated five
times and the data from the OSLD measurements were aver-
aged.

2.C.3. TPS dose calculation

Out-of-field dose calculations were performed using the
Monaco TPS (V5.40.01, Elekta AB, Stockholm, Sweden)
with GPUMCD for 3DCRT treatments. The volume of the
dosimeter (1 X 1 X 0.2 cm) was outlined to be approxi-
mately 0.2 cm® in the TPS calculation. A dose uncertainty of
1 % was set and a 2.0 mm calculation grid size was adopted.
The average dose of check points were calculated by TPS
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FiG. 2. (a) Photograph of an anthropomorphic phantom with optically stimulated luminescence dosimeters affixed to the surface of its radiosensitive organs. Yel-
low line “d” was marked as a distance from the planning target volume (PTV) isocenter to the interest points. (b) Locations of outlined PTVs of different treat-
ment sites in the sagittal and coronal planes. [Color figure can be viewed at wileyonlinelibrary.com]

based on the dosimeter delineation. The locations of surface
check points and internal simulated OARs were marked as
interest points with three-dimensional coordinates. Then, the
distances from the PTV isocenter to the interest points were
calculated. The TPS calculated dose were compared with the
OSLD measurements to determine the out-of-field dose cal-
culation deviation.

3. RESULTS
3.A. Solid water phantom measurements

For the measurements of the solid water phantom, the dis-
crete point doses were connected to a curve. The surface dose
values in the X- and Y-directions for the varying field sizes of
5x5cem? 10 x 10 em?, 15 X 15 cm?, and 20 X 20 cm” are
shown in Fig. 3. As the distance from the beam edge to the
distal side of each direction varies, the surface dose was
observed for the same field size; the curve exhibits a nearly
symmetrical declining distribution within a narrow range,
and a sharp decrease in the dose is observed primarily within
1 cm of the beam edge. As the field size increases, the dose
increases consistently. For the 10 x 10 cm? field size, the
out-of-field surface dose measured on MR-Linac varied from
0.59% to 4.82% of maximum dose and varied from 0.57% to
5.29% of maximum dose longitudinally. For the 5 X 5 cm?
field size, the out-of-field surface dose measured on MR-
Linac varied from 0.16% to 4.38% of the prescribed dose lat-
erally and varied from 0.14% to 4.40% of maximum dose
longitudinally. For the 20 x 20 cm? field size, the out-of-
field surface dose measured on MR-Linac varied from 1.76%
to 7.02% of maximum dose laterally and varied from 1.41%
to 8.56% of maximum dose longitudinally. In conclusion, at
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different field sizes (5 X 5 to 20 x 20 cm?) and distance (1
to 10 cm) to beam edge, the out-of-field surface dose mea-
sured on MR-Linac varied from 0.16 % (10 cmto 5 X 5 cm?
edge) to 7.02 % (1 cm to 20 x 20 cm? edge) of maximum
dose laterally, and varied from 0.14 % (10 cm to 5 X 5 cm?
edge) to 8.56 % (1 cm to 20 x 20 cm? edge) of maximum
dose longitudinally.

3.B. Anthropomorphic phantom measurements
3.B.1. Thoracic treatment

Several point doses, from the beam edge in the thoracic, were
measured using MR-Linac (Unity) and conventional linac
(VitalBeam). In Fig. 4, the surface dose measured using Unity
in the thoracic varied from 0.17 % to 2.67 % of prescribed dose
within 20 cm from the beam edge. The surface dose measured
using VitalBeam in the thoracic varied from 0.17 % to 3.08 %
of prescribed dose within 20 cm from the beam edge. Within
5 cm from the beam edge, the measured doses using VitalBeam
were higher than those using Unity. For distances more than
5 cm from the beam edge, the measured doses using VitalBeam
were lower than those using Unity.

3.B.2. Surface and internal dose

OSLDs were placed on the surfaces of the radiosensitive
organs (eyes, thyroid, breasts, and testes) of the phantom.
The measured dose of surface check points for different sites
(head, thoracic, and pelvic) on the Unity and VitalBeam sys-
tems is listed in Table I. A dose of <0.5 cGy was considered
too small to be significant and as a result, less reliable. The
anatomical location of the target volume plays a dominant


www.wileyonlinelibrary.com

4032 Zhang et al.: Out-of-field dose assessment of MR-Linac 4032
X direction Y direction
@ S 10% (b) F10%
= 9% = 9%t
] g v
E ot £ 8%t
S 1%t S 1%+
=) = ¥
2 . 2
< 6T < %,
g S A
| %t a s%T
. .
4% » 4%+
v v » v
AN o PR\
A - v
e %t | A ., v a2\ T,
b e ‘ —— A g T * —. e
P Ja—— L A a4 JEPEE J— o -, ooy
Ve e J1%T . . . .-t %T . e, “
.....-l' 0+ ..IIIIII :l...... 0+ .....lll
T T T T
-11.5_ 95 7.5 =55 <35 <15 0 1S 35 55 75 95 _1LS -5 95 <75 55 35 15 0 15 35 55 75 95 115
-X +X -Y +Y

Distance from the beam edge (cm)

Distance from the beam edge (cm)

FiG. 3. Point doses measured on MR-Linac at different field sizes and distance from the beam edge on the surface of solid water phantom on (a) X (lateral) and
(b) Y (longitudinal) directions. The line thickness indicates the standard deviation of multiple measurements. [Color figure can be viewed at wileyonlinelibrary.

com]

role in the out-of-field dose of surface check points.
Radiosensitive organs, in close proximity to the target vol-
ume, are exposed to a higher dose. The out-of-field dose of
the surface check points, near the treatment field, for different
treatment sites was no more than 1.45% of the prescribed
dose. Compared to the VitalBeam, MR-Linac delivered 20%,
19%, and 21% higher average out-of-field dose on surface
check points at head, thoracic, and pelvic irradiations, respec-
tively.

Table II presents the measured doses of internal emula-
tional OARs at different treatment sites using Unity and
VitalBeam. Compared to the conventional linac, MR-Linac
delivered 42%, 37%, and 9% higher average out-of-field dose
on internal simulated OARSs of the anthropomorphic phantom
at head, thoracic, and pelvic irradiations, respectively.

3.B.3. TPS dose calculation

The ratio of the TPS-calculated dose to the OSLD-
measured dose for both surface and internal of the emula-
tional OARs was plotted as a function of distance from the
PTV isocenter to dosimeter for the head, thoracic, and pelvic
treatment plans using Unity. As shown in Fig. 5(a), the val-
ues of Dtps/Dosr p ranged from 65 % (35 % underestimation
of dose in TPS) to 370 % (270 % overestimation of dose in
TPS), including measurements on the surface and in the
phantom. The farther the radiosensitive organ is from the tar-
get volume, the greater the ratio of the TPS-calculated dose
to the OSLD-measured dose. This in turn results in a greater
overestimation of the TPS. Compared to the OSLD-measured
data, the Monaco TPS tended to overestimate the out-of-field
dose of OARs at 0-2% isodose area on both surface and
internal check points. The underestimation was found to be
0-35% at 2—-5% isodose area on both the surface and internal
check points of the thoracic irradiation.

It was shown that the underestimation gets greater within
the distance of 10 to 20 cm from the PTV isocenter to
dosimeter using both Unity and VitalBeam. At the distances
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far from the treatment field, the out-of-field dose of TPS cal-
culation using VitalBeam became constant and relatively
small.

For the thoracic irradiation, Fig. 6 depicts the comparison
of the 2% and 5% isodose lines using Unity and VitalBeam.
The underestimated out-of-field check points using Unity
were from the thyroid and breasts, which were within the 2%
and 5% isodose ranges in Fig. 6(a). In addition, an extra dose
from the chin to the geisoma in the magnetic field was
observed, and the dose distribution of the isodose line on the
MR-Linac (Unity) was more dispersed than that on the con-
ventional linac (VitalBeam).

4. DISCUSSION

In this study, we investigated the general out-of-field dose
distribution in the presence of the magnetic field on a solid
water phantom using OSLDs. The out-of-field doses, on both
surface and internal of the emulational OARs, were mea-
sured. We then compared the results with the measured data
from the conventional linac. Relevant dosimetry data are
highly recommended to make critical clinical decisions on
the out-of-field organs, and the necessity to investigate the
potential risks is emphasized for radiation protection.

BeO material is considered as a reliable and suitable
OSLD chip for out-of-field dose measurement. The average
energy outside the treatment field is much lower, typically
between 0.2 and 0.6 MeV.*"*? According to AAPM TG-
158,>% a dosimeter with a higher effective atomic number
(Zegr) than that of tissue will overrespond to this softer radia-
tion. Compared with other materials (such as Al,O5:C with
Z.gr of 11.3), BeO sensitive material utilized as OSLD chips
as in this study has a lower effective atomic number (Z.g =

7.2) and near water (Z.;s = 7.4) equivalence, and thus is less
overresponsive to the softer radiation. As Sarigul et al.**
observed, BeO chips are energy independent at energies
higher than 150 kv (105 keV mean photon energy). Without
considering the effect of the number of beam angles on the
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TaBLE I. Surface dose measurement comparison of radiosensitive organs of different treatment sites on the Unity and VitalBeam (abbreviation for VB).
Head irradiation Thoracic irradiation Pelvic irradiation

Dunity (cGy) Dy (cGy) Duniry (€Gy) Dyg (¢Gy)  Duniy/  Duniry (€Gy) Dy (¢Gy)  Duniy/
Organ (Mean + SD)  (Mean + SD)  Dyyi/Dyvg  (Mean &= SD)  (Mean + SD) Dyg (Mean £ SD) (Mean + SD) Dvs
eye R (5)* 2492 £ 031 21.34 + 0.26 1.17 4.90 £ 0.01 2.90 £ 0.09 1.69 <0.5 <0.5 -
eye_L (5) 23.64 £0.27 21.37 £ 0.29 1.11 3.85 £ 0.05 3.18 £ 0.09 1.21 <0.5 <0.5 -
thyroid_R (10) 5.62 £ 0.18 5.44 +0.21 1.03 16.71 + 0.23 13.73 £ 0.19 1.22 <0.5 <0.5 -
thyroid_L (10) 5.62 +£ 0.17 525+ 0.12 1.07 15.61 £ 0.07 14.34 + 0.30 1.09 <0.5 <0.5 -
thyroid_R (11) 4.73 £0.12 4.59 £0.11 1.03 21.13 £ 0.47 18.86 + 0.36 1.12 <0.5 <0.5 -
thyroid_L (11) 4.60 £ 0.14 4.54 £0.12 1.01 20.79 £0.79  18.92 £ 0.23 1.10 <0.5 <0.5 -
thyroid_R (12) 4.07 £0.12 3.39 + 0.06 1.20 28.06 £ 0.52 24.65 £0.42 1.14 <0.5 <0.5 -
thyroid_L (12) 4.20 £ 0.15 3.43 £ 0.03 1.22 29.03 £049 2622 +£0.31 1.11 <0.5 <0.5 -
breast_R up (17) 1.17 £ 0.07 0.93 £ 0.02 1.26 1723 £ 027 1437 £ 0.12 1.20 0.56 £ 0.01 0.54 £ 0.02 1.04
breast_R down (17) 0.91 £+ 0.07 0.69 £ 0.02 1.32 1515+ 042 1191 + 0.30 1.27 0.86 £ 0.03 0.59 £ 0.02 1.46
breast_R left (17) 1.06 £+ 0.02 0.77 + 0.00 1.38 16.01 + 0.44  13.76 + 0.52 1.16 0.63 £ 0.01 0.55 £ 0.02 1.15
breast_R right (17) 1.04 £ 0.03 0.78 = 0.02 1.33 16.18 £ 0.51  12.88 £ 0.47 1.26 0.72 = 0.04 0.55 £ 0.01 1.31
breast_R middle (17) 1.01 + 0.02 0.78 + 0.02 1.29 16.58 £ 0.10  12.59 + 0.51 1.32 0.60 £ 0.03 0.56 £+ 0.02 1.07
breast_L up (17) 1.13 £ 0.05 0.95 £ 0.02 1.19 16.12 £ 0.39 1519 + 0.22 1.06 0.56 £ 0.02 0.52 £ 0.02 1.08
breast_L down (17) 0.90 £ 0.05 0.70 £+ 0.02 1.29 15.00 £ 048  12.59 £+ 0.46 1.19 0.90 £ 0.05 0.58 + 0.02 1.55
breast_L left (17) 0.99 + 0.03 0.85 + 0.01 1.16 15.09 £ 0.33  13.58 + 0.24 1.11 0.79 £ 0.03 0.61 + 0.01 1.30
breast_L right (17) 1.11 £ 0.04 0.82 £ 0.03 1.35 15.60 £+ 0.21 14.19 £ 0.28 1.10 0.69 £ 0.03 0.52 £ 0.01 1.33
breast_L middle (17) 1.00 £+ 0.02 0.79 £ 0.03 1.27 1596 = 0.20  13.89 = 0.27 1.15 0.62 £ 0.05 0.53 £ 0.03 1.17
testic_R (38) <0.5 <0.5 - <0.5 <0.5 - 17.79 £+ 0.42 17.13 + 0.30 1.04
testic_L (38) <0.5 <0.5 - <0.5 <0.5 - 18.15 £ 0.30  17.09 + 0.24 1.06
average value 1.20 1.19 1.21

*Number in the parentheses indicates the slice number marking the locations of the radiosensitive organ.

surface dose, a 3DCRT treatment plan with four beam angles
was employed, and the OSLD chips with plastic holders were
uniformly selected.®

In Fig. 3, a sharp decrease is observed within 1 cm of the
beam edge, where the sensitive volume of the OSLDs, which
converts the obtained signals to the mean dose value, is just
within the limited range. The surface dose decreases as the
distance from the beam edge increases and increases as the
field size expands. This is because there are more photons
owing to the larger irradiation volume, which leads to more
scattering contribution of patient scatter.**’

In the first part of the anthropomorphic phantom measure-
ments, several point doses in the thoracic were measured
using Unity and VitalBeam. Within the distance of 5 cm from
the beam edge, patient scatter comprises a large fraction of
the total out-of-field dose in the FFF mode when close to the
treatment field,® and VitalBeam (TPR30,10 = 0.655) has a
lower energy than Unity (TPRy ;o = 0.703) exhibiting more
patient scatter with the same treatment technique.”® There-
fore, it is observed that the measured point doses were higher
using VitalBeam than those using Unity within 5 cm from
the beam edge. Beyond 5 cm, the scattered dose from the
linac head design and electrons generated in the air may
increase the dose in the case of Unity.

For the thoracic irradiation, the extra dose from the chin to
the geisoma in the magnetic field was observed to be the
result of the ESE, as investigated by Nachbar et al.'> As
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mentioned above, the electron return effect cannot be ignored
in practical clinical treatment.'? To reduce the device-specific
differences for the MR-Linac and the conventional linac (as
Nachbar noted*’) as much as possible, we employed the
3DCRT technique for the same field size with no MLC to
ensure the same target coverage and therapeutic effect on the
anthropomorphic phantom. Therefore, the differences in the
out-of-field dose between the MR-Linac and the conventional
linac are mainly beam energy, Linac head design, SSD, and
the magnetic field. As Covington et al. noted, the measured
peripheral dose in the FFF mode decreased with increasing
energy for all field sizes and depths41; thus, it can be con-
cluded that the out-of-field dose for 6 MV FFF VitalBeam
(TPRyp 10 = 0.655) was slightly higher than that of 7 MV
FFF Unity (TPRyp ;0 = 0.703). However, given that this
study focused on the treatment plans of four beam angles,
instead of a single beam, this result may not be obvious and
applicable. It is important to note that the Linac head design,
including the MR cryostat and MR body coil, are the source
of a small amount of scattered radiation.** In addition, the
effect of the magnetic field cannot be ignored. Although the
number of electrons reaching the surface of the phantom
decreased due to a larger SSD,** the trajectories of secondary
electrons were deflected by the magnetic field and therefore
the secondary electrons may increase the out-of-field dose.
As indicated in AAPM TG-158,” if a dosimeter is placed
on the patient surface, it should be covered by a bolus of
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TasLE II. Doses measured for internal simulated radiosensitive organs at different treatment sites using Unity and VitalBeam (abbreviation for VB).
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Head irradiation

Thoracic irradiation

Pelvic irradiation

Dunity (cGy) Dys (cGy) Duniy/ ~ Dunity (¢Gy) Dysg (cGy) Dunity/ ~ Dunity (cGy) Dyg (cGy)

Organ (Mean £ SD) (Mean £ SD) Dyg (Mean + SD)  (Mean + SD) Dys (Mean + SD)  (Mean & SD)  Dypiyy/ Dvs
eye (5)* 23.68 + 0.47 21.68 + 032 1.09 3.35 £ 0.08 2.16 £+ 0.04 1.55 <0.5 <0.5 -
thyroid (11) 434 +0.14 3.28 + 0.09 1.32 22.57 + 0.58 18.84 £+ 0.33 1.20 <0.5 <0.5 -
breast_L (17) 091 £ 0.04 0.58 £+ 0.01 1.57 17.96 £ 0.65 13.32 + 0.17 1.35 0.58 £+ 0.02 0.53 £+ 0.01 1.09
breast_ R (17)  0.95 £ 0.03 0.56 + 0.02 1.70 18.02 £ 0.67 13.07 £ 0.43 1.38 0.59 £+ 0.02 0.51 £ 0.01 1.16
testic (38) <0.5 <0.5 - <0.5 <0.5 - 20.57 £ 0.71 20.32 £ 0.53 1.01
average value 1.42 1.37 1.09

*Number in the parentheses indicates the slice number marking the locations of the radiosensitive organ.
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FiG. 4. Measured point dose at distances from the beam edge of thoracic 125 cm® 20 Gy irradiation at the surface of the anthropomorphic phantom on conven-
tional linac (VitalBeam) and MR-Linac (Unity), respectively. [Color figure can be viewed at wileyonlinelibrary.com]

certain thickness if the superficial dose estimate is desired.
Otherwise, it will overestimate the dose. In this study, the
superficial and internal doses to radiosensitive organs (eyes,
thyroid, breasts, and testes) were of particular interest; hence,
the bolus was not used in the measurement.

From Tables I and II, compared to the conventional linac,
MR-Linac delivered higher average out-of-field dose on sur-
face check points and internal simulated OARs of the anthro-
pomorphic phantom at head, thoracic, and pelvic irradiations.
The slight dose difference between two linacs may be
explained as follows: for most radiosensitive organs near the
treatment region, secondary electrons from the patient may
escape into the air, make a spiral motion along the magnetic
field, and be deposited back to the surface of the patient out-
side the target volume.'>™* Moreover, contaminant electrons,
generated from the Linac head or air, may be swept out of the
irradiation field, similarly spiral toward the magnetic field
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poles, and be trapped on the surface of the patient away from
the treatment region."* It has been found that the measured
dose could be lower when irradiated using the MR-Linac for
the radiosensitive organs close to the target volume, as shown
in Fig. 4. However, it may be different for the thyroid near
the target in the thoracic irradiation. Owing to the ESE in the
magnetic field, electrons move in an inferior—superior direc-
tion along the central axis of the phantom and finally deposit
on the surface of the neck, resulting in an increase in the irra-
diated dose to the thyroid.

For the out-of-field dose of the surface check points and
internal simulated OARs, there is a slight dose difference
between the measured and calculated dose of the TPS. As the
distance from the beam edge increases, the ratio of TPS-
calculated and OSLD-measured dose also increases. This
suggests that the out-of-field dose of the Monaco TPS calcu-
lation was inaccurate. During irradiations at different sites,
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FiG. 5. Ratio of the treatment planning system-calculated dose to the optically stimulated luminescence dosimeters-measured dose plotted as a function of dis-
tance from the planning target volume isocenter to dosimeter for all check points on both the surface and internal organs at risk using Unity and VitalBeam,

respectively.

FiG. 6. Comparison between isodose lines of the same thoracic case. Light- and dark-colored isodose levels represent 2 % and 5 % isodose lines, respectively.
(a) Beam’s eye view at gantry angle of 0° on MR-Linac (Unity). (b) Beam’s eye view at gantry angle of 0° on conventional linac (VitalBeam).

the measured dose at check points far from the treatment field
was extremely small (less than 0.5 cGy), resulting in a very
large D1ps/Dosip- In this study, the underestimation of out-
of-field dose calculation of Monaco TPS within 2% and 5%
isodose ranges is similar to the experimental results presented
by Sanchez-Nieto et al.** The overestimation at 0-2 % iso-
dose area became more severe with increasing distance from
the beam edge. Out-of-field dose of TPS calculation on Vital-
Beam was underestimated over the check points in accor-
dance with Howell et al.’s findings.?® This indeed reveals the
concern that out-of-field doses may have been ignored; there-
fore, accurate dose measurements are necessary to evaluate
the long-term adverse effects associated with low-dose
exposures as well as potentially reduce the risk of secondary
cancer.
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The results of this study were specific to the Monaco TPS
version 5.40.01 and Varian VitalBeam Linac system and to
the Elekta Unity. In general, the deviations reported in this
study are for surface and internal of simulated OARs at a
large off-axis distance. For the solid water phantom measure-
ments, it should be considered that OSLDs placed between
the water phantom stacks may have a large position error, and
the remaining air gap may increase the actual dosimetry data.
Therefore, the impact of depth on the out-of-field dose was
not assessed in the study, and the characterization of depth
remains to be considered as future work. This study was con-
ducted with the limited number of checkpoints, and more
check points need to be considered in the future to evaluate
the accuracy of Monaco TPS in out-of-field dose calculation.
Also, radiation exposure is a concern for other OARs under
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various conditions and not just radiosensitive organs. It is
suggested that measurements be made on the basis of specific
phantom experiments.

5. CONCLUSION

The quantified out-of-field dose distribution for a perpen-
dicular MR-Linac was measured using OSLDs. Compared to
the conventional linac, MR-Linac has the same out-of-field
dose distribution. This study makes a solid contribution to
the current literature on out-of-field dosimetry of MR-Linac
and provides a reference for high-precision Monte Carlo sim-
ulations. However, considering the absolute dose values, MR-
Linac delivered relatively higher out-of-field dose on both
surface and internal OARs. Additional radiation shielding to
patients undergoing MR-Linac may provide protection from
out-of-field exposure.
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