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Purpose: Magnetic resonance imaging (MRI) is a prime candidate for image-guided radiotherapy.
This study was designed to assess the feasibility of real-time MRI-guided proton therapy by quan-
tifying the dosimetric effects induced by the magnetic field in patients’ plans and identifying the
associated clinical consequences.

Methods: Monte Carlo dose calculation was performed for nine patients of various treatment sites
(lung, liver, prostate, brain, skull-base, and spine) and tissue homogeneities, in the presence of 0.5
and 1.5 T magnetic fields. Dose volume histogram (DVH) parameters such as Dys, Ds, and V5 as well
as equivalent uniform dose were compared for the target and organs at risk, before and after applying
the magnetic field. The authors further assessed whether the plans affected by clinically relevant dose
distortions could be corrected independent of the planning system.

Results: By comparing the resulting dose distributions and analyzing the respective DVHs, it was
determined that despite the observed lateral beam deflection, for magnetic fields of up to 0.5 T, neither
was the target coverage jeopardized nor was the dose to the nearby organs increased in all cases
except for prostate. However, for a 1.5 T magnetic field, the dose distortions were more pronounced
and of clinical concern in all cases except for spine. In such circumstances, the target was severely
underdosed, as indicated by a decrease in Dogs of up to 41% of the prescribed dose compared to the
nominal situation (no magnetic field). Sites such as liver and spine were less affected due to higher
tissue homogeneity, typically smaller beam range, and the choice of beam directions. Simulations
revealed that small modifications to certain plan parameters such as beam isocenter (up to 19 mm) and
gantry angle (up to 10°) are sufficient to compensate for the magnetic field-induced dose disturbances.
The authors’ observations indicate that the degree of required corrections strongly depends on the
beam range and direction relative to the magnetic field. This method was also applicable to more
heterogeneous scenarios such as skull-base tumors.

Conclusions: This study confirmed the dosimetric feasibility of real-time MRI-guided proton therapy
and delivering a clinically acceptable dose to patients with various tumor locations within magnetic
fields of up to 1.5 T. This work could serve as a guide and encouragement for further efforts toward
clinical implementation of hybrid MRI-proton gantry systems. © 2014 American Association of
Physicists in Medicine. [http://dx.doi.org/10.1118/1.4897570]
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1. INTRODUCTION

Proton therapy is one of the most advanced forms of cancer
treatment. The main advantage of proton therapy compared to
conventional photon therapy is the ability to reduce the inte-
gral dose to patients and thus reduce the side effects.'~> This
advantage is mainly due to the finite range, which also makes
proton therapy more susceptible to uncertainties caused by the
geometrical variations of the patient, i.e., setup misalignments,
interfractional anatomy changes, and intrafractional motion.
Image-guided radiation therapy (IGRT) can reduce these
uncertainties, and hence, reduce the associated safety margins
used in the treatment planning protocols to compensate for any
unexpected target changes, thus sparing more of the healthy
tissue.*> An example of IGRT is cone beam computed tomog-
raphy (CBCT) guided radiotherapy in which daily interfrac-
tional anatomy variations are captured by on-board CBCT
detectors providing volumetric images. Time-resolved images
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can also be acquired before treatments to extract motion trajec-
tories for intrafractional motion compensation.(”7 However, the
excess radiation dose delivered to the patient by this method is
undesirable, especially in treatments of pediatric patients who
are more susceptible to developing secondary malignancies.
Furthermore, the trade-off between the acquisition time and
the accuracy of the motion patterns for 4D applications has
imposed limitations.® The use of ultrasound image guidance
has also been investigated for almost a decade for pretreatment
tumor localization and real-time tumor tracking. The draw-
backs of this technique are realized to be the operator depen-
dency of the image quality and difficulties of remote imag-
ing operation during therapy.® Due to its enhanced soft tissue
contrast, ultrafast sequences, and the absence of ionizing radia-
tion, magnetic resonance imaging (MRI) is an excellent candi-
date for real-time image guidance in radiotherapy. In addition,
it could allow more precise soft tissue-based tumor delinea-
tion (e.g., liver). Several institutions have studied the clinical
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feasibility of combining MRI and Linac-based radiotherapy
units and are currently developing prototype systems.’~'* Fur-
thermore, a cobalt-60 based MRI-guided radiotherapy system
has already been manufactured and is clinically available.'?

Because of inherently higher geometrical sensitivity, pro-
ton and heavier particle therapy can benefit from IGRT even
more than photon therapy. However, there is a lack of routine
volumetric image guidance in proton therapy. Currently, only
two orthogonal x-ray projection images are used to register
the patient position at delivery to that of the treatment plan-
ning system in most proton centers. Systems allowing CBCT
are being investigated and slowly introduced to the clinic
for pretreatment setup and anatomy verification (Cho et al.
2009). For real-time soft tissue monitoring and motion miti-
gation, a MRI scanner could potentially be integrated with a
proton therapy gantry to create a state-of-the-art hybrid sys-
tem to provide real-time structural, functional, and physio-
logical information during treatment, e.g., deformable organ
motion and tumor hypoxia levels.'®1

Respiratory motion compensation (i.e., gating and tumor
tracking) is the ultimate goal of IGRT. In proton and car-
bon ion therapy, tumor tracking can be achieved by updat-
ing the pencil beam spot positions during active scanning
delivery, according to the live feedback from motion detec-
tion devices.?>??> For tumors in the thorax, abdomen, and
pelvis, motion detection is currently performed using surro-
gate signals such as implanted markers, optical scanning
of external surfaces, fluoroscopy, and ultrasound. However,
these methods are either invasive and/or not sufficiently accu-
rate.”>?* The real-time acquisition of MRI could be a perfect
fit for providing instantaneous and accurate motion informa-
tion to the delivery system.

Although the clinical feasibility of combining MRI and
photon therapy Linac has been clearly demonstrated, addi-
tional challenges exist for the application in proton therapy.
The key challenge involves the interferences between the
therapy and imaging systems, i.e., geometrical restrictions in
coupling the gantry and MRI systems, as well as the distor-
tion of the primary beam trajectory by the MRI magnetic
field. The effect of the magnetic field is larger for proton
beams than for photon beams because for protons, both the
primary as well as secondary electrons are effected. While an
optimal design for the geometrical coupling of proton gantry
and MRI scanner has not yet been investigated, a previous
study has reported on initial findings of the functional aspect
by examining the effect of magnetic fields on the proton
dose in phantoms.?> They simulated a homogeneous water
phantom without and with an air gap irradiated by pencil and
broad monoenergetic proton beams in the presence of 0.5 and
3 T magnetic fields. However, the more clinically relevant
aspect such as the impact on actual patient treatment (i.e., ef-
fects of tissue heterogeneity and clinical beam combinations)
has not been investigated.

The goal of this study was to characterize the magnetic
field-induced dose distortions in patient anatomies within
realistic magnetic fields (in terms of amplitude and direc-
tion) and using therapeutic proton beams. The clinical signif-
icance of the dosimetric effects was examined for various
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treatment sites and field settings through Monte Carlo (MC)
simulations. Strategies to further correct clinically unaccept-
able dose changes were explored. We aimed to determine
the necessary plan corrections using patient-specific pretreat-
ment MC calculations. This would decouple the magnetic
field kernel from the treatment planning algorithm, allow-
ing its application with any planning system. This strategy
could be considered as an initial solution for correcting the
dose effect within relatively large magnetic fields and the
final clinical implementation might look different. The find-
ings of this work could be applied to better understand the
treatment site, tumor characteristic, beam setup and magnetic
field dependency of the dose distortions, and to assess the
potential feasibility of recovering the dosimetric quality of
the patient plans for real-time MRI-guided proton treatments.

2. METHODS
2.A. Subject cohort

Nine patients treated with passively scattered protons were
retrospectively selected from the institution database. The
plans had been generated by clinical dosimetrists using the
XiO (Elekta, Stockholm, Sweden) planning system. The aper-
ture margins were site-dependent and ranged between 5 and
15 mm. All beams included 3.5% of the prescribed range plus
I mm range uncertainty margins and 3—10 mm range compen-
sator smearing. The tumor sites included prostate, lung, liver,
spine, brain, and skull-base. Two patients were chosen from
each of the former three sites, more likely to be affected by
respiratory motion. They were deliberately selected to have
tumors of different sizes and locations. One patient from each
of the latter three sites, where targets are relatively stationary
and immobilized, was included for comparison. The skull-base
patient was a representative case of very heterogeneous tumor
location (Fig. 1). The prescribed dose, tumor volume, number
of beams, and average range for each case are summarized in
Table I. Targets and organs at risk (OAR) were taken as origi-
nally delineated by the treating physician. Targets are defined

Fic. 1. The skull-base case (patient 8) is a representative patient with CTV
located within highly heterogeneous tissue.
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TasLe I. Patient cohort specifications and applied plan corrections (at 1.5 T magnetic field). Patient 1 plan includes no boost fields.

Prescribed dose Target Average range Number of Feasible margin reduction Isocenter shift Gantry rotation

Patients (Gy) volume (cm?) (mm) beams (mm) (mm) (degrees)
1-Prostate 50.0 129.0 269.0 2 5.0 5.0-19.0 —
2-Prostate 78.0 89.1 254.5 4 5.0 5.0-19.0 —
3-Liver 52.5 306.6 140.5 2 4.0 0.04.0 —
4-Liver 58.05 138.6 172.0 2 4.0 0.0-15.0 —
5-Lung 66.0 318.0 178.5 2 10.0 15.0 10 (all)
6-Lung 48.0 2.3 80.0 2 10.0 6.0 —
7-Brain 522 11.2 122.3 4 2.0 10.0 10 (SA)
8-Skull base 50.4 61.2 128.7 6 4.0 0.0-13.0 —
9-Spine 50.4 46.9 103.0 1 5.0 — —

as volumes used to construct the beam and beam shaping de-
vices within the plan (CTV or PTV). All targets included safety
margins typically used to account for setup errors, anatomy
changes, and motion.

2.B. Dose calculation

The impact of the magnetic field on the proton dose for
each patient was calculated using Topas (Tool for PArticle
Simulation), an extensively validated MC framework based
on GEaNT4.”%?7 ToPAs tracks the primary protons through a
detailed treatment head geometry and a patient CT.2%% A
magnetic field component was activated in the patient dose
calculation phase of Toras. The MRI system was represented
by a box of air containing a uniform magnetic field. Magnetic
fields of 0.5 and 1.5 T in caudal-cranial (longitudinal) and
anterior—posterior (AP, transverse) directions with respect to
the patient orientation were investigated. The nominal situa-
tion with no magnetic field was calculated as a reference. As
an initial validation study, the deflection of 90 and 200 MeV
pencil proton beams incident on uniform water phantoms in
a magnetic field region of 0.5 and 1.5 T was calculated with
Topas and compared with theoretical calculations and previ-
ous MC studies.

2.C. Data analysis

The key goal of IGRT is to reduce the target margins that
are normally applied to make the plan more robust to uncer-
tainties from patient setup, motion, and anatomy changes.
In this analysis, we investigated if this goal is realistic in
the presence of the MRI magnetic field and estimated how

much the margins could be reduced without compromising
the target coverage. However, instead of replanning with
smaller margins (thus smaller field size), we chose to keep
the plan the same but analyze the dose on an expanded target
volume. This procedure is equivalent to having a new plan
made for a slightly larger target that has relatively smaller
margins. With this new target definition, the coverage was
made more vulnerable and sensitive to possible dose devi-
ations due to the beam deflection induced by the magnetic
field. This offers a better indication of the susceptibility to
loss of coverage when the margins are potentially reduced
owing to IGRT. For each case, the magnitude of this expan-
sion was defined as the maximum amount that the target
could be isotropically extended without compromising the
prescribed target coverage. This was done by varying the
target size post MC, and assessing the coverage of the new
target. The feasible margin reduction for each case is equal to
the magnitude of this expansion and is given in Table 1.

The dose volume histograms (DVHs) for the target and
OARs were extracted from the calculated dose distributions for
each patient and magnetic field case. This was done using Com-
putational Environment for Radiation Research (CERR).**The
OARs for each treatment site included organs that received
mean dose of larger than 1 Gy. In each case, the DVH was
compared with the nominal situation (no magnetic field). The
equivalent uniform dose (EUD)?! as well as Dys, Ds, and Vs
(doses at 95% and 5% volume, and volume at 20% of the pre-
scribed dose) were calculated for each OAR. The organ-
specific EUD model parameters are listed in Table II. The DVH
parameters for the targets were evaluated on the expanded vol-
umes, as described above, to examine the feasibility of poten-
tial margin reduction. If the DVH parameters, especially EUD

Taste II. Organ specific EUD model parameters (“a” values) taken from the literature (Refs. 33 and 34).

Organ a value Organ a value Organ a value
Tumor -10.0 Large bowel 5.8 Spinal cord 20.0
Bladder 8.0 Kidney 1.4 Ribs 10.0
Rectum 8.0 Protohepatis 0.8 Optic nerves 10.0
Femur 12.0 Lung 1.2 Brain 10.0
Liver 3.1 Heart 29 Brainstem 12.0
Chestwall 8.0 Esophagus 16.6 Lenses 3.3
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and Dys were within 2% of the nominal case (less than 2%
decrease for target and 2% increase for OAR), the dose distribu-
tion was considered clinically acceptable. This was assessed by
calculating the percentage difference between the DVH param-
eters: AD =(D(0T)—D)/D,, 100, where D is a given dose
parameter and D, is the prescribed dose, and AV = (V(0T) -
V)#*100, where V is a given volume parameter.

In situations where the deviation from the nominal dose
distribution was larger than the accepted threshold (+2%), we
explored methods to correct the plans using MC calculations.
The aim here was to examine whether or not treatment de-
livery in the presence of large magnetic fields is feasible by
using patient-specific plan corrections following the standard
treatment planning procedures. This part of the study was
mainly designed as a feasibility study, although the clinical
realization of this aspect might eventually be different. We
studied a method that involved modifying the plan parame-
ters, by introducing small translations of the beam isocenter
and/or extra rotations of the gantry. The translations were
determined by identifying the lateral shift between the isocen-
ter and a point within the deflected dose distribution corre-
sponding to the original isocenter. The magnitude of trans-
lations estimated based on reviewing the dose profiles and
visual inspection of the beam deflection was found to be
generally consistent with the values determined using the
magnetic field strength, beam direction, and the individual
beam energy/range by applying analytical methods.?? This
correction was necessary for all beams not parallel to the
magnetic field direction. The gantry rotations (relative to
the isocenter axis) were only needed if the applied isocen-
ter translations could negatively impact the target coverage
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(due to large tissue heterogeneity) and/or the dose to OARs
located lateral to the beam path. Rotations were used to
restore the trajectory of the translated beam to approximately
its original orientation. The magnitude of the rotations was
estimated from the known beam range and isocenter shift. In
most cases studied here, rotations were not necessary.

3. RESULTS
3.A. MRI-induced dose distortions

As the initial validation, lateral deflection of monoener-
getic proton pencil beams of 90 and 200 MeV energy in a
water phantom placed inside a uniform magnetic field of 0.5
and 1.5 T is shown in Fig. 2. The 90 MeV beam with a water
equivalent range of 54 mm showed lateral deflection of 1.2
and 3.0 mm at the isocenter in the presence of 0.5 and 1.5 T
magnetic field, respectively. These values increased to 10.0
and 28.0 mm in case of a 200 MeV beam with a range of
250 mm. These initial findings agreed well with the analytic
calculations, which, for example, predict a 10-mm deflection
of a 200 MeV proton beam at the end of range in a 0.5 T
magnetic field,?? as well as previous phantom studies.?’

Figure 3 illustrates the MC dose distributions for all nine
patients in the nominal setting (0 T), and in the presence of
0.5 and 1.5 T longitudinal magnetic fields. For all cases stud-
ied except prostate, the 0.5 T magnetic field did not imply
clinically relevant deviations to the dose distributions (>2%
decrease in Dgs/EUD for targets and increase in EUD for
all OARs). For prostate, due to the large range and deflec-
tion of lateral opposed beams in opposite direction, target Dos

200 MeV

—05T
----- 15T
0 . . : .
0 100 200 300 400 500
Depth [mm]

FiG. 2. (a) Dose distribution and (b) pristine peak profile in the presence of 0.5 T (solid line) and 1.5 T (dashed line) magnetic fields for (left) 90 MeV and (right)

200 MeV proton pencil beams.
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Fic. 3. Dose distribution for all patients, for nominal (B = 0), 0.5 T and 1.5 T magnetic field settings. Dashed and solid arrows indicate the regions of target

underdose and nearby tissue overdose, respectively.

decreased by up to 7% in both cases at 0.5 T, and the target
coverage was extremely compromised at 1.5 T (EUD decrease
up to 35% and Dgs decrease up to 41%). For liver and lung,
due to the combination of beam directions (lateral and AP), the
high-dose region of the distribution remained intact and was
shifted by 1-2 cm in the diagonal direction, which resulted in
slightly smaller tumor underdose than prostate at 1.5 T (Dos
decrease of up to 26%). For the head and neck cases, the
prescription isodose volume also reduced in size due to the
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decreased overlap between the beams. Therefore, the tumors
were subject to large underdose (EUD decrease of 10% and
Dys decrease of 15%). The OAR doses were mainly decreased
or almost unchanged, except, for example, the EUD for the
right femur of patient 1 and the posterior rectum of patient 2,
and the EUD, Dys, and Ds for the left lens of patient 8 at 1.5 T.
For the spine patient treated with a single posterior beam, no
clinically relevant changes in the target or OAR doses were
observed even at 1.5 T, as shown in Fig. 4. Detailed analysis of
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Fic. 4. Dose difference maps for the spine case (patient 9), show no differ-
ences inside CTV and CTV + 0.5 cm structures for (a) 0.5 T and (b) 1.5 T
magnetic fields compared to the nominal case (0 T).

the DVHs indicated that the effect of 1.5 T magnetic field on
most OAR doses, especially Dgs, was minimal. Larger effects
were found on Ds in some OARs such as the dose decrease
in the chestwall for patient 6, where the tumor was attached
to this structure. Because many existing open MRI systems
feature magnetic fields strengths of up to 1.5 T, addressing the
residual dose distortions in these higher magnetic field levels
is crucial.

3.B. Plan corrections

Our results indicate that a dosimetrically equivalent treat-
ment might be feasible using simple MC-based plan correc-
tions. Since proton beam deflection increased with the range,
the most prominent dosimetric effects of the magnetic field
was at end of range, leading to a lack of target coverage. We
investigated whether the target coverage could be restored by
modifying the plan parameters, independent of the plan opti-
mization algorithm. This hypothesis was tested for all patients
at 1.5 T magnetic field where the dose distortions could poten-
tially be of clinical concern, and at 0.5 T only for the prostate

corrected

uncorrected

D(0T) - D(1.5T)

—
[
=
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patients. Figure 5 shows examples of prostate and lung (pa-
tients 2 and 5), magnifying the beam deflections at the end
of range. It was found that in the prostate case, for example,
shifting the beam by 19 mm (i.e., the amount of lateral beam
deflection) in AP direction, opposite to the direction of the
deflection, could fully compensate for the target underdose.
The beam—patient relative shift can be achieved by adjusting
the individual beam isocenters. Table I summarizes the treat-
ment plan modifications necessary to correct for the presence
of the magnetic field for all patients. Rotations were not neces-
sary for most cases. An example where rotations helped pre-
serve the target coverage was patient 5, with relatively large
beam range and heterogeneous tissue on the beam path.
Figure 6 illustrates the DVHs for the target and the OARs for
all patients, for the nominal (0 T), 0.5 T, and 1.5 T without and
with the applied corrections. Patient 9 (spine) did not require
any corrections even at 1.5 T, mainly due to the small beam
range leading to smaller beam deflection and ultimately negli-
gible changes in dose (see Fig. 4). The largest dosimetric im-
provement as a result of plan correction was seen for prostate,
lung, and head and neck patients. The isocenter shift improved
the target coverage and restored the OAR dose to the nominal
value in all cases. Table III presents the percent differences
between Dgs, Ds, and V5, of the nominal setting and each of
the magnetic field settings, i.e., 0.5 and 1.5 T without and with
corrections. A minus sign indicates smaller values compared
to the nominal setting, which is a disadvantage for targets and
an advantage for the OARs.

A comparison of EUD values is illustrated in Fig. 7, which
summarizes the findings of the patient and organ specific dose
effects. It clearly demonstrates that for all patients the proposed
corrections are sufficient to reinstate the target coverage and
OAR nominal dose values. Although applying a magnetic field
provides a dosimetric advantage for some OARs, the lack of
sufficient target coverage necessitates the use of plan correc-
tions despite canceling out this positive effect. Certain OARs,

uncorrected corrected

Fic. 5. Dose distributions for (a) patient 2 and (b) patient 5 at 1.5 T field (top left). The directions of beam isocenter shifts are shown by arrows. The dose
distributions after beam repositioning are compared (top right). The dose differences (nominal vs 1.5 T) without (bottom left) and with corrections (bottom

right) show improved target conformity after implementing the plan corrections.
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Fig. 6. Dose volume histograms showing the tumors and the representative OARs for nominal, 0.5 T, 0.5 T (corrected) (for prostate only), 1.5 T, and 1.5 T

(corrected) for all patients.

however, benefited from the corrections, e.g., the posterior
rectum for patient 2 was spared after applying the beam trans-
lations in 1.5 T setting as evident from Fig. 7, and Table III.

In addition to longitudinal magnetic fields, transverse fields
(in the AP direction) were also studied. The setup corrections
mainly involved longitudinal isocenter shifts, similar to the
AP/LAT shifts described in case of longitudinal magnetic
fields.

4. DISCUSSION

MRI-guided proton therapy using 0.5 T magnetic field is
dosimetrically viable without the need for any plan modifica-
tions for all sites studied except for prostate. Relatively large

Medical Physics, Vol. 41, No. 11, November 2014

magnetic fields (up to 1.5 T) could potentially cause consid-
erable tumor underdosage given the smaller relative target
margins to be used during image guidance. However, careful
analysis of the dose distortions for nine patients with various
tumor sites suggests that even at 1.5 T, clinically acceptable
dose distributions could be achieved after applying appro-
priate plan corrections. Through the proposed correction pro-
cess, the magnetic field component could be implemented
independent of the planning system, allowing for more flexi-
bility and versatility of usage.

In addition to the magnetic field strength, the magnitude of
dose effects and hence the required plan adjustments depends
on several factors. One of the main factors is range, which
determines the degree of beam deflection. This is evident by
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Tasee III. DVH analysis: Differences between nominal Dgs, Ds, and V¢ and ones with 0.5 and 1.5 T (uncorrected: — , corrected: v) fields for all organs of all

patients. Doses are presented in percent of the prescribed dose and volume in percent of total volume. Dashes indicate inapplicable fields.

ADos (%) ADs (%) AV (%)
05T 15T

Patient/Organ - v - v - v - v - 4 - 4

1 Target -6.7 -0.9 —40.1 0.5 — — — — — — — —
Bladder 0.1 0.0 0.7 0.1 -0.3 0.0 —4.4 0.9 43 0.8 18.9 1.8
Rectum 0.2 0.0 4.1 0.0 -2.1 -0.2 -24.5 0.9 7.3 0.5 24.0 1.2
Right femur -39 6.2 -8.2 27.2 0.7 0.5 1.6 5.4 -1.9 1.8 -7.3 5.8
Left femur 1.1 -0.8 4.1 -2.6 -0.6 0.1 -0.8 0.5 1.7 -2.5 4.5 -14.7

2 Target =7.1 0.1 -41.2 0.5 — — — — — — — —
Bladder 0.1 0.0 0.5 0.0 0.0 0.1 -11.6 0.8 43 0.5 16.9 0.9
Ant. rectum 0.1 0.0 0.8 0.0 -2.8 0.3 -38.7 0.8 5.3 0.5 13.6 -0.3
Post. rectum 0.0 0.0 0.3 0.0 14.3 0.9 423 2.5 7.5 0.1 55.0 1.3
Right femur 0.9 -0.9 4.6 -25.1 0.1 0.0 0.6 -0.3 0.0 -0.6 0.0 -11.8
Left femur -0.6 1.5 -1.5 5.0 0.0 0.4 0.2 1.6 0.1 -0.3 -0.1 -1.5

3 Target 0.2 — -0.3 1.1 — — — — — — — —
Liver 0.0 — 0.0 0.0 -0.1 — 0.0 0.8 -0.7 — 1.8 -23
Chestwall 0.0 — 0.0 0.0 0.1 — 0.6 0.6 0.4 — 0.1 -0.5
Large bowel 0.0 — 0.0 0.0 -0.9 — -22 -0.2 0.2 — -0.4 0.1
Right kidney 0.0 — 0.0 0.0 -0.2 — 0.2 -1.0 0.2 — 0.6 -0.2

4 Target -0.6 — -24.9 -0.2 — — — — — — — —
Liver 0.0 — 0.0 0.0 -0.1 — 0.8 0.9 0.0 — 0.1 0.5
Portahepatis 0.0 — -0.2 —-0.1 -0.2 — -0.2 -0.7 0.0 — 0.0 0.0

5 Target -1.6 — -25.8 -1.3 — — — — — — — —
Lung-iGTV 0.0 — —-0.1 0.0 -0.3 — 0.1 -1.1 2.4 — -5.1 -0.8
Atria 0.0 — 0.0 0.0 -0.4 — =34 0.3 1.9 — 3.6 0.4
Ventricles 0.0 — 0.0 0.0 0.4 — 2.0 -0.4 -1.4 — -1.0 0.2
Esophagus 0.0 — 0.0 0.0 0.7 — -2.0 2.7 -0.3 — -3.1 0.2
Spinal cord 0.0 — 0.0 0.0 -1.6 — -2.5 -13 -0.8 — -2.4 -1.0

6 Target 0.9 — -13.3 1.1 — — — — — — — —
Left lung 0.0 — 0.0 0.0 1.4 — 5.0 1.2 1.2 — 4.1 1.5
Chestwall 0.0 — 0.0 0.0 =37 — -22.1 -7.6 -0.3 — -2.0 1.8
Ribs -0.1 — -0.2 0.1 —-0.5 — -2.1 —-0.1 2.4 — -9.2 4.8

7 Target -0.7 — -15.8 -0.7 — — — — — — — —
R opt nerve 0.0 — 0.1 0.0 -0.2 — -13.3 0.8 1.0 — 11.5 5.1
L opt nerve 0.0 — 0.0 0.0 0.6 — =77 2.7 2.0 — 7.9 -1.6
R temp lobe 0.0 — 0.0 0.0 -3.2 — -6.5 —4.8 0.1 — 0.7 —4.3
L temp lobe 0.0 — 0.0 0.0 5.4 — 3.7 8.5 0.6 — 4.7 6.2
Brainstem 0.0 — 0.0 0.0 -5.0 — -25.4 1.7 0.1 — 22 8.9

8 Target -2.1 — -14.9 -1.5 — — — — — — — —
R opt nerve -1.2 — -4.2 -1.0 0.6 — 0.1 -4.4 0.0 — -0.8 0.0
Brainstem 0.1 — 0.3 0.0 1.8 — 49 -2.2 4.7 — 18.5 —4.1
L lens 0.0 — 9.5 0.2 1.3 — 9.7 0.8 4.0 — 55.5 4.0

9 Target 0.1 — 0.3 — — — — — — — — —

Spinal cord -0.1 — -0.2 — -0.5 — 0.3 — -2.7 — —-6.1 —

comparing the prostate patients presented here to patients in
other site categories. The next factor is the beam direction rela-
tive to the magnetic field. For both longitudinal and transverse
fields studied here, the dose effects were larger when the plan
involves two lateral opposed beams compared to lateral-AP
beam combinations. The level of surrounding tissue homoge-
neity and tumor size did not cause the plan correction process
to fail or be particularly challenging, for the magnetic field
strengths of this study. Patient 8 showcased an example of a
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highly heterogeneous tumor site whose plan could be suffi-
ciently corrected to preserve the dose distribution, just like the
more homogenous case of patient 7. Although the tumor size
is very different in these two cases, the magnitude of isocenter
shifts was quite similar.

We found that reducing the planning margins (simulated
by analyzing the dose on enlarged targets while keeping the
field size constant, see Sec. 2.C for details) for treatment
delivery with the MRI magnetic field on, does not limit the
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Fic. 7. Difference between nominal EUD (in percent of the prescribed dose) and ones with magnetic fields, illustrating the impact of the magnetic fields on the
organ doses and the effectiveness of the plan corrections. Negative values indicate decrease and positive values indicate increase of EUD compared to nominal.

ability to maintain the target coverage. By examining the
case-specific planning margins and feasible margin reduc-
tions (Table I), we estimate that the margins (related to pa-
tient setup, motion, and anatomy changes) could on average
be reduced by approximately half for real-time MRI guided
proton delivery. It should be noted that these results were
obtained for MC based dose calculations and more mar-
gins might be needed using analytical dose calculations.®
Although performing patient-specific MC simulations may
not be efficient at the moment, the process is foreseen to be
greatly accelerated and automated through the use of graphic
processing units (GPUs) in the near future.’® GPU-based
MC proton treatment planning is also under investigation.?’
Although applying a simple formula to find the isocenter
shifts and rotations was adequate for all nine patients stud-
ied, MC-based optimization of the correction parameters may
also be feasible and is subject to future investigations. As
an alternative to MC, corrections could be quantified using
analytical algorithms (e.g., as developed by Wolf and Bort-
feld*?) after planning the nominal scenario.

The magnitude of the proton beam deflection in our initial
phantom validation agreed well with the only previous study,>
who found 1 and 5 mm lateral proton beam shift in a water
phantom at 90 MeV beam energy and 0.5 and 3 T magnetic
field, respectively. Furthermore, the electron-return effect
(secondary electron dose accumulation at the air—water inter-
face) was negligible in patient tissue (due to the very low en-
ergy of the secondary electrons from proton interactions),
similar to phantoms,? but unlike the photon studies.'’

In this study, we only used passive scattering plans due to
the limited number of patients currently treated with pencil
beam scanning (PBS). Since MRI-guided proton therapy and

Medical Physics, Vol. 41, No. 11, November 2014

real-time treatment adaptation are more likely to be incor-
porated in PBS delivery rather than passive scattering, we
further investigated the validity of the findings using PBS
for the most heterogeneous case (patient 8) representing the
worst case scenario. The in-house PBS planning system,
astROID (v1.3), was used.*® An average spot size of 6 mm
sigma was used and plans with both single field uniform dose
(SFUD) and intensity modulated proton therapy (IMPT) were
created. It was found that SFUD leads to similar conclu-
sions as when using passively scattered fields, as expected.
However, in IMPT, the situation was more complex due to
highly modulated spot intensities and the same plan correc-
tions were not sufficient to fully recover the target coverage.
This was mainly true for beams with high intensity spots
close to the target boundaries. In such cases, real-time opti-
mization techniques may be required. Figure 8 presents the
details of this finding.

Hybrid proton—-MRI systems are currently not available.
Integrating a MRI scanner in a proton therapy system is
inherently more challenging than in photon therapy due to the
nature of protons as highly interacting charged particles and
the geometrical configuration of the proton gantry. Potential
hybrid systems based on currently manufactured open bore
or split-coil MRI systems could be explored.*® Custom sys-
tem designs similar to MRI-Linac systems could also be
considered.**4!

In addition to the design challenges, other important as-
pects should be carefully investigated, most of which are
similar to photon therapy and are being explored by several
groups. Some of these are the magnetic field inhomogeneity-
induced image distortions,*> online treatment plan adaptation
and dose recalculation using the MRI data,*** online reopti-
mization,*** target autosegmentation,’” motion prediction,’!
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and the latency between imaging and treatment of the mov-
ing anatomy,>” which could be reduced by applying motion
prediction methods.>'

Characterizing the effects of the magnetic field on the clin-
ical dose distribution and patient treatment as addressed in
this work is an important initial step toward future progress.
Knowing that the magnetic field does not limit the treatment
quality, at least for fields up to 1.5 T (sufficient for nondiag-
nostic applications), is encouraging and allows focusing on
the potential design aspects of such hybrid system.

5. CONCLUSIONS

Considering recent interest and extensive research on MRI-
guided radiotherapy, this modality might become a standard
part of clinical practice in the future. Proton therapy could
greatly benefit from MRI guidance by monitoring patient anat-
omy variations during or before treatments to reduce geomet-
rical uncertainties and shrink the tumor margins.

This study demonstrated the dosimetric feasibility of real-
time MRI guidance in proton therapy. It was shown that the
effect of the MRI magnetic field on the proton dose distribu-
tion at field levels up to 0.5 T is negligible except for prostate.
For 1.5 T field, the most prominent effect was target under-
dose of up to 41%, which could be effectively compensated
by performing plan corrections. Considering various tumor
sites to cover different scenarios in terms of tissue and plan
characteristics, it was shown that the degree of corrections
is mainly dependent on the magnetic field strength, range,
and relative beam directions, and plan qualities similar to the
nominal plan (no field) could always be achieved. These re-
sults are promising and will clear the path for future advances
in MRI-guided proton therapy.
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