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ABSTRACT

Introduction: The hybrid magnetic resonance linear accelerator (MRL) has the potential to test novel con-
cepts in breast cancer patients such as daily MR-guided real-time plan adaptation. Before starting clinical
trials, preparatory studies for example of the MR-dependent electron stream effect (ESE) are necessary.
Material and Methods: To prospectively investigate the ESE, data from 11 patients treated with partial
breast irradiation (PBI) at the 1.5 T MRL were evaluated. A bolus was placed on the chin and in vivo
dosimetry results were compared with the dose simulated by the treatment planning system (TPS).
The same measurements were carried out for three patients treated at a conventional linac. Toxicity
and cosmesis were evaluated.
Results: Median doses measured and simulated on top/ underneath the bolus were 1.91 / 0.62 Gy and
2.82 | 0.63 Gy, respectively. Median differences between calculations and measurements were 0.8 Gy
and 0.1 Gy. At the conventional linac, median measured doses on top/ underneath the bolus were 0.98
and 1.37 Gy. No acute toxicity exceeding grade 2 was recorded. Cosmesis was good or excellent and
patient reported outcome measures were mostly scored as none or mild.
Conclusion: The dose due to the ESE is low, correctly predicted by the TPS and effectively minimized by a
bolus.
© 2020 Published by Elsevier B.V. on behalf of European Society for Radiotherapy and Oncology. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The majority of patients with breast cancer presents with local-
ized disease and have overall survival rates at five years of more
than 99% [1]. Clinical research focusses on reducing acute and late
toxicities while maintaining the excellent tumour control and sur-
vival rates.

Based on the observation that most relapses occur in the
tumour bed [2,3], partial breast irradiation (PBI) was implemented
initially as brachytherapy [4-6], intraoperative radiotherapy [7,8]
and more recently as external beam radiotherapy [9]. PBI repre-
sents today a treatment option for low-risk breast cancer patients
recommended by international guidelines [10-12].

Recently, linear accelerators with an integrated magnetic reso-
nance image-guidance device (MRL) have become clinically avail-
able. The potential of this new technology has been
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demonstrated for tumours of different anatomical regions [13-
19]. In early breast cancer, this hybrid system may allow a precise
target visualization and daily MR-guided real-time plan adaptation
which might facilitate concepts such as neoadjuvant radiotherapy
[20]. MRL technology comes with many new challenges as, for
example, the MR-specific electron stream effect (ESE). Due to the
specific location of the target, the interaction of secondary elec-
trons with the magnetic field is responsible for the ESE [21-26],
which might increase the out-of-field dose, especially in the chin
region, as already reported for low-field (0.35 T) magnetic reso-
nance image guidance systems. Before starting clinical trials to test
novel treatment concepts in high field MRL, preparatory studies for
example to characterize the ESE are necessary. We have reported
the first-in-human PBI using the 1.5 T MRL including the descrip-
tion of the ESE in this patient [27]. Based on this observation in a
single patient, we extended the prospective evaluation of the ESE
to a group of patients treated with PBI at the 1.5 T MRL. To put
the data in context, we have performed parallel measurements in
patients treated at a conventional linac. Treatment data, toxicity,
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patient reported outcomes (PROMs) and cosmesis are reported.
Furthermore, we examine on phantoms which factors might affect
the ESE.

2. Material and methods

2.1. Patient inclusion criteria, treatment planning workflow and follow
up

Eleven patients with low risk breast cancer were consecutively
treated with PBI at the 1.5 T MRL Unity (Elekta AB; Stockholm,
Sweden). Data were collected prospectively as part of a phase 2
feasibility study (NCT04172753, 659/2017B0O1). All patients signed
informed consent. Definition of low risk (“suitable group”) was
based on the GEC-ESTRO [28] and the updated ASTRO criteria
[29]: patients older than 50 years with unicentric, unifocal invasive
not lobular breast cancer without extensive intraductal compo-
nent, without lymphovascular invasion and resected with a mini-
mum of 2 mm. Patients with tumours larger than 2 cm and
hormone negative (according to ASTRO guidelines), DCIS (accord-
ing to GEC-ESTRO and, partially, ASTRO guidelines), Her2 positive,
with proliferation index greater than 25% and Grade 3 were
excluded. Only patients with clips in the tumour bed were
enrolled. PBI at the conventional linac was performed with volu-
metric modulated arc radiotherapy (VMAT) using cone beam com-
puted tomography (CBCT) for daily position verification according
to our institutional standard.

Patients received on the same day the planning CT (Brilliance
Big Bore, Philips, Eindhoven, The Netherlands) and the planning
MR (1.5 T Unity MRL, Elekta, AB, Stockholm, Sweden) in supine
position with the wing board device and free breathing. A rigid
automatic registration with, if needed, manual modification was
used. Target definition and fractionation schedule were based on
the IMPORT LOW protocol [9], as previously described [27]. Briefly,
the clinical target volume (CTV) was defined including the surgical
clips, the seroma, the visible tumour bed as well as the postopera-
tive architectural changes of the surrounding breast gland, without
additional margins. The planning target volume (PTV) was created
adding 10 mm radial margin, limited to 5 mm from the skin surface
and 7 mm posteriorly, according to the standard of our institute for
PBI at the conventional linac. Ipsilateral and contralateral breast,
heart, ventricles, left coronary artery, right coronary artery (ac-
cording to [30]) and the lungs were considered organs at risk.
The prescribed dose was 40.05 Gy (ICRU) in 15 fractions. Step
and Shoot IMRT plans for the MRL were created using Monaco
5.4 (Elekta AB, Stockholm, Sweden). For all patients, a back-up
VMAT plan for the conventional linac (Beam Modulator, Elekta
AB, Stockholm, Sweden) was generated using our in-house treat-
ment planning system Hyperion (Hyperion Version 4.13). For all
fractions, treatment plans were adapted based on the MR of the
day. Before and during treatment delivery, the organ motion was
monitored with real-time MR-imaging (motion monitoring during
“beam-on”), using the PTV as reference volume. Workflow of PBI
planning and treatment at the 1.5 T MRL is shown in supplemen-
tary Fig. 1. The first clinical follow up visit took place three months
after treatment, then one year after treatment. Acute toxicity was
scored by the treating physician according to CTCAE V4 and cos-
metic results were scored on a three point scale as excellent, good
or poor. In addition, PRO-CTCAE™-questionnaires [31] were col-
lected weekly during treatment and one year after, each item
was scored on a five point scale, namely none (0), mild (1), moder-
ate (2), severe (3) and very severe (4). One year after treatment,
patients were asked to complete additional PROM questionnaires,
namely Body Image Scale (BIS), EORTC QLQ-C30, EORTC QLQ-B23,
FACIT-F, and FACT-B. Items of the FACIT-F and FACT-B were scored
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in accordance to the PRO-CTCAE on a five point scale. Items of the
BIS, EORTC QLQ-C30 and QLQ-B23 were scored on a four point
scale, namely not at all (1), a little (2), quite a bit (3) and very much
(4). In the analysis of the PROMs, we considered for all the ques-
tionnaires a score of 3 or 4 relevant.

2.2. Electron stream effect evaluation

Based on previous publications [21-23] demonstrating in low-
field and phantom measurements that the MR-specific ESE results
in an out-of-field dose of the chin, we placed a 1 cm bolus (Unger
Medizintechnik GmbH Co. KG, Miilheim-Korlich, Germany) on the
chin area. Since the ESE was shown to be a phenomenon that
deflects electrons scattered from the high dose region into air in
the direction of the magnetic field, the bolus has been positioned
horizontally in cranio-caudal direction with respect to the high
dose region (Fig. 1). In vivo dosimetry was performed during one
treatment fraction using Grafchromic® EBT3 (Grafchromic, Ash-
land Specialty Ingredients, NJ, USA) films which were positioned
on top and underneath of the bolus. Films were 2x5cm? large
and placed in correspondence of the areas of expected higher ESE
dose according to Monacés calculations. As previously described
[27], the measured dose was averaged in an area of 1.5 x 4 cm?
of the radiochromic films. The simulated dose was calculated in
the TPS on top and underneath the bolus using a margin of
3 mm thickness (corresponding to the dose grid resolution). The
simulated dose was averaged in an equivalent area of the highest
scoring dose voxels. Results of the in vivo dosimetry and the simu-
lated dose were compared using the Wilcoxon signed rank test. For
comparison with CB-CT position verification, in vivo film dosimetry
was performed in three patients treated with PBI at the conven-
tional linac (Synergy, Elekta AB, Stockholm, Sweden), the same
way we performed dosimetry at the MRL, namely during one frac-
tion with a bolus placed on patients chin and films placed on top
and underneath the bolus (here the measured dose represents a
sum of dose scattered by the linac and dose from the CB-CT). PBI
treatments at the conventional linac were performed with 6 MV
VMAT with two half arcs (e.g. from 0 to 180° and back, depending
on patients anatomy and tumour location). Regarding the CBCT
protocols, for right breast: start 20°, stop 180°, 120 KV, 366 frames,
585.6 mAs, nominal dose 12 mGy. For left breast: start 340°, stop
180°, 120 KV, 366 frames, 585.6 mAs, nominal dose 12 mGy

2.3. Phantom plans comparison

The aim of this investigation was to study the ESE in different
geometrical scenarios: position and volume of the breast as well
as target position within the breast. For this, we used the Rando
Alderson Phantom (Radiology Support Device, Long beach, CA,
USA) and artificial breast prosthesis with different size (130 and
275 ml; Mesmo Sensitive/ POLYtxt, Opticon, Sublime line, Polythec
Health & Aesthetics GmbH, Dieburg, Germany). To test if the breast
position, and not only the breast volume, has an impact on the dose
to the chin, three different planning CTs and planning MRs were
performed: 1. 130 ml- prosthesis in a caudal position, 2. 275 ml-
prosthesis in a caudal position and 3. 275 ml- prosthesis in a cra-
nial position. To test if the tumour location has an impact on the
dose to the chin, we contoured for each of the three scenarios a
central and a lateral located target. CTV was defined as a circle of
23 mm diameter and PTV obtained as for patients treatment
(10 mm in all direction, but 7 mm posteriorly and 5 mm distant
from the skin). Plans for each breast volume and position and
tumour location were created with Monaco 5.4 and the dose to
the chin in the presence of the magnetic field was calculated.
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Fig. 1. 3D reconstruction of the bolus position on patients chin.

3. Results

Patient, tumour and treatment characteristics are summarized
in Table 1. Step and Shoot IMRT plans with five to seven segments
per beam were used. Treatment plans calculated with the TPS
Monaco showed in all patients out-of-field dose spots in the chin
area or the upper arm. Mean doses, for the sum of all 15 fractions
and 40.05 Gy PTV dose, measured on top and underneath the bolus
were 2.69 + 1.95 SD and 0.56 + 0.39 Gy, respectively (Table 2).
Mean values calculated with the TPS on top and underneath the
bolus were 3.11 £ 1.29 and 0.63 £ 0.25 Gy, respectively (Table 2).
There was a good concordance between calculated and measured

values, namely a mean difference on top of the bolus of 0.42 + 1.
08 Gy and underneath the bolus of 0.07 + 0.45 Gy (Table 2, supple-
mentary Fig. 2).

At the conventional linac median doses for the three patients
measured on top and underneath the bolus were 0.98 Gy (range,
0.75-1.17 Gy) and 1.37 Gy (range, 0.9-1.62 Gy), respectively
(Table 3).

The TPS showed in three patients with laterally located tumours
an out-of-field dose as well at the arm. The median calculated
doses were 2.2 Gy (range: 0.76-3.3 Gy) and 0.45 Gy (0.45-
0.48 Gy) on top and underneath the bolus placed at the arm
(Table 3 and Fig. 2).

Table 1
tumour characteristics, treatment time, acute toxicity and early cosmetic results for all the patients treated at the 1.5 MRL.
Patient Laterality Tumour T Grade Ki67 Mean in-room Acute toxicity Toxicity 3 months Toxicity 1 year Cosmesis
location  stage (%) time (range, 1 year
minutes)
#1 right upper pTic 5 33.5(25-44) G1 breast edema, erythema, G1 breast edema G1 breast oedema  good
lateral warm feeling, pain and
fatigue
#2 left upper pTlc 5-10 26.2 (20-38) G1 erythema and fatigue none none excellent
central
#3 left upper pTlc 10 26.9 (20-41) G1 erythema, warm feeling  G1 breast edema G1 good
lateral and pain hyperpigmentation
#4 right lower pTlc 5 26.3 (20-32) G2 breast edema, G1 G1 erythema, warm none good
medial erythema, warm feeling, feeling and fatigue
pain and fatigue
#5 right upper pTlc 20 22.8 (19-29) G1 erythema, warm feeling  G1 G1 good
medial and pain hyperpigmentation hyperpigmentation
#6 right upper pTla 10 239 (21-33) G2 breast edema, G1 G1 breast edema, none excellent
central erythema, pain and fatigue  erythema and warm
feeling
#7 right upper pTlc 5-10 22.9(19-29) G1 erythema G1 erythema G1 fibrosis excellent
lateral
#8 left lower pT1b 15- 25.1 (19-31) G1 erythema, warm feeling, G1 none excellent
medial 20 pain and fatigue hyperpigmentation,
fibrosis and fatigue
#9 right upper pTlc 5 23.5 (19-26) G1 erythema and warm none none good
lateral feeling
#10 left upper pTlc 15- 25.1 (20-33) G1 erythema, warm feeling G1 edema; none excellent
central 20 and pain exanthema, in few
days resolved
#11 left upper pTlc 10 27.3 (20-52) G1 erythema, warm feeling none none excellent
medial and fatigue
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Doses measured with the in vivo dosimetry and calculated by the TPS Monaco on the chin on top and underneath the bolus for the 11 patients treated at the MRL. *Data of patient
#9 were excluded because the measured value was more than 1.5 fold lower from the quartile Q(25)-Q(75) and median of the entire cohort (probably because film was not

correctly placed). IQA = interquartile range.

Patient Dose measured on Dose measured Dose calculated on Dose calculated Absolute difference Absolute difference
top of the bolus on underneath the bolus  top of the bolus on underneath the bolus  outside the bolus on underneath the bolus on
chin (Gy) on chin (Gy) chin (Gy) on chin (Gy) chin (Gy) chin (Gy)

#1MRL 1.76 0.51 2.70 0.68 0.95 0.17

#2MRL 1.31 1.01 0.53 0.29 -0.78 -0.72

#3MRL 1.25 1.40 1.03 0.51 -0.22 -0.89

#4MRL 6.60 0.30 5.20 0.30 -1.40 0.00

#5MRL 1.20 0.86 231 1.25 1.11 0.40

#6MRL 243 0.00 4.46 0.54 2.03 0.54

#7MRL 3.15 0.11 4.73 0.52 1.58 0.42

#8MRL 1.38 0.81 2.94 0.83 1.56 0.02

#9MRL* 0.41 0.00 5.53 0.28 5.13 0.28

#10MRL 5.81 0.09 4.48 1.02 -1.33 0.93

#11MRL 2.06 0.72 2.70 0.36 0.65 -0.36

mean 2.69 0.56 3.11 0.63 0.42 0.07

Stand. Dev.* 1.95 0.39 1.29 0.25 1.08 0.45

Median* 1.91 0.62 2.82 0.53 0.80 0.10

IQA* 1.6 0.69 2.07 0.4 2.09 0.69

Table 3 one, week two, week three and one year after radiotherapy. Insom-

Doses measured with the in vivo dosimetry for the 3 patients treated at the
conventional linac and doses calculated by Monaco for the 3 patients with out-of-field
dose on the arm treated at the MRL.

Patient Dose measured on top of Dose measured underneath
the bolus on chin (Gy) the bolus on chin (Gy)

#1conv.lin. 0,98 09

#2conv.lin. 1,17 1,62

#3conv.lin. 0,75 1,37

median 0,98 1,37

Patient Dose calculated on top of Dose calculated underneath
the bolus on arm (Gy) the bolus on arm (Gy)

#3MRL 0,76 0,48

#7MRL 33 0,45

#8MRL 2,2 0,45

median 2,2 0,45

The phantom simulation showed a higher chin dose when the
target was located medially. A median dose on top of the bolus
of 1.35 Gy (range, 0.49-1.6 Gy) for lateral targets and 3.66 Gy
(range, 1.71-4 Gy) for medial targets was calculated. Doses were
minimized by the bolus to a median value of 0.14 Gy both for lat-
eral (range, 0.1-0.2) and medial (range 0.13-0.32 Gy) targets
(Table 4).

Regarding feasibility, a total of 162 fractions were delivered at
the 1.5 T MRL. In one patient, two fractions were performed at
the conventional linac with the back-up plan because of technical
problems. In two other patients the delivery of one fraction had to
be interrupted due to technical reasons and the fraction had to be
completed the next day at the 1.5 T MRL. For all patients, daily plan
adaption with virtual couch shift (adapt-to-position, ATP) [32] was
used. The mean in-room treatment time was 25.5 min (range: 19 -
52 min, details in supplementary Fig. 3).

Treatment was well tolerated by all patients: nine patients
experienced grade 1 and two patients grade 2 toxicity at the end
of the treatment. There was no > grade 1 erythema at all. Impor-
tantly, the skin reactions were located only in the high-dose irradi-
ated breast region whereas no erythema was observed in the chin
or arm areas. Three months after the end of treatment grade 1 was
scored in 8 patients and no > grade 2 toxicity was observed
(Table 1). Cosmetic outcomes one year after radiotherapy were
scored as good in five patients and excellent in six patients. With
7% of missing data, items of the PRO-CTCAE questionnaire were
scored as none or mild by 88.1%, 90.8%, 91.5% and 93% at week
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nia and fatigue were leading symptoms (supplementary Fig. 4). The
other PROM questionnaires (1% of missing data) revealed that 5% of
the items were scored as 3 or 4, namely severe or very severe for
FACIT-F and FACT-B and “quite a bit or very much” for BIS, EORTC
QLQ-C30 and QLQ-B23. Items more often scored as 3 or 4 were hot
flashes (4/11 patients), no interest in sex (5/9 patients, 2 patients
did not answer), sexual activity not enjoyable (5/9 patients, 2
patients did not answer) and arm |/ shoulder pain (5/11 patients).
Specifically regarding the BIS, one patient reported 4 items with
a score or 3 or 4, while all the other patients reported one or none
3 or 4 scores. Scar dissatisfaction was the item within the BIS with
most of 3 or 4 scores (in 3/11 patients).

4. Discussion

In this study, ESE was investigated in eleven patients treated
with PBI at the 1.5 T MRL. ESE with out-of-field-dose to the chin
potentially represents a particular challenge for PBI at the 1.5 T
MRL because of the target location, i.e. a convex superficial region.
Malkov et al. [23] studied factors influencing ESE using a phantom
and a water panel with different surface inclinations (10, 30 and
45°), magnetic field conditions (0, 0.35 and 1.5 T) as well as dis-
tance from the isocenter. Higher doses up to 39% were measured
when surfaces were more inclined and, surprisingly, with lower
magnetic field strengths. The lower doses with 1.5 T were
explained by the larger radius of curvature of the electron trajecto-
ries in the 0.35 T. Moreover, even though a higher out-of-field dose
was measured when the panel was closer to the isocenter, the dif-
ference was very small, without revealing a large variation of the
ESE dose. Interestingly, even at 0 T an up to 9% out-of-field dose
was detected. Furthermore, a good agreement between the Monte
Carlo simulated out-of-field ESE dose and the EBT-3 film measure-
ments on phantoms were observed [24]. Similarly, good accor-
dance of simulated and measured dose was reported for the
electron return effect [33].

MR guided PBI has been clinically performed in low-field MRL
[34,35] and the ESE has been documented in this setting [21].
We have performed the first-in-human PBI treatment at the 1.5 T
MRL [27] and documented an ESE in this first patient. As the ESE
has not been systematically evaluated for 1.5 T, the present study
aims to prospectively characterize the ESE in a group of consecu-
tive patients resembling interpatient heterogeneity in anatomy
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Fig. 2. Example of out-of-field dose on the arm for a patient with lateral located tumour. Left the PTV in green and the isodoses are shown, in orange the 95% isodose (region
of interest and isodose legend displayed in the figure). Upper left: sagittal, lower left: coronal image. Lower right a three dimensional reconstruction of the patient, including
ipsilateral, controlateral breast, PTV and bolus on the right arm is shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Table 4
Doses calculated by Monaco in the phantom according to breast size, breast position
and target position.

Phantom Dose calculated on top Dose calculated
of the bolus on chin (Gy) underneath the bolus
on chin (Gy)
Small Breast lateral 0,49 0,1
Small Breast medial 1,71 0,13
Large Breast lateral 1,6 0,14
Large Breast medial 3,66 0,14
Large High Breast 1,35 0,2
lateral
Large High Breast 4 0,32
medial
Median lateral 1,35 0,14
Median medial 3,66 0,14

and target position. This study was designed as a preparatory trial
for future clinical trials testing novel concepts at the 1.5 MRL.
Overall, our data suggest the ESE to the chin is low (and compara-
ble to CB-CT based PBI), correctly predicted by the TPS and effi-
ciently prevented by a 1 cm bolus. Minimizing radiation dose to
normal tissues is of particular importance for breast cancer
patients because these patients have an excellent oncological out-
come and may experience very late side effects. Although with a
very limited follow-up and patient number, physician and patient
reported outcome measurements indicated that the PBl at the 1.5 T
was well tolerated.

The phantom measurements indicated that geometric factors
may influence the magnitude of the ESE to the chin: higher doses
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were documented when the target was located medially, while
breast size had no impact on ESE dose to the chin. In line with Mal-
kov et al. [23], cranio-caudal position of the target did not affect
ESE. In addition, TPS simulations in our study revealed that lateral
targets might result in a ESE dose to the arms which again can be
minimized by a 1 cm bolus.

Our study has a number of limitations. First, it suffers from
inherent inaccuracies of the methods including in vivo dosimetry
and low dose simulation in TPS. Geographical mismatch of the area
used for in vivo dosimetry and dose simulation might further limit
the comparison of the read-out parameters. The impact of this
uncertainty on the results of our study is aggravated by the fact
that only one film measurement was performed per patient and
therefore no information on intra-patient reproducibility could
be obtained. Instead, the study was designed to evaluate interpa-
tient variability of the ESE. Second, the number of patients is small
and follow-up is very limited. Given the fact that only a small num-
ber of patients can be treated at the MRL at a given time, an exter-
nal validation of our early and limited observations would be of
great value. Nevertheless, we feel that our data might give impor-
tant information for the safety of patients and the design of future
interventional trials in breast cancer using the 1.5 MRL. Of note, the
phantom analysis was performed to study geometric effects and
only calculated doses were used in this part of the study.

Our initial experience with regard to the MR daily adaption pro-
cedure, in-room-time and feasibility suggest that the 1.5 MRL
appears to be suitable to test novel treatment concepts in breast
cancer patients, i.e. neoadjuvant MR-guided radiotherapy. The
dosimetric results may lead to protocol recommendations to man-
age ESE in such trials.
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