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To investigate the effect of low magnetic field on dose distribution in SABR plans for liver cancer, 
we calculated and evaluated the dose distribution to each organ with and without magnetic fields. 
Ten patients received a 50 Gy dose in five fractions using the ViewRay® treatment planning system. 
For planning target volume (PTV), the results were analyzed in the point minimum (D

min
), maximum 

(D
max

), mean dose (D
mean

) and volume receiving at least 90% (V
90%

), 95% (V
95%

),  and 100% (V
100%

) of 
the prescription dose, respectively. For organs at risk (OARs), the duodenum and stomach were 
analyzed with D

0.5cc
 and D

2cc
, and the remained liver except for PTV was analyzed with D

mean
, D

max
, 

and D
min

. Both inner and outer shells were analyzed with the point D
min

, D
max

, and D
mean

, 
respectively. For PTV, the maximum change in volume due to the presence or absence of the low 
magnetic field showed a percentage difference of up to 0.67±0.60%. In OAR analysis, there is no 
significant difference for the magnetic field. In both shell structure analyses, although there are no 
major changes in dose distribution, the largest value of deviation for D

max
 in the outer shell is 

2.12±2.67 Gy. The effect of low magnetic field on dose distribution by a Co-60 beam was not 
significantly observed within the body, but the dose deposition was only appreciable outside the 
body.
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Introduction

Primary liver cancer represented 782,500 new liver 

can  cer cases in 2012.1) In general, surgery is preferred in 

patients with hepatocellular carcinoma (liver cancer), but 

surgery may be difficult depending on the location of the 

tumor or the history of the patient. In this case, it is known 

that external beam radiation therapy (EBRT) is helpful for 

local control. Among the various EBRT techniques, Ste-

reotactic ablative radiotherapy (SABR) is commonly used 

for liver cancer. In contrast to conventional radio therapy, 

which delivers low dose to a larger volume for a higher 

number of daily fractions, SABR is usually given as a single 

dose or up to five doses once a day with tumor ablation 

and maximal normal-tissue sparing.2-6) Despite these ad-

vantages, it could lead a more severe damage compared 

to conventional therapy if the positioning error occurred. 

Therefore, the very high dose such as SABR must entail 

with one or more sessions of treatment planning with 

computed tomography (CT) or other advanced imaging 
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techniques to precisely and accurately map the position of 

the tumor due to high dose radiation. Hence, a commer-

cial MR-IGRT system (ViewRay®, ViewRay Inc., Cleveland, 

OH, USA) has been recently developed in the clinic. An on-

board MR imaging system of ViewRay® was developed with 

0.35 T low magnetic field and a radiation therapy system 

was developed with three cobalt-60 radiotherapy sourc-

es.7-9) Although the use of MRI can be a more accurate and 

precise treatment, a localized region of dose enhancement 

and dose reduction effects can be caused by magnetic field 

in ViewRay®. In other words, the geometric of this system 

results in perturbation on dose distribution, such as chang-

es to the percentage depth dose, tissue interface effects 

and lateral shifts in dose distributions in the photon beam 

radiotherapy. Thus, the effects of magnetic field changes 

on dose distribution for radiotherapy treatment have been 

studied by many groups through various techniques in-

cluding analytical, simulation and/or experimental.10-12) 

Raaijmakers et al. reported that the magnetic field strength 

will cause dose enhancement at tissue-air boundaries, due 

to the electron return effect (ERE). ERE is that electrons 

entering air will describe a circular path and return into 

the phantom causing extra dose deposition. In this paper, 

ERE causes a dose enhancement of 40% at the beam exit 

area of the phantom.13) In 2007, they also reported on the 

correlation between magnetic field and dose enhancement 

or dose reduction.14) In addition, Kim et al.15) investigated 

the effect of low magnetic field on dose distribution and re-

ported that low magnetic field has not significantly effects 

on dose distribution in body for partial breast irradiation 

(PBI). On the base of this results, the aim of this work was 

to clinically evaluate the effects of low magnetic field on 

dose distributions. It was performed with and without low 

magnetic field (0.35 T) in SABR plans for liver cancer.

Materials and Methods

1. Patient selection

Ten patients, treated with SABR techniques delivered 50 

Gy in 5 fractions using ViewRay® system for liver cancer 

from October 2015 to April 2018, were selected.

2. Treatment planning in ViewRay® system

Intensity-modulated radiotherapy (IMRT) plans for liver 

cancer were used with SABR using the ViewRay® system. 

The ViewRay® treatment planning system (TPS) modelled 

using its own novel optimization algorithm and dose calcu-

lation based on Monte Carlo (MC) algorithm. The ViewRay® 

system consists of a rotating gantry with tree Co-60 heads 

spaced 120° apart that can generate a maximum dose rate 

of 550 cGy/min at the isocenter. The MLC of ViewRay® is the 

only beam-shaping device in the beam path when the Co-

60 source is at Beam On position. Each MLC consists of 60 

double-focused MLC mounted on two opposed leaf banks 

(30 leaf-pairs) to minimize the penumbra. The leaf width 

is 1.05 cm at isocenter of 105 cm (covering a square field of 

27.3×27.3 cm2). The average size of the PTV is 46.82±38.67 

cm3 (8.3–152 cm3). Several organs at risk (OAR) were con-

toured: duodenum, stomach and remained normal liver. 

To investigate the effect for magnetic field in boundary 

between air and medium, two shell structures close to the 

body outline of the patients were generated on dose distri-

bution, this method was verified in the paper of Kim et al.15) 

Two shell structures, consist of inner shell and outer shell, 

were ±0.3 cm thickness centrally the body surface. The 

thickness takes into account all of dose grid and common 

margin used in our institution. In this study, the IMRT ef-

ficiency and level was set at the value of 1.0 and 3.0, respec-

tively. The parameter of efficiency is for optimization of a 

relatively smoother fluence map and the parameter of level 

is for discretization of each fluence map. The resolution of 

dose grid was set at of 0.3 cm. Each of the SABR plans for 

liver cancer were applied with both options for dose calcu-

lation with magnetic field and zero magnetic field.

3. Dosimetric parameter analysis

To investigate these dose differences with and without 

magnetic field, we compared the results of dose distribu-

tion for the case of liver cancer patient with and without 

magnetic field based on Dose volume histograms (DVHs). 

All results were analyzed from the DVHs of each patient to 

obtain values at each dose and volume with and without 

low magnetic field. For PTV, the dose analyzed at the point 
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minimum (Dmin), maximum (Dmax), mean dose (Dmean) and 

volume receiving at least 90% (V90%), 95% (V95%) and 100% 

(V100%) of the prescribed dose, respectively. For OARs, the 

duodenum was analyzed the dose receiving 0.5 cc (D0.5cc) 

and 2 cc (D2cc) of total duodenum volume, and the results 

of stomach were analyzed under the same conditions of 

duodenum. In addition, we defined the liver dose con-

straints that at least 700 mL of the normal liver volume (total 

liver volume minus PTV) should be received 21 Gy or less. 

Both inner and outer shells were analyzed with the Dmin, 

Dmax, and Dmeans, respectively. 

Results

The comparison of dose distributions for the case of liver 

cancer patient with and without magnetic field was shown 

in Fig. 1. The magnetic field was applied to perform the cal-

culation of a dose distribution with magnetic field. In ad-

dition, we analyzed the results of the dosimetric parameter 

for different structure.

1. The effect of low magnetic field in PTV

The dose distribution changes in PTV were calculated 

with and without magnetic field. The average difference of 

mean dose values was 0.07±0.05 Gy, and the maximum dif-

ference was 0.19 Gy and the minimum difference was 0.03 

Gy. For the point dose analysis, the average differences of 

Dmin and Dmax were 0.28±0.33 Gy and 0.30±0.25 Gy, respec-

tively. The average difference of V90%, V95%, and V100% for 

volumes of PTV shows no significant difference. However, 

these results were indicated for the average difference val-

ue. The maximum difference of V100% showed 1.77%, which 

a slight difference was showed. Fig. 2 shows the difference 

dose and volume for ten patients in the PTV dose-volume 

a

b

Fig. 1. The comparison of dose distribution (a) with magnet and (b) without magnet field in the case of liver SABR with a magnet field 
(B0).
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Fig. 2. Dose and volume difference values in PTV for each patient.
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analysis. Table 1 analyzed the result of the average dose 

volume difference for PTV.

2. The effect of low magnetic field in OARs

Table 2 shows the analysis of the average dose volume 

difference for OARs including duodenum, stomach and 

remained normal liver. The average differences of the D0.5cc 

and were 0.05±0.05 Gy and 0.06±0.04 Gy in duodenum, 

respectively. In the stomach analysis, the average differ-

ences of D0.5cc and D2cc were 0.31±0.69 Gy and 0.12±0.18 Gy, 

respectively. In the remained normal liver, the average dif-

ferences of Dmean and Dmin showed no significant difference. 

The average difference of the Dmax was 0.33±0.36 Gy in the 

remained normal liver. In these OARs analysis, there were 

no significant differences.

3.  The effect of low magnetic field near the body 

surface

Table 3 analyzed the result of the average dose difference 

for shell structures. For inner shell and outer shell, the av-

erage dose difference of mean dose values was 0.02±0.02 

Gy and 0.08±0.07 Gy, which there is no dose difference with 

and without magnetic field. For dose minimum of point 

dose, there is also no dose difference for inner shell and 

outer shell. In inner shell, the average difference of dose 

maximum was 0.59±0.92 Gy, the maximum difference was 

3.15 Gy with and without magnetic field. In outer shell, the 

average difference of dose maximum was 2.12±2.67 Gy, the 

maximum difference was 4.38 Gy with and without mag-

Table 1. The average dosimetric parameter analysis for PTV.

Analysis
With

Magnet
Without 
Magnet

Difference
value

P-value

Dmean (Gy) 52.42±1.19 52.44±1.15 0.07±0.05 0.22

Dmax (Gy) 55.99±2.43 55.89±2.20 0.30±0.25 0.31

Dmin (Gy) 45.98±1.11 46.05±1.19 0.28±0.33 0.21

V90% (%) 99.99±0.04 99.99±0.04 0.00±0.00 0.50

V95% (%) 99.65±0.29 99.66±0.30 0.05±0.04 0.26

V100% (%) 90.54±8.07 90.64±7.77 0.67±0.60 0.37

Table 2. The average dosimetric parameter analysis for organs at risk (OARs).

OARs Analysis With Magnet Without Magnet Difference value P-value

Duodenum D0.5cc (Gy) 7.01±7.93 7.00±7.92 0.05±0.05 0.40

D2cc (Gy) 5.23±5.24 5.25±5.25 0.06±0.04 0.29

Stomach D0.5cc (Gy) 12.81±7.26 12.56±7.53 0.31±0.69 0.19

D2cc (Gy) 11.35±6.78 11.28±6.87 0.12±0.18 0.18

Remained normal 
liver

Dmean (Gy) 11.12±2.53 11.13±2.54 0.01±0.01 0.16

Dmax (Gy) 52.46±1.70 52.32±1.55 0.33±0.36 0.16

Dmin (Gy) 0.50±0.21 0.48±0.19 0.03±0.03 0.19

Table 3. The average dosimetric parameter analysis for shell structures.

Analysis With Magnet Without Magnet Difference value P-value

Inner shell Dmean (Gy) 1.34±0.53 1.35±0.52 0.02±0.02 0.21

Dmax (Gy) 31.49±4.82 31.97±4.78 0.59±0.92 0.09

Dmin (Gy) 0.02±0.01 0.02±0.01 0.00±0.00 0.50

Outer shell Dmean (Gy) 1.00±0.38 0.98±0.34 0.08±0.07 0.34

Dmax (Gy) 21.14±3.75 22.29±4.07 2.12±2.67 0.16

Dmin (Gy) 0.02±0.01 0.02±0.01 0.00±0.00 0.30

a b

Fig. 3. The dose distribution in sagittal image between (a) with 
magnet field (B0) and (b) without magnet field.
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netic field, which the dose difference was greater in outer 

shell than in inner shell. Fig. 3 shows the dose distribution 

in sagittal images between with and without magnetic 

field. A magnetic field transverse to the beam direction 

shows dose deposition outside the body, because the sec-

ondary electrons scattered from the body and produced in 

the treatment head travel in the direction of the magnetic 

field.

Discussion

Two methods, MC dose computation algorithms with 

and without magnetic field, were used in the TPS of 

ViewRay®. To perform a highly optimized simulation of the 

photons using a variety of variance reduction techniques, 

both MC algorithms apply the same techniques. The MC 

algorithm without the magnetic field tracks and calcu-

lates only the photons using the geometry information of 

patient without considering the magnetic field. However, 

MC algorithm with a magnetic field calculates while track-

ing charged particles including the effect of the magnetic 

field. Secondary electrons a photon produces move in a 

predominantly forward direction and travel in a series of 

a helical trajectory when calculating without magnetic 

field. When a photon beam irradiates with a magnetic 

field, charged particles are deflected by the Lorentz force. 

The path of these particles is the series of arc-shaped tra-

jectories in tissue or water, not a helical trajectory. This 

phenomenon is called the tissue interface effects (equal 

to ERE) by Raaymaker et al. These results indicate that the 

magnetic field can affect the change of the dose distribu-

tion. In addition, they extended to the more general case 

with angulated air-tissue boundaries in 2007.14) Although 

the effects of ERE counteract as using opposing beam, dose 

increase or decrease of respectively up to 7 and 12% occur 

in the region near the tilted surface. A.D. Esmaeeli et al. 

clinically studied that the consequences to radiation dose 

distributions were occurred in different magnetic field 

strengths for breast plans.16) The paper reported that the 

magnetic field have an effect on dose distribution in the 

internal and contralateral tissues and increase it to the PTV 

with sharper edge DVH curve. In our study, however, the 

effect of magnetic field on the dose distribution of internal 

tissues and PTV can be neglected. That of outside the body 

can only have a significant increasing dose. These results 

are different that’s because relatively low magnetic field 

of 0.35 T set up the relatively small Lorentz force. Besides, 

the large uncertainty for dose and volume was included in 

the results obtained in this study due to small number of 

samples and large dose grid thickness. Further studies are 

necessary to investigate the effect of magnetic field on dose 

distribution based on various treatment sites, techniques 

and cases.

Conclusion

The effect of the low magnetic field on dose distribution 

was not significantly observed PTV and OARs for SABR 

plans with liver cancer. The dose distribution change with 

and without low magnetic field was only appreciable out-

side the body, and there was no significant difference in 

PTV, OARs and inner shell.
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