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Background: We investigated the impact of 0.35 T magnetic field on dose calculation for non-
small cell lung cancer (NSCLC) stereotactic ablative radiotherapy (SABR) in the ViewRay sys-
tem (ViewRay Inc.), which features a simultaneous use of magnetic resonance imaging (MRI)
to guide radiotherapy for an improved targeting of tumors.

Materials and Methods: Here, we present a comprehensive analysis of the effects induced by
the 0.35 T magnetic field on various characteristics of SABR plans including the plan qualities
and dose calculation for the planning target volume, organs at risk, and outer/inner shells.
Therefore, two SABR plans were set up, one with a 0.35 T magnetic field applied during radio-
therapy and another in the absence of the field. The dosimetric parameters were calculated in
both cases, and the plan quality indices were evaluated using a Monte Carlo algorithm based on
a treatment planning system.

Results and Discussion: Our findings showed no significant impact on dose calculation under
the 0.35 T magnetic field for all analyzed parameters. Nonetheless, a significant enhancement
in the dose was calculated on the skin surrounding the tumor when the 0.35 T magnetic field
was applied during the radiotherapy. This was attributed to the electron return effect, which re-
sults from the deviation of the electrons ejected from tissues upon radiation due to Lorentz forc-
es. These returned electrons re-enter the tissues, causing a local dose increase in the calculated
dose.

Conclusion: The present study highlights the impact of the 0.35 T magnetic field used for MRI
in the ViewRay system for NSCLC SABR treatment, especially on the skin surrounding the tu-
mors.

Keywords: Non-small Cell Lung Cancer, Viewray System, Low Magnetic Field, Dosimetric
Parameters

Introduction

Non-small cell lung cancer (NSCLC) is a major cause of cancer-related mortality
worldwide, with more than 1,000,000 related deaths occurring each year [1-3]. Although
surgery is the most representative treatment for NSCLC cases with high mortality rates,
it does not constitute a default option for a significant percentage of patients owing to
various reasons. In fact, approximately 30% of early-stage NSCLC patients do not have
surgery, with 65% of elderly patients older than 75 years [4]. Additionally, patients with
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comorbidities, which may increase surgical risk, generally do
not undergo surgery [5-7]. Nonetheless, a decision not to un-
dergo surgery can also be due to a patient’s perception of
prognosis and racial factors. Thus, for patients excluding the
surgery option, Stereotactic ablative radiotherapy (SABR) is
the alternative route to conventional fractionated radiother-
apy [8-10]. SABR is a radiotherapy method with extremely
high ablation doses, usually provided in three to eight treat-
ment fractions within 2 weeks, to minimize the toxicity risk
induced to normal cells. Many studies have demonstrated
that SABR treatment for NSCLC patients achieves better local
control, survival rates, and less toxicity, compared to conven-
tional radiotherapy [5, 11, 12]. Nonetheless, the SABR treat-
ment requires a set of logistics including immobilization to
prevent patient movements during radiation treatment, treat-
ment plans, and actions to describe tumor movements dur-
ing radiation delivery, dose distribution for tumors, and steep
dose slopes from tumors to surrounding normal tissue [13, 14].
SABR is a method of high-precision radiation therapy with a
relatively larger amount of irradiation per fraction than con-
ventional fractionated radiotherapy, which imposes an es-
sential need for highly accurate treatment. The ViewRay sys-
tem (ViewRay Inc.) provides means to deal with most of the
SABR treatment requirements. Magnetic resonance imaging
(MRI) is performed in real-time, with a 0.35 T magnetic field,
during radiation treatment [15-17]. This enables accurate
doses to be delivered to the targeted tumor. However, the low
magnetic strength used in ViewRay infers poor image quali-
ty. Most importantly, the magnetic field during treatment af-
fects dose calculations, causing dose enhancement or reduc-
tion. Raaijmakers et al. [18] reported a reduced build-up dis-
tance induced by the magnetic field because it creates an
electron trajectory between collisions in the form of curves.
In addition, a dose enhancement usually arises due to the
electron return effect (ERE) at tissue-air interfaces. Electrons
leave the tissue at a certain rate and then deviate from the
path by the magnetic field, curve in the air and enter the tis-
sue again, causing a local dose enhancement. Raaijmakers et
al. [19] found that ERE increased the dose enhancement by
40% at the beam exit region. This phenomenon affects the
dose depositions in the clinical planning stage [19]. Esmaeeli
etal. [20] reported the effects of a magnetic field (1.5 or 3.0 T)
on dose distribution in breast-cancer plans. Besides, Kim et
al. [21] reported the impact of a low magnetic field on dose
calculation for partial breast irradiation. In particular, obser-
vations on the outside of the body confirmed maximum
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dose (Drmax) showed a 5.0+10.5 Gy dose difference. Moreover,
Son et al. [22] evaluated the influence of the magnetic field in
the prostate SABR plan. It was reported that Dmax differs by
1.28+1.08 Gy on the outside of the body, confirming that the
magnetic field has an influence at the tissue-air interface, in-
ducing alterations to the dose calculation. The tumors in pa-
tients with NSCLC are surrounded by more air, compared to
the tumors in patients with partial breast or prostate cancer.
Therefore, in this study, we evaluated the effect of a 0.35 T
magnetic field used in ViewRay on dose deposition. Clinical-
ly relevant dosimetric parameters and plan qualities were
analyzed by comparing the presence/absence of a 0.35 T
magnetic field for NSCLC SABR plans.

Materials and Methods

1. Patient Selection

Twenty patients who have undergone SABR treatment for
NSCLC between January 2014 and February 2022 were se-
lected using ViewRay, retrospectively.

2. Treatment System (ViewRay)

The ViewRay system consists of a radiation therapy tech-
nique using three *Co sources, accompanied by MRI with a
0.35 T magnetic field. The system was equipped with three
depleted ®Co heads on a ring-shaped gantry. Each multi-leaf
collimator (MLC) used in this system is composed of two leaf
banks equipped with a total of 60 equally mounted double-
focus leaves (30 on each leaf bank). The leaf width of the MLC
was 1.05 cm at the plane of the isocenter at a source to axis
distance of 105 cm. Each leafhad a 0.3 mm thickness of tongue
and groove on the leading edge and a 0.5 mm thickness on
the adjacent sides. The interval gap of MLCs is 0.5 cm with a
maximum aperture size of 27.3 cm x 27.3 cm at the isocenter.

3. SABR Plans for Lung Cancer

The treatment plans without main magnetic field (Bo)=0 T
treatment plans that are being compared with the Bo=0.35 T
plans were not created from scratch. Instead, the Bo=0 T
plans were recalculated (but not re-optimized) with Bo=
0.35 T plans to determine the extent to which the 0.35 T mag-
netic field affects dose depositions. The volume of planning
target volumes (PTV) has a range of 3.0 to 41.0 cm®, with an
average volume of 15.6 cm®. The isocenter was laterally fixed
in order to prevent collision between the bore of the *Co sys-
tem and the patient’s arms. The dose was calculated with an
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radiofrequency coil using a 3 mm calculation grid size. The
dose calculation of the ®Co system is achieved based on the
Monte Carlo (MC) calculation algorithm developed by the
manufacturer (ViewRay Inc.). The dose volume histogram
(DVH) was analyzed for dosimetric parameters obtained
from the ViewRay system.

4. Statistics Analysis

We used the IBM SPSS version 23.0 statistical software (IBM
Co.) for the analysis. We used the paired -test to evaluate the
difference in dose deposition with and without a 0.35 T mag-
netic field. The paired #-test compares the means of two re-
sults taken from the related targets. The results are presented
as the averagetstandard deviation. Paired #-tests and paired-
sample comparisons were calculated.

5. Plan Evaluation

We used the DVHs to assess the impact of the 0.35 T mag-
netic field. The corresponding results were analyzed for the
presence/absence of a low magnetic field, respectively. For
the PTV, we compared the results of dose for mean dose
(Dmean), minimum dose (Dmin), Dmax, the dose delivered to the
5%, 90%, 95%, and 100% of the volume (Ds«, Doow, Dosw, and
Duoow, respectively). For organs at risks (OARs), the dosimet-
ric parameters were compared with Dmax for the spinal cord;

Dunax for the heart; Dmax for bronchi; Dmax and the volume re-

ceiving doses equal to or greater than 40 Gy (Vi) for ribs;
Dunax for skin; Dmean, the volume receiving doses equal to or
greater than 10 Gy (Viogy), the volume receiving doses equal
to or greater than 5 Gy (Vsgy), and the dose delivered to the
volume 1,000 cm?® (Digooem) for the contralateral lung; and
Dinean, the volume delivered to the 20 Gy (Vaogy), Viesy, Vsay,
and Dioooce for the ipsilateral lung. We also analyzed Dmean,
Dumin, and Dmax for the inner and outer shells (+3 mm from
body surface) in order to evaluate the impact of the magnetic
field in the patient surface region. Furthermore, the change in
the plan’s quality was quantitatively evaluated based on the
change in dosimetric parameters. The homogeneity index
(HI), conformity index (CI), and target coverage were ana-
lyzed to evaluate the plan’s qualities. The HI, which quanti-
fies the dose homogeneity in the PTV, was calculated as the
ratio of Dsy to Dess [23]. The CI, which indicates the relation-
ship between isodose distribution and PTV, was calculated
as the ratio of the prescription dose delivered volume to the
PTV volumes [24]. All plans have a target coverage of 95% for
the target volume, receiving 100% of the prescription dose.

Fig. 1 shows the comparison results of the dose deposition
in the presence/absence of a 0.35 T magnetic field.

An example of dose calculation for non-small cell lung cancer stereotactic radiotherapy plan: (A) with a magnetic field (Bo=0.35T), (B)

without a magnetic field.
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Table 1. Planning Target Volume Dosimetric Parameters with/with-
out Magnetic Field

Table 3. Organs at Risk Dosimetric Parameters with/without Mag-
netic Field

Parameter Wit.h . With.OUt. DLIEENSE p-value Parameter Wit.h ' With.OUt. DEIENEE p-value
magnetic field magnetic field value magnetic field magnetic field value

Drean (GY) 56.50+5.41 56.62+528 0.21+0.18 0.356 Spinal cord
Drin (Gy) 51.01+5.37 51.02+5.63 0.48+0.34 0.380 Drmax (Gy) 11.10£4.26  11.10+4.33 0.13+0.12  0.499
Drmax (Gy) 60.09+5.67 60.13£5.12  0.58+0.43 0.381 Heart
Dsg% 58.99+5.48 59.16+5.10 0.31+£0.30 0.354 Drex (Gy) 19.13+11.09 19.15+11.08 0.21+£0.17 0.498
Dooss 54.38+5.51 54.37+£557 0.27+0.28 0.377 Bronchi
Dos% 53.79+3.52 53.73+5.60 0.28+0.29 0.387 Drex (Gy) 7.03+14.44 ©6.98+14.44 0.05+0.08 0.497
Dioos 51.01+5.37 51.02+£5.63 0.48+0.34 0.380 Ribs
Values are presented as mean + standard deviation. D (G) 2GRN GEAIEAY DATH0AY 0002
Drvean, Mean dose; D, minimum dose; Dinax, maximum dose; Dsy, dose Vaoey (%) 341£305  3.60£307  0.15£045 0.451
delivered to the 5% of the volume; Deow, dose delivered to the 90% of the Skin
volume; Dess, dose delivered to the 95% of the volume; Dioos%, dose deliv- Drax (Gy) 60.09+5.67 59.92+542  0.59+0.42 0.462
ered to the 100% of the volume. Contralateral lung

Drnean (Gy) 1.16+0.59 1.13£0.63 0.04+0.13 0.445
Table 2. Plan Quality Indices with/without Magnetic Field Vioay (%) 2.02+£256 237+261 001002 0.420

- - Vsay (%) 5.21+5.72 4.94+5.74  0.06+0.07 0.447
Parameter Ol Uiiou p-value Dioooorr (GY) 027+011  028+0.10 001001 0418
magnetic field magnetic field i
Ipsilateral lung

Homogeneity index 1.099+0.052 1.100+0.052 0.479 Dinean (Gy) 6.36+2.86 6.60+335 0.72+2.30 0.375
Conformity index 1.253+0.155 1.282+0.169 0.289 Vaogy (%) 11.58+6.97 11.63+6.92 0.17+0.29 0.493
Target coverage 0.946+0.018 0.935+0.049 0.178 Vioay (%) 20.09+10.47 22.07+1052 0.13+0.15 0.498
Values are presented as mean + standard deviation. Vsey (%) 30.95+12.76 30.80+12.71 0224046 0485

Dioooen (Gy) 0.69+0.52 0.67+0.52 0.02+0.02 0.462

1. PTV Dose Distribution Difference

The calculated dose deposition for PTV was obtained with/
without a 0.35 T magnetic field. The analyzed doses were
Dhnean, Diiny Dimax, Dss, Dao, Dosw, and Dioos, as listed in Table 1.
The average differences in dose depositions between the cases
with/without the magnetic field were determined at Dmean,
Dhnin, and Dinay as 0.21+0.18 Gy (p=0.36), 0.48+0.34 Gy (p=
0.38), and 0.58+0.43 Gy (p=0.38), respectively. At Dsx, Do,
Dos%, and Dioos, the average differences in dose deposition
were calculated to be 0.31£0.30 Gy (p=0.35), 0.27+0.28 Gy
(p=0.38), 0.28+0.29 Gy (p=0.39), and 0.48+0.34 Gy (p=0.38),
respectively.

These results show very small differences between the dose
calculations (but only one optimization) in the presence and
absence of a 0.35 T magnetic field. This clearly indicates that
the 0.35 T'magnetic field, used for MRI in the ViewRay system,
has no significant effect on the dose depositions for the PTV.

2. Plan Qualities Difference

Table 2 summarizes the plan qualities of the NSCLC SABR
plans in the presence/absence of a low magnetic field. The
results were analyzed for HI, CI, and target coverage. In the
presence of a 0.35 T magnetic field, the following results were
obtained for these parameters: HI=1.01+0.05; CI=1.25+
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Values are presented as mean + standard deviation.

Drmax, maximum dose; Vaioay, Volume receiving doses equal to or greater
than 40 Gy; Viosy, volume receiving doses equal to or greater than 10 Gy;
Vsey, volume receiving doses equal to or greater than 5 Gy; Dioooere, dose
delivered to the volume 1,000 cm?®; Dmean, mean dose; Vaogy, Volume re-
ceiving doses equal to or greater than 20 Gy.

0.016; and target coverage = 0.95+0.02. When the calculation
was performed without the magnetic field, the following re-
sults were obtained: HI = 1.10+0.05; CI=1.28+0.17; and target
coverage =0.9410.05. For target coverage, the p-value was
determined at 0.18 for the presence/absence of a magnetic
field. Therefore, the comparison of these indicators clearly
indicates that the plan quality is not affected by the presence
and absence of the 0.35 T magnetic field.

3. Organs at Risk Dose Distribution Difference

Table 3 presents the average difference for the OARs in-
cluding the spinal cord, heart, bronchi, ribs, skin, contralat-
eral lung, and ipsilateral lung. The average differences in Dmax
for the spinal cord, heart, and bronchi, were determined as
0.130.12 Gy (p=0.50), 0.21+0.17 Gy (p=0.50), and 0.05+
0.08 Gy (p=0.50), respectively. For the ribs, the differences in
Drnax and Vigey were 0.20+0.28 Gy (p=0.40) and 0.15+0.45%
(p=0.45), respectively. For the opposite lung where the PTV
was located, Dmean and Do yielded average differences of

https://doi.org/10.14407/jrpr.2022.00150



Magnetic Field Impact on Dose Deposition in NSCLC SABR Plans

Table 4. Inner/Outer Shell Dosimetric Parameters with/without Mag-
netic Field

Parameter Wit.h ) With.OUt. DLIEENSE p-value
magnetic field magnetic field value

Inner shell
Dinean (Gy) 1.11+0.58 1.13+0.58  0.08+0.02 0.470
Dmin (Gy) 0.02+0.02 0.06+0.14  0.04+0.13 0.154
Drax (Gy) 30.79+4.92 31.15+5.00 0.47+0.33 0.408

Outer shell
Dinean (Gy) 0.86+0.42 0.87+0.40 0.08+0.06 0.452
Dmin (Gy) 0.02+0.02 0.03+0.05  0.02+0.04 0.152
Drax (Gy) 18.74+£6.056 21.20+549  3.58+2.60 0.047

Values are presented as mean + standard deviation.
Drnean, mean dose; Dimin, minimum dose; Dimax, maximum dose.

0.04%0.13 Gy (p=0.45) and 0.01£0.01 Gy (p=0.42), respec-
tively. For Viey and Vsay, the average differences were 0.01+
0.02% (p=0.42) and 0.06+0.07% (p=0.45), respectively. For
the ipsilateral lung, the average differences for Dimean, Dioooce,
Vaoay, Viogy, and Vsey were 0.72+2.30 Gy (p=0.38), 0.02£0.02 Gy
(p=0.46), 0.17+0.29% (p=0.49), 0.13+0.15% (p=0.50), and
0.22+0.46% (p = 0.49), respectively. The very small differenc-
es obtained between the values in the presence and absence
of the low magnetic field indicate that these conditions do
not affect the dosimetric parameters for various OARs.

4. Dose Distribution Difference around the Skin

The dose difference around the skin in the presence/ab-
sence of a low magnetic field is shown in Table 4. For the in-
ner shell, the dose differences in terms of Dimean, Dmin, and
Dunax Were 0.0320.02 Gy (p=0.47), 0.04+0.13 Gy (p=0.15),
and 0.47+0.33 Gy (p=0.41), respectively. No statistically sig-
nificant differences were observed for the inner shell. How-
ever, for the outer shell, the differences in terms of Dimean, Dmin,
and Dy Were 0.08+0.06 Gy (p=0.45), 0.02+0.04 Gy (p=0.15),
and 3.58+2.60 Gy (p=0.05), respectively. This result means
that the Dmax of the outer shell is significantly affected by the
presence of the 0.35 T magnetic field.

The impact on the dose deposition of the 0.35 T magnetic
field, applied in ViewRay to guide radiation therapy, was an-
alyzed for SABR plans for NSCLC in terms of the variation in
dose distributions for PTV, OARs, and outer/inner shells. The
effect on plan quality indices (i.e., HI, CI, and target coverage)
was also analyzed. For this, two NSCLC SABR plans were de-
signed: one original plan with a 0.35 T magnetic field and
another in the absence of the magnetic field. Although no
significant differences were observed in PTV, plan qualities,
and OARs, results showed a significant increase in doses out-
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side the body. This indicates that the ERE induces variations
in the dose deposition around the skin in SABR plans for
NSCLC.

The MC algorithm based on a treatment planning system
(TPS) was employed to evaluate the treatment plans. To use
high performance for the optimized simulation of photons,
the TPS system applied a variance reduction technique. Dose
calculation based on the MC algorithm in the presence/ab-
sence of a magnetic field provides geometric information of
secondary electrons generated by photons [25]. These elec-
trons can be bent by Lorentz forces and thus have arc-shaped
trajectories in water or tissue, causing physical changes such
as reduced accumulation, increased doses, and penumbra
[26]. In this case, the deviation in dose distribution might
have increased in the body. However, Esmaeeli et al. [20] have
shown that a dose distribution with an increase or decrease
of 7% or 12%, respectively, might occur near the surface.
They argued that the increase or decrease in dose to the PTV,
internal and contralateral tissues could be reduced because
of the magnetic field. In contrast, we have confirmed in our
previous studies that low magnetic fields increase the dose,
especially near the body surfaces [21, 25]. In the present study,
our findings demonstrate that, in the PTV and internal tissues,
the dose distribution with magnetic fields did not change
compared to the case where condition without the magnetic
field was applied for breast and liver cancers [21, 25]. None-
theless, we report on a slight increase in dose due to the ERE
outside the body. In addition, electrons may be more likely
to build-up again, especially in air.

These results indicate that further studies are needed on
the impact of low magnetic fields for different treatment tech-
niques and sites. In addition, Unity (Elekta) has been devel-
oped to allow 6 MV planarization filter free beams to be irra-
diated to targets, while simultaneously obtaining images us-
ing 1.5 T magnetic fields [27]. In the case of a 1.5 T magnetic
field, the differences in dose deposition for the PTV, OARs,
and skin are greater than those caused by the impact on the
0.35 T magnetic field [28].

Conclusion

This study shows that a 0.35 T magnetic field has an im-
pact on the dose depositions in NSCLC SABR plans. In par-
ticular, there was a significant increase in the outer shell dose
under the 0.35 T magnetic field due to scatter radiation or the
secondary electrons. No significant differences of dose depo-
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sitions were identified in the PTV, plan quality, and OARs.
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