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Purpose: This study investigates the impact of the magnetic field on plan quality and
dose at the tissue–air interface in MR-guided radiotherapy of head and neck cancer.

Materials and Methods: The charts of 10 patients with hypopharyngeal carcinoma
who were treated with conventional fractionated radiotherapy were collected and
reviewed. The skin and tissues containing air cavities were contoured. Three plans
using 9 fields of intensity-modulated radiation therapy were generated for each patient
in the Monaco treatment planning system of an Elekta Unity MR-linac. The first plan was
optimized without the magnetic field (plan0T). The second plan was recalculated in the
presence of a 1.5-T magnetic field (plan1.5T_reCal) using the same segment shape and
monitor units as the first plan. The third plan was reoptimized in the presence of a 1.5-T
magnetic field (plan1.5T_reOpt) using the same cost function as the first plan. The dose
to the skin and tissues containing air cavities were compared across the three types of
plans. A plan-quality metric method was used to evaluate the plan quality according to
the clinical requirements.

Results: The skin dose was increased in the presence of the 1.5-T magnetic field, and
the amplitude increase of plan1.5T_reOpt (1Dmean 1.30± 0.42 Gy, 1Dmax 1.68± 1.36 Gy)
was smaller than that of plan1.5T_reCal (1Dmean 1.81 ± 0.79 Gy, 1Dmax 5.43 ± 2.26 Gy).
There were no significant differences in terms of the metrics of interfaces of tissues
containing air cavities except for an increased maximum dose to the larynx and trachea.
The plan quality of plan1.5T_reCal (68.0 ± 9.2) was significantly worse than that of plan0T

(82.2 ± 7.0), and the plan quality of plan1.5T_reOpt (80.0 ± 7.0) was similar to that
of plan0T.

Conclusion: The presence of a 1.5-T magnetic field had an apparent impact on
the dose distribution, in particular, a significant increase in the skin dose. The plan
quality of plan1.5T_reOpt was similar to that of the original plan0T when the same cost
function was used.
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INTRODUCTION

Magnetic resonance (MR) provides better image contrast than
computed tomography (CT), especially for soft tissue, and it
does not expose the patient to ionizing radiation (1, 2). To
implement MR image guidance during radiation treatment, the
integration of MR imaging with a linear accelerator (MR-linac)
has been developed, covering both low and high magnetic
field strength (3–6). In MR-linac, the Lorentz force exerted by
the static magnetic field causes secondary electrons to move
perpendicularly to their velocity direction. Inside the body, the
Lorentz force reduces the buildup depth and causes asymmetry
in the lateral beam profile (7). At the tissue–air interface, the
magnetic field returns the electrons that have exited the tissue
to the surface, which is called the electron return effect (ERE)
(8). This effect is obvious at interfaces between layers with great
density differences and results in significant dose variation at
such interfaces.

In radiotherapy of head and neck (H&N) cancer, MR image
guidance provides many benefits (9), such as delineation of
target volumes (10), motion management (11), and adaption of
anatomical changes (12), which are useful for real-time, high-
contrast visualization of the tumor and organs at risk (OARs).
However, apart from the benefits of MR image guidance, it is
important to investigate the impact of the magnetic field on
dose distribution. A single beam at a highly oblique surface can
result in a dose increase of up to 56% to the exit point (13).
The ERE can vary in terms of the incident angle of the beam to
the surface, and oblique angles induce the largest dose increase
at the interface. However, at perpendicular interfaces, this effect
can be compensated by using opposing beams (8, 13). Most
parts of target volumes in H&N are superficial and relatively
large, which results in a relatively large area of skin irradiation.
Furthermore, H&N tissues contain in vivo air cavities, including
the nasopharynx, oropharynx, larynx, and trachea, in which the
ERE may be problematic because the tissue–air interface affects
the dose distribution.

In recent years, with the development of clinical applications
of MR-linac, there has been increasing interest in the impact of
the magnetic field on dose distribution, and a few studies have
been presented. Chuter et al., assessed the robustness of MR-
linac radiotherapy in the case of anatomical changes in H&N
cancer, indicating no significant differences between the doses in
the primary target volume (PTV) and OARs related to weight loss
with or without a magnetic field (14). Heijst et al., investigated the
effects of a magnetic field on the skin dose in breast radiotherapy,
finding that accelerated partial breast irradiation induced less
of an increase to the skin dose than whole breast irradiation
(15). Bol et al., conducted a comprehensive simulation using a
phantom to investigate static and moving air cavities within the
target area. They found intrinsic ERE compensation as a result
of using equidistant and opposing beams, and they observed
that additional compensation can be provided in intensity-
modulated radiation therapy (IMRT) in the case of correct
positioning of the air cavity (16). Raaijmakers et al., studied
IMRT plans in the presence of a 1.5-T magnetic field for three
cases with different target sites (prostate cancer, laryngeal cancer,

and oropharyngeal cancer). The results show that the magnetic
field induced a minimal difference of dose distribution and an
apparent increment of skin dose (17). However, for tumors
located in the H&N, in which large skin areas and many in vivo air
cavities are irradiated, no report has presented a comprehensive
statistical comparison of the IMRT plans with and without
a magnetic field. It is necessary to investigate the statistical
differences between 0 T and 1.5 T in terms of the dosimetric
parameters of IMRT plans and the doses to skin and tissues
containing air cavities.

Here, we present the first comprehensive study investigating
the impact of the magnetic field on both plan quality and dose
variation at the tissue–air interface in MR-guided radiotherapy of
H&N cancer. First, in order to conduct a quantitative evaluation
of the ERE-induced dose increment in the tissue–air interfaces,
the skin and the interfaces of tissues containing air cavities
were specifically contoured. Then, in order to evaluate overall
treatment plan quality, a plan-quality metric (PQM) scoring
procedure was introduced according to the clinical requirements.
Moreover, we generated three types of IMRT plans for each
case: the original plan without the magnetic field (plan0T), a
recalculated plan in the presence of 1.5 T (plan1.5T_reCal), and a
reoptimized plan in the presence of 1.5 T (plan1.5T_reOpt). We
included plan1.5T_reCal to help us to determine the quantitative
differences to the IMRT plans caused by only the addition
of a 1.5-T magnetic field. Finally, we conducted statistical
analysis to compare the dose parameters among the three types
of plans using data from 10 patients with hypopharyngeal
carcinoma. Therefore, this study adds four main contributions
to the existing literature: (1) evaluation of the ERE-induced
dose increment at specifically contoured tissue–air interfaces,
(2) assessment of overall plan quality based on a PQM scoring
procedure, (3) design of three types of plans for each case,
and (4) statistical analysis of the data from 10 patients with
hypopharyngeal carcinoma.

Currently, an Elekta Unity MR-linac (1.5-T magnetic
field, fixed isocenter, non-rotating collimator) is installed and
commissioned in our center. We used a 9-field (9F) IMRT
technique in the MR-linac to generate three types of plans
for each of the 10 patients with hypopharyngeal carcinoma.
Based on comparisons among the three types of plans, we
aimed to investigate the impact of a magnetic field on
dose distribution in MR-guided radiotherapy of H&N cancer,
concentrating on (1) magnetic field–induced variation of plan
quality and (2) ERE-induced dose increases to the skin and tissues
containing air cavities.

MATERIALS AND METHODS

Patient Selection and Regions of Interest
We reviewed the data of 10 patients with hypopharyngeal
carcinoma who were treated with conventional fractionated
radiotherapy. The patients’ median age was 59 years (range: 40–
66 years). The patients’ tumor staging and dose prescriptions are
listed in Table 1. Because the maximum field size of the Unity
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TABLE 1 | Tumor staging and prescriptions.

Number of patients

Tumor staging

T4 4 (N2 = 3/N3 = 1)

T2 4 (N0 = 1/N2 = 3)

T1 2 (N2 = 1/N3 = 1)

Prescribed dose/fractionation

PGTVtb 69.96Gy/2.12Gy/33f

GTVnd 69.96Gy/2.12Gy/33f

PTV 60.06Gy/1.82Gy/33f

MR-linac is 57 cm × 22 cm, the length of PTV for each patient
was shorter than 20 cm.

The patients underwent CT scans in a supine position with 3-
mm slice thickness and 1 mm × 1 mm planar voxel size. Gross
tumor volume in the tumor bed (GTVtb), planning gross tumor
volume in the tumor bed (PGTVtb), the involved lymph nodes
(GTVnd), the clinical target volume, and the planning target
volume (PTV) were contoured by senior physicians. Relevant
OARs, including the brain stem, spinal cord, parotids, larynx,
trachea, and thyroid gland were also delineated. Extra 3- and
5-mm margins were added to the brain stem and spinal cord,
respectively, as the planning OAR volume (PRV). Furthermore,
as shown in Figure 1, in order to quantitatively evaluate the ERE-
induced dose increment in the tissue–air interfaces, the skin was
contoured to include the first 1 mm under the outline of the body,
and the interfaces of tissues containing air cavities (nasopharynx,
oropharynx, larynx, and trachea) were contoured to include the
first 1 mm outside of the air cavities.

IMRT Planning
Treatment planning was performed using the Monaco (v5.40.01,
Elekta AB, Stockholm, Sweden) treatment planning system
(TPS). As described by (18), the GPU Monte Carlo dose
(GPUMCD) algorithm in the Monaco TPS allows the inclusion
of a 1.5-T magnetic field. The algorithm has shown good
consistency with GEANT4 calculations at both 0 T and 1.5 T (19).
A step-and-shoot IMRT dose-delivery technique is used in the
Unity MR-linac because the volumetric modulated arc therapy
dose-delivery technique is not yet available.

Considering the location of the PTV and its feature of
symmetric distribution, a 9F IMRT plan is generally used in
our clinical practice. For each patient, three 9F IMRT plans
were generated in the Monaco TPS in the presence of 0-
T and 1.5-T magnetic fields with the following parameters:
the minimum segment area was set to 4 cm2, the minimum
segment width was set to 0.5 cm, low fluence smoothing,
minimum monitor unit (MU) per segment was set to 4 MU,
the maximum number of segments was set to 150, and the
statistical uncertainty per calculation was set to 1%. The first
plan (plan0T) was generated at 0 T using a set of optimization
objectives from a previously stored template for the optimization
of hypopharyngeal carcinoma treatment plans. The second plan
(plan1.5T_reCal) was directly recalculated under a 1.5-T magnetic
field using the same segment shape and monitor units as the

first plan. The third plan (plan1.5T_reOpt) was reoptimized under
a 1.5-T magnetic field using the same cost function as the first
plan. The optimization process of plan1.5T_reOpt was as follows:
After plan0T was completed and saved, we reset the calculation
engine (remove fluence, segments, and dose), changed the beam
type from “MRLNoMag” to “MRL1.5T,” and optimized the
plan using the same cost function as plan0T. On the basis of
plan0T, the optimization time of plan1.5T_reOpt was about 10 min.
During the optimization process, there was just one button click
“Batch Optimization” to start optimization and batch through
optimization and sequencing stages. The plans were optimized
based on the fully optimized fluence maps with a 3-mm grid
resolution. After the optimization was finished, the dose was
recalculated with a 2-mm grid resolution.

To address the effects of variation stemming from the
optimization and Monte Carlo (MC) dose calculation, the above
planning process was repeated for each plan. Therefore, two sets
of data were collected for each plan, and averaged values were
calculated for dosimetric evaluation.

Study Endpoints
To compare the three types of plans, dose-volume histograms
were calculated for all structures and corresponding
evaluation parameters.

The dose parameters of the targets (PGTVtb, GTVnd, and
PTV) included the following metrics: (i) Vp (the percentage of
the target volume receiving the prescribed dose), which describes
target coverage. (ii) The homogeneity index (HI) (20), defined as:

HI = 100%×
D2%− D98%

D50%
(1)

D2, D98, and D50% are the minimum doses delivered to 2, 98,
and 50% of the PTV, respectively. The closer the HI value is to 0,
the better the homogeneity. (iii) The conformity index (CI) (21),
defined as:

CI =
TV2

PTV
VPTV × TV

(2)

VPTV is the volume of the target, and TVPTV is the portion of the
VPTV within the prescribed isodose line. TV is the treated volume
of the prescribed isodose line. The closer the CI value is to 1, the
better the conformity.

Several parameters were compared for the OARs: (i) the
maximum dose (Dmax) to the brain stem and brain stem PRV;
(ii) the maximum dose (Dmax) to the spinal cord and spinal
cord PRV; (iii) the mean dose to the parotids; (iv) the mean
dose to normal tissue (NT), defined as the volume inside the
body and greater than 1 cm from the PTV. The larynx, trachea,
and thyroid gland were not involved because they were entirely
or partially inside the targets. Moreover, the maximum and
mean doses were compared for skin and the interfaces of tissues
containing air cavities.

Plan Quality Metrics
According to the concept of PQM proposed by Benjamin (22)
and the plan-quality score SD proposed by Bohsung (23), a new
PQM scoring procedure for treatment plans with 15 related
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FIGURE 1 | A patient CT scan with delineated regions of interest.

submetrics was defined. Each metric has a unique quantity and
PQM value function that is used to calculate a point value, and the
ranges of the corresponding PQM values were uniformly set from
0 to 10. A description of each PQM metric is shown in Table 2.
Figure 2 presents the schematic plots of the PQM value functions.
The quality score S of each plan is the sum of the PQM values of
the 15 submetrics, defined as follows:

S =
∑k

i=1
Si (3)

Si =


Mi −Mil

Miu −Mil
× (Simax − Simin), Vp and CI

Miu −Mi

Miu −Mil
× (Simax − Simin), else

(4)

where k is the number of submetrics, Si is the PQM value of the
corresponding metric (Mi), and Mil and Miu are the lower and

upper limits of Mi, respectively. Simax and Simin are the maximum
and minimum PQM values of Mi.

The interval of each metric was determined according to
both clinical requirements and the minimum (or maximum)
value of the corresponding metric’s recorded data. For instance,
the clinical requirement of V69.96 was 95% and the minimum
recorded V69.96 data point across all plans was 81.9%. Therefore,
the interval was set to range from 80 to 95%. In this way, all plans
in this control experiment could be evaluated using the PQM
scoring procedure.

Statistical Analysis
The statistical significance of differences between all dosimetric
parameters was tested by performing the Wilcoxon signed rank
test in SPSS v17 (IBM Corp.). Values of p < 0.05 were considered
to represent statistically significant results.
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TABLE 2 | Evaluation interval of metric parameters along with their
point value range.

Structure Metric

Parameter Lower limit Upper limit

PGTVtb V69.96 (%) 80 95

CI 0 1

HI 0 0.2

GTVnd V69.96 (%) 80 95

CI 0 1

HI 0 0.2

PTV V60.06 (%) 90 95

CI 0.6 1

HI 0 0.3

Brain stem Dmax (Gy) 25 40

Brain stem PRV Dmax (Gy) 30 45

Spinal cord Dmax (Gy) 30 40

Spinal cord PRV Dmax (Gy) 35 45

Parotids Dmean (Gy) 40 55

NT Dmean (Gy) 10 30

RESULTS

Effect of 1.5-T Magnetic Field on Plan
Quality
The differences in dose–volume metrics between the treatment
plans designed for 1.5 T and 0 T are presented in Figure 3.
Statistically significant differences were found in the metrics
involving dose coverage, HI, CI, and NT.

With regard to PGTVtb, GTVnd, and PTV, all metrics of
the recalculated plans were significantly worse in the presence
of a 1.5-T magnetic field (p < 0.05), including decreased
dose coverage Vp (−0.071 ± 0.027, −0.072 ± 0.059, and
−0.016 ± 0.005, respectively), increased HI (0.039 ± 0.023,
0.023 ± 0.020, and 0.011 ± 0.010, respectively), and decreased
CI (−0.005 ± 0.005, −0.032 ± 0.027, and −0.065 ± 0.025,

respectively). Some metrics of plan1.5T_reOpt also got worse
significantly in the presence of the 1.5-T magnetic field (p< 0.05),
including increased HI in PGTVtb and GTVnd (0.008 ± 0.009
and 0.005 ± 0.004, respectively), decreased CI in PGTVtb and
PTV (−0.004 ± 0.005 and −0.017 ± 0.011, respectively), and
increased CI in GTVnd (0.005± 0.005). However, for all metrics
in the targets section, the magnitudes of the differences in the
reoptimized plans were smaller than those in the recalculated
plans. Most metrics of the OARs increased in the presence of a
1.5-T magnetic field for both the recalculated and reoptimized
plans. However, no significant differences were found except for
an increased mean NT dose in the recalculated and reoptimized
plans (0.13± 0.02 Gy and 0.12± 0.14 Gy, respectively).

Table 3 shows the plan quality scores of the three types
of plans. The plan quality score indicates the treatment plan’s
overall quality. The quality of the recalculated plan was
significantly decreased in the presence of a 1.5-T magnetic field
(plan1.5T_reCal – plan0T: −14.2 ± 5.4, p < 0.05). However,
the reoptimized plan significantly improved the plan quality
(plan1.5T_reOpt – plan1.5T_reCal: 12.0 ± 4.7, p < 0.05). There
was no statistically significant difference between plan0T and
plan1.5T_reOpt. According to the plan-quality scores, plan1.5T_reOpt
had equivalent quality to plan0T.

Effects of 1.5-T Magnetic Field on Dose
Distribution to Skin and Tissues
Containing Air Cavities
The differences of dose deposition to skin and tissues containing
air cavities between the treatment plans designed in the
presence of 1.5 T and 0 T are shown in Figure 4. No
statistically significant differences in metrics were found at
the interfaces of tissues containing air cavities except for an
increased maximum dose to the larynx (plan1.5T_reCal – plan0T:
1.58 ± 2.30 Gy, plan1.5T_reOpt – plan0T: 0.85 ± 0.91 Gy)
and increased maximum dose to the trachea (plan1.5T_reOpt –
plan0T: 1.34 ± 0.91 Gy). However, all metrics showed significant
differences in the skin (p < 0.05), including increased mean dose

FIGURE 2 | Schematic plots of PQM value functions for 15 submetrics (see Table 2).
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FIGURE 3 | Differences in the investigated dose–volume metrics between the plans designed for the 1.5-T MR-linac as either recalculated or reoptimized and the 0
T linac. Numerically positive differences mark an increase in the respective metric for the 1.5-T MR-linac plans. Displayed are the first and third quartiles (boxes),
medians (bands inside), average values (crosses), standard deviations (whiskers), and outliers (circles).

TABLE 3 | The quality scores of the three types of plans.

Patient
number

0 T 1.5T_reCal 1.5T_reOpt

1 88.4 72.8 81.6

2 73.0 58.1 67.8

3 89.7 81.6 90.0

4 82.0 65.6 81.3

5 79.7 75.9 79.8

6 79.2 62.1 76.4

7 88.8 64.9 82.2

8 72.8 52.2 74.1

9 93.0 81.7 92.6

10 75.8 65.7 74.7

Mean 82.2 ± 7.0 68.0 ± 9.2 80.0 ± 7.0

Median 80.9 65.6 80.6

Significance 0T vs. 1.5T_reCal 0T vs. 1.5T_reOpt 1.5T_reCal vs. 1.5T_reOpt

level 0.005 0.059 0.005

(plan1.5T_reCal – plan0T: 1.81 ± 0.79 Gy, plan1.5T_reOpt – plan0T:
1.30 ± 0.42 Gy) and increased maximum dose (plan1.5T_reCal –
plan0T: 5.43 ± 2.26 Gy, plan1.5T_reOpt – plan0T: 1.68 ± 1.36 Gy).
The skin dose increment in plan1.5T_reOpt was smaller than that
in plan1.5T_reCal (p < 0.05).

The voxel-wise dose-difference maps relative to plan0T are
shown in Figure 5. For both types of plans, the highest dose
increases were observed in the most superficial layer of the skin
close to the targets, and the dose difference gradually decreased
from the skin toward the inside of the body. In some slices at
interfaces of the tissues containing air cavities, we observed that
the dose decreased on one side and increased on the other side.
Because the segment shape and monitor units of the reoptimized
plan changed, the overall dose difference of plan1.5T_reOpt (right
column) was greater than that of plan1.5T_reCal (left column).
Around the body contour, part of the dose was distributed outside
the body. The reason may be that the MC dose calculation takes
into account the air outside the body. According to the MC
calculated dose distribution shown in Figure 2D of (24), there

FIGURE 4 | Dose differences in the interfaces of tissues containing air cavities and skin between the plans designed for the 1.5-T MR-linac as either recalculated or
reoptimized and the 0 T linac. Numerically positive differences mark an increase in the respective metric for the 1.5-T MR-linac plans. Displayed are the first and third
quartiles (boxes), medians (bands inside), average values (crosses), standard deviations (whiskers), and outliers (circles).
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FIGURE 5 | Maps of dose differences (in cGy) per voxel relative to the situation of no magnetic field. Examples of three transversal slices are depicted in each
consecutive row, and two types of plans are arranged per column, i.e., left: 1.5 T_reCal – 0T; Right 1.5 T_reOpt – 0T. Differences range from −700 cGy (dark blue) to
+700 cGy (dark red).

was dose distribution in the air outside of the body. However, for
a treatment plan, we usually do not consider the dose distribution
outside the body.

DISCUSSION

In this study, we investigated the impacts of a 1.5-T magnetic field
on IMRT plans for H&N cancer, which mainly include two parts:
the variation of plan quality and ERE-induced dose increases to
the skin and interfaces of tissues containing air cavities. Three
types of plans were designed: one original plan at 0 T (plan0T) and
two plans in the presence of a 1.5-T magnetic field (plan1.5T_reCal
and plan1.5T_reOpt).

In the first part, we observed that the metrics of the targets
were significantly worse in plan1.5T_reCal than in plan0T, especially
for the targets with small volume (GTVnd). After the plan

was reoptimized in the presence of a 1.5-T magnetic field
(plan1.5T_reOpt), the target metrics were close to those in plan0T.
Relative to the target volumes, the OARs were less affected
by the magnetic field in both plan1.5T_reCal and plan1.5T_reOpt.
The results indicate that the target volumes were less robust
to the presence of the magnetic field than OARs in H&N
cancer treatment plans. Theoretically, the magnetic field–induced
changes are caused by the variation of dose deposition in tissues,
in which the trajectories of secondary electrons are affected by the
magnetic field (25, 26). The pencil beam dose deposition kernel
can become clearly asymmetric in the direction perpendicular to
the 1.5-T magnetic field (7).

The quantitative plan-quality scoring procedure introduced
in this study considers all metrics for both targets and
OARs. There are several ways to assign various scoring
proportions to targets and OARs by using different weights,
different numbers of metrics for each structure or both.

Frontiers in Oncology | www.frontiersin.org 7 September 2020 | Volume 10 | Article 1739

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


fonc-10-01739 November 9, 2020 Time: 17:1 # 8

Xia et al. Magnetic Field Affects Dose Distribution

In our study, we simply regarded all evaluated metrics as
equally important and used different numbers of metrics
to assign the scoring proportions of targets and OARs.
Different methods could lead to different scores. However,
with an appropriate assignment of the scoring proportions,
different methods may not affect the comparison result. The
selection should be determined by both senior physicians and
experienced planners. It should be noted that the subjective
nature of defining the scale and weights of the individual
components of the PQM is a shortcoming of the metric and
cannot be avoided. Despite this, PQM can be an important
index for quantitative evaluation of a treatment plan’s overall
quality. Compared with that of plan0T, the plan quality
score of plan1.5T_reCal was significantly decreased and that of
plan1.5T_reOpt was close (slightly decreased but no significant
difference). This result is in accordance with recent studies
of different types of tumors, which report that reoptimized
MR-linac plans in the presence of a 1.5-T magnetic field
are clinically equivalent to clinical plans generated using
conventional linac systems (27–29). Unlike those studies, our
study further analyzed plan1.5T_reCal using the same segment
shape as that used for plan0T. This helps us to understand
the quantitative impacts on plan quality only considering the
presence of a 1.5-T magnetic field, that is, the robustness
of conventional IMRT plans to the presence of a magnetic
field. We observed that plan1.5T_reCal was substantially inferior
to plan0T, and the results of the former were not clinically
acceptable. However, plan1.5T_reOpt achieved similar quality
as plan0T.

In the second part of this work, we investigated the ERE-
induced dose increases to the skin and tissues containing air
cavities. Irradiation of the skin and in vivo mucous membranes is
an unavoidable but transient side effect of curative radiotherapy
of H&N cancer, and it may result in mucositis and ulceration
(30). The observed dose increase to the skin in the MR-linac
plans was as expected from previous studies (15, 27, 31, 32). In
terms of both the mean and maximum doses to the skin, the
magnitude increase of plan1.5T_reOpt was smaller than that of
plan1.5T_reCal. This is because the use of the NT constraint in the
reoptimized process achieved better skin sparing. No significant
differences in metrics were observed in the interfaces of tissues
containing air cavities except for the increased maximum dose
observed in the larynx and trachea, which were partially or
fully located within the target volumes. As described by (16,
17), the influence of the magnetic field (particularly the ERE)
can be compensated by using an opposing beam. Thus, the
9F IMRT (which is evenly distributed throughout all 360◦)
adopted in this study partially compensates for the ERE-induced
dose variation at tissue–air interfaces, which may result in
the lack of significant changes to the mean dose. The dose
differences on both sides of the tissue–air interface can be
observed in Figure 5, which shows a dose decrease on one side
and a corresponding dose increase on the other side. These
changes are likely caused by the irregular shapes of different
segments and the different locations of the in vivo air cavities,
which may particularly increase the maximum dose to the
larynx and trachea.

In this study, we mainly investigated the impacts of the
magnetic field on IMRT plans, and we used the same cost
function for all plans to prevent other variables from affecting
the results. However, the cost function that would yield the
best plans with and without the magnetic field could be
different. Therefore, through the appropriate modification of
cost function, the impacts of the magnetic field (e.g., increased
dose to skin and tissues containing air cavities) can be
further reduced.

CONCLUSION

In summary, this study shows that the magnetic field has a
great impact on the quality of plan1.5T_reCal, the recalculated
plan. However, reoptimizing the plan in the presence of a
1.5-T magnetic field (plan1.5T_reOpt) increases the feasibility
of achieving a clinically acceptable treatment plan for
hypopharyngeal carcinoma. Furthermore, there is a significant
increase to the skin dose in the presence of a 1.5 T magnetic
field, and there were no significant differences in the metrics of
interfaces of tissues containing air cavities except for an increased
maximum dose to the larynx and trachea.
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