
RESEARCH ARTICLE

Comparison of treatment plan quality among

MRI-based IMRT with a linac, MRI-based IMRT

with tri-Co-60 sources, and VMAT for spine

SABR

Chang Heon Choi1,2,3,4, Jin Ho KimID
1,2,3, Jung-in Kim1,2,3*, Jong Min ParkID

1,2,3,5*

1 Department of Radiation Oncology, Seoul National University Hospital, Seoul, Korea, 2 Institute of

Radiation Medicine, Seoul National University Medical Research Center, Seoul, Korea, 3 Biomedical

Research Institute, Seoul National University Hospital, Seoul, Korea, 4 Department of Radiation Oncology,

Sheikh Khalifa Specialty Hospital, Ras Al Khaimah, United Arab Emirates, 5 Robotics Research Laboratory

for Extreme Environments, Advanced Institute of Convergence Technology, Suwon, Korea

* leodavinci@naver.com (JMP); madangin@gmail.com (JK)

Abstract

Purpose

This study compares the plan quality of magnetic-resonance image (MRI)-based intensity

modulated radiation therapy (IMRT) using a linac (MR-linac-IMRT), MRI-based IMRT using

tri-Co-60 sources (MR-Co-60-IMRT), and volumetric modulated arc therapy (VMAT) for

spine stereotactic ablative radiotherapy (SABR).

Methods

Twenty patients with thoracic spine metastasis were retrospectively selected for this study.

For each patient, the MR-linac-IMRT, MR-Co-60-IMRT, and VMAT plans were generated

using an identical CT image set and structures, except for the spinal cord and spinal cord

planning organ-at-risk volume (PRV). Those two structures were contoured based on CT

image sets for VMAT planning while those were contoured based on MR image sets for MR-

linac-IMRT and MR-Co-60-IMRT planning. The initial prescription doses were 18 Gy in a

single fraction for every plan in this study. If the tolerance level of the spinal cord was not

met, the prescription doses were reduced to meet the tolerance level of the spinal cord.

Dose-volumetric parameters of each plan were analyzed.

Results

The average spinal cord volumes contoured based on the CT and MR images were 3.8±1.6

cm3 and 1.1±1.0 cm3, respectively (p<0.001). For four patients, the prescription doses of

VMAT plans were reduced to 16 Gy to satisfy the spinal cord tolerance level. For thirteen

patients, the prescription doses of MR-Co-60-IMRT plans were reduced to be less than 16

Gy to meet the spinal cord tolerance level. However, for every MR-linac-IMRT plan, the ini-

tial prescription doses of 18 Gy could be delivered to the target volume while satisfying the

PLOS ONE | https://doi.org/10.1371/journal.pone.0220039 July 22, 2019 1 / 13

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Choi CH, Kim JH, Kim J-i, Park JM (2019)

Comparison of treatment plan quality among MRI-

based IMRT with a linac, MRI-based IMRT with tri-

Co-60 sources, and VMAT for spine SABR. PLoS

ONE 14(7): e0220039. https://doi.org/10.1371/

journal.pone.0220039

Editor: Dandan Zheng, University of Nebraska

Medical Center, UNITED STATES

Received: April 3, 2019

Accepted: July 8, 2019

Published: July 22, 2019

Copyright: © 2019 Choi et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: This work was supported by: JHK:

Radiation Technology R&D program through the

National Research Foundation of Korea funded by

the Ministry of Science and ICT (No.

2017M2A2A7A02020640). JMP: Radiation

Technology R&D program through the National

Research Foundation of Korea funded by the

Ministry of Science and ICT (No.

http://orcid.org/0000-0002-7918-1072
http://orcid.org/0000-0003-3617-3870
https://doi.org/10.1371/journal.pone.0220039
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0220039&domain=pdf&date_stamp=2019-07-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0220039&domain=pdf&date_stamp=2019-07-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0220039&domain=pdf&date_stamp=2019-07-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0220039&domain=pdf&date_stamp=2019-07-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0220039&domain=pdf&date_stamp=2019-07-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0220039&domain=pdf&date_stamp=2019-07-22
https://doi.org/10.1371/journal.pone.0220039
https://doi.org/10.1371/journal.pone.0220039
http://creativecommons.org/licenses/by/4.0/


spinal cord tolerance. The average values of D10%, V10Gy, and V14Gy of the spinal cord PRV

consistently indicated that the doses to the spinal cord PRV in the MR-linac-IMRT plans

were the lowest among three types of plans in this study (all with p�0.003).

Conclusion

MR-linac-IMRT appears promising for spine SABR.

Introduction

Stereotactic ablative radiotherapy (SABR) provides an attractive option for managing spinal

metastasis, which occurs within or adjacent to the vertebral bodies and spinal cord [1–3]. For

spinal metastasis, SABR can deliver a high biologically equivalent dose (BED) to the target vol-

ume by utilizing a high dose per fraction over one to five fractions [4]. This is feasible owing to

the ability of SABR to generate steep dose gradients between the target volume and radiosensi-

tive organs, which helps deliver a high prescription dose to the target volume while delivering

doses less than their tolerance levels to radiosensitive organs [5]. This highly conformal dose

distribution can be accurately delivered to a patient using image guidance. Image guidance

also helps reduce the target margin, resulting in the reduction of normal tissue irradiation

adjacent to the target volume [6, 7]. Particularly, the importance of image guidance is empha-

sized for spine SABR, requiring steep dose gradients between the target volume and spinal

cord owing to the proximity of the target volume to the spinal cord [6, 8].

Image-guided radiation therapy (IGRT) has been utilized for SABR using various imaging

techniques such as megavoltage (MV) or kilovoltage (kV) planar imaging, cone beam com-

puted tomography (CBCT), and computed tomography (CT) [9]. Although conventional

IGRT techniques using x-rays are beneficial for the verification and correction of patient

setup, these techniques have the potential to deliver considerable imaging doses to patients,

which are undesirable [10]. Moreover, the x-ray images exhibit inferior soft tissue contrast

compared to magnetic resonance imaging (MRI), which delivers no imaging doses to patients

[11]. Specifically, MR imaging is optimal for spine SABR as it can visualize the spinal cord

owing to the high signal intensity of the cerebrospinal fluid (CSF), which allows more accurate

delineation of the spinal cord than CT imaging [12]. Although CT-MR fusion could allow

accurate delineation of the spinal cord, systematic errors in the CT-MR fusion exist, which

could be approximately 2 mm [13]. Moreover, it was demonstrated that the margins to

account for the intrafractional errors for SABR should be at least 2 mm even though the patient

setup was verified with the CBCT and proper immobilization was applied [14]. Therefore, MR

image-guided radiation therapy (MR-IGRT) might be an optimal option for spine SABR as the

internal anatomy motion of a patient could be monitored and managed with the gated beam

delivery with near-real-time cine MR imaging [15–17].

The first commercial MR-IGRT system was the ViewRay system (ViewRay Inc., Oakwood

Village, OH) capable of MR imaging with a 0.35-T magnetic field. The treatment beams of the

ViewRay system are generated using tri-Co-60 sources to be compatible with the MR imaging

system. The clinical performance of the ViewRay system was evaluated in several earlier stud-

ies [18–22]. The ViewRay system has of the advantage of MR imaging; however, it has disad-

vantages such as a low penetrating power as well as large penumbrae of the tri-Co-60 sources

and the large leaf width of the multileaf collimator (MLC) system, which is 1.05 cm at the

source to axis distance of 105 cm [18]. In a previous study, we reported that the intensity
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modulated radiation therapy (IMRT) plans with the ViewRay system (MR-Co-60 IMRT) were

inferior to the volumetric modulated arc therapy (VMAT) plans with a conventional linac for

spine SABR; this was thought to be because of the large penumbrae of the Co-60 sources of the

ViewRay system even though the spinal cord volumes of the ViewRay system, which were

defined based on MR images, were smaller than those of VMAT [23].

To overcome the disadvantages of the Co-60 sources as well as MLC systems with large leaf

widths, a new linac combined with an MR imaging system (MR-linac) has become available

with the development of MRIdian Linac (ViewRay Inc., Oakwood Village, OH). The MRIdian

Linac can perform step-and-shoot IMRT with 6 MV flattening filter free (FFF) photon beams.

In addition, the MLC system in MRIdian Linc is a double-focused and double-stacked system

with finer resolution than that of the previous ViewRay system; it can project field sizes of 0.2

cm × 0.4 cm to 27.4 cm × 24.1 cm with the effective MLC width of 0.415 cm on the isoplane

located at 90 cm from the source.

The MRIdian Linac system overcame the shortcomings of the previous MR-IGRT system, i.
e., the ViewRay system, and appears capable of maximizing the benefits of MR-IGRT. There-

fore, it is unclear whether the plan quality of IMRT with MRIdian Linac (MR-linac IMRT) for

spine SABR would be better than that of VMAT. In addition, no study investigated whether

the quality of the MR-linac IMRT plans would be actually better than that of the MR-Co-60

IMRT plans. Hence, this study examined the treatment plan quality of MR-linac IMRT,

MR-Co-60 IMRT, and VMAT with a TrueBeam STx system equipped with a HD 120TM MLC

system (Varian Medical Systems, Palo Alto, CA) for spine SABR. To utilize the advantages of

MR-IGRT, the spinal cords of the MR-linac IMRT and MR-Co-60 IMRT plans were delin-

eated using MRI; however, those of the VMAT plans were delineated using CT images. This

work benefits any program with those technologies and can help them pick a modality for

spine SABR that results in better sparing of the spinal cord.

Materials and methods

Patient selection, simulation, and contouring

We retrospectively enrolled 20 patients with thoracic spine metastasis (T9-12) at random after

obtaining approval from an institutional review board. Approval had been granted by the insti-

tutional review board of Seoul National University Hospital (IRB No.1901-059-1002). This

study is a retrospective study using an anonymized patient’s CT image set, which cause mini-

mal risk to the patient. Therefore, this study was granted exemption for informed consent

from IRB. Every patient was scanned using the Brilliance CT Big Bore (Philips, Amsterdam,

Netherlands) system with a 1.5-mm slice thickness. The target volume of the present study was

the clinical target volume (CTV), and the organs at risk (OARs) were defined by a single

oncologist. Some OARs from among the spinal cord, kidney, lungs, colon, stomach, and

esophagus were selected as OARs in this study according to the tumor location. Each plan did

not necessarily have the same set of OARs except the spinal cord since tumor locations varied

from T9 to T12 and the OARs varied according to the tumor location. Therefore, only the spi-

nal cord was evaluated as an OAR in this study. In the case of the spinal cord, it was delineated

differently according to the treatment technique. As mentioned above, CT images were used

to contour the spinal cords for VMAT, however, the spinal cords for MR-linac IMRT and

MR-Co-60 IMRT were contoured with MR images acquired with the on-board MR imaging

systems in the MRIdian Linac and the ViewRay system, respectively. The planning organ-at-

risk volume (PRV) of the spinal cord was generated by adding an isotropic margin of 1.5 mm

from the spinal cord.

IMRT with MR-linac for spine SABR
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VMAT planning for spine SABR

The VMAT plans were created with the Eclipse treatment planning system (Varian Medical

Systems, Palo Alto, CA) using 10 MV FFF beams of the TrueBeam STx system with HD 120

MLC system. The VMAT plans were optimized following the RTOG 0631 dose constraints

using a photon optimizer algorithm (PO, version 13.7, Varian Medical Systems, Palo Alto,

CA) [21]. The dose distributions were calculated using the Acuros XB algorithm (Varian Med-

ical Systems, Palo Alto, CA) with a calculation grid size of 2 mm. During the optimization pro-

cess, the initial prescription dose to the CTV was set to 18 Gy in a single fraction. If the dose to

the spinal cord exceeded the tolerance level of the RTOG 0631 study, the prescription dose was

reduced to 16 Gy and optimization was repeated [24]. Every plan was normalized to cover

85% of the CTV volume with 100% of the prescription dose.

IMRT planning with MR-linac for spine SABR

Identical CT images and structures to those used for VMAT planning were used for MR-linac

IMRT planning, except the spinal cord and spinal cord PRV as described above. The initial

prescription dose to the CTV was also 18 Gy in a single fraction for MR-linac IMRT planning,

identical to VMAT planning. If the dose to the spinal cord exceeded the tolerance level of the

RTOG 0631 study, the prescription dose was reduced to 16 Gy and optimization was repeated

[21]. Step-and-shoot IMRT plans were generated with 6 MV FFF photon beams of the MR-

linac using the treatment planning system of MRIdian Linac, which was the MRIdian system

(ViewRay Inc., Oakwood Village, OH). For every patient, nine fields with gantry angles of 0˚,

40˚, 80˚, 120˚, 160˚, 200˚, 240˚, 280˚, and 320˚ were used, except for two patients whose plan

goals were not accomplished with those nine fields. For those two patients, twelve fields were

arranged so that the gantry angles were 0˚, 30˚, 60˚, 90˚, 120˚, 150˚, 180˚, 210˚, 240˚, 270˚,

300˚, and 330˚. The MR-linac IMRT plans were also optimized following the RTOG 0631 dose

constraints [24]. The Romeijn optimization algorithm of the MRIdian system was disabled to

manually select the number of segments, which was 60. The value of the IMRT efficiency was

0.05. For dose calculation, the number of histories was 2,400,000, and the grid size for dose cal-

culation was 3 mm. The dose distributions were calculated with a 0.35-T magnetic field. Simi-

lar to the VMAT plans, every MR-linac IMRT plan was normalized to cover 85% of the CTV

volume with 100% of the prescription dose. After dose calculation with the MRIdian system,

the calculated dose distributions were exported to the Eclipse system for dose-volumetric anal-

ysis of the plans [25].

IMRT planning with the ViewRay system for spine SABR

Identical CT images and structures to those used for MR-linac IMRT and VMAT planning

were also used for MR-Co-60 IMRT planning. The initial prescription dose to the CTV was

also 18 Gy in a single fraction for MR-Co-60 IMRT planning. If the dose to the spinal cord

exceeded the tolerance level of the RTOG 0631 study, the prescription dose was reduced until

the tolerance level of the spinal cord was met and optimization was repeated [21]. Step-and-

shoot IMRT plans were generated with the ViewRay system using the MRIdian system. A total

of twelve fields from four beam groups were used for MR-Co-60 IMRT plans. The gantry

angles of each field were 30˚, 150˚, and 270˚ (group 1); 50˚, 170˚, and 290˚ (group 2); 70˚,

190˚, and 310˚ (group 3); and 100˚, 220˚, and 340˚ (group 4). The number of beam segments

for each field was set to 60 and the value of IMRT efficiency was set to 0.1. The dose distribu-

tions were calculated with a 0.35-T magnetic field and the grid size for dose calculation was 3

mm. Every MR-Co-60 IMRT plan was also normalized to cover 85% of the CTV volume with

100% of the prescription dose. The beam-on time was calculated in the ViewRay system on the

IMRT with MR-linac for spine SABR
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assumption that each of three Co-60 sources have a maximum activity of 15,000 Ci Same as

MR-linac IMRT planning, after dose calculation with the MRIdian system, the calculated dose

distributions were exported to the Eclipse system for dose-volumetric analysis of the plans

[25].

Evaluation of treatment plans

Dose-volumetric parameters calculated from each plan were analyzed to evaluate plan quality.

For the CTV, the near-minimum dose (dose received at least 98% volume of the target volume,

D98%), near-maximum dose (D2%), and D90%, D80%, D5%, minimum, maximum, and mean

doses were calculated. The conformity index (CI) and homogeneity index (HI) were calculated

as follows [26, 27]:

Comformity index CIð Þ ¼
Volume receiving 100% of the prescription dose

Volume of the target volume
ð1Þ

Homogeneity index HIð Þ ¼
D2% � D98%

mean dose
ð2Þ

For the OARs, dose volume histograms (DVHs) were calculated and clinically relevant

dose-volumetric parameters were analyzed. For the spinal cord and spinal cord PRV, the vol-

umes receiving at least 14 Gy, (V14Gy), V10 Gy, and D10% were calculated from each type of

plans. For the whole body, the gradient index (GI) proposed by Paddick and Lippitz was calcu-

lated as follows [28]:

Gradient index GIð Þ ¼
Body volume receiving 50% of the prescription dose
Body volume receiving 100% of the prescription dose

ð3Þ

A one-way ANOVA was used to examine the statistical significance of differences in the

dose-volumetric parameters among the MR-linac IMRT, MR-Co-60 IMRT, and VMAT plans

using the IBM SPSS Statistics 25.0 software (IBM Corporation, Armonk, New York). Differ-

ences with p values equal to or less than 0.05 were regarded statistically significant in this

study.

Results

Treatment plan parameters

Average treatment plan parameters of each type of plans are listed in Table 1. The beam-on

time of VMAT, MR-linac IMRT, and MR-Co-60 IMRT plans were 4.0 ± 1.1 min, 27.6 ± 5.1

min, and 49.7 ± 11.1 min on average, respectively (p< 0.001). The average MU of MR-linac

IMRT was approximately three times larger than that of VMAT (16430 ± 3117 MU for MR-

linac IMRT and 6037 ± 799 MU for VMAT, p< 0.001).

Dose-volumetric parameters of the target volume

The average dose-volumetric parameters of the CTV are listed in Table 2. For four out of the

20 VMAT patients (patient numbers of 16, 17, 18, and 19), doses to the spinal cord were higher

than the tolerance level; therefore, the prescription doses were reduced from 18 Gy to 16 Gy to

satisfy the tolerance level of the spinal cord. For the MR-linac IMRT plans, doses to the spinal

cord were always less than the tolerance level with the initial prescription dose of 18 Gy even

for the four cases mentioned above. Therefore, the prescription doses of MR-linac IMRT plans

were always 18 Gy in a single fraction for every patient in this study. For eighteen out of the 20

IMRT with MR-linac for spine SABR
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MR-Co-60 IMRT patients, doses to the spinal cord were higher than the tolerance level; there-

fore, the prescription doses of those patients were reduced to be less than or equal to 16 Gy (16

Gy prescription doses for five patients and variable prescription doses less than 16 Gy for thir-

teen patients). Dose distributions of each type of plans of two representative patient cases

(patient No. 2 and 17) are illustrated in Fig 1. One is a representative case with a prescription

dose of 18 Gy for every type of plans (patient No. 2) and the other is a representative case with a

prescription dose of 16 Gy, 18 Gy and 9.5 Gy for the VMAT, MR-linac IMRT, and MR-Co-60

IMRT plans, respectively (patient No. 17). The DVHs of these two patients are plotted in Fig 2.

The average values of the maximum dose, mean dose, D90%, D80%, D5%, and D2% consis-

tently indicated that the doses to the CTV of the MR-linac IMRT plans were the highest

among every type of plans (all with p< 0.001). The target conformity of the MR-linac IMRT

plans was the best among every type of plans on average (CI = 0.853 ± 0.209, 1.027 ± 0.087 and

1.451 ± 0.551 for VMAT, MR-linac IMRT, and MR-Co-60 IMRT plans, respectively, p<
0.001); however, the dose uniformity inside the target volume of VMAT plans was the best

among every type of plans on average (HI = 0.089 ± 0.046, 0.140 ± 0.047, 0.282 ± 0.035 for

VMAT, MR-linac IMRT, and MR-Co-60 IMRT, respectively, p< 0.001).

Dose-volumetric parameters of the spinal cord and whole body

Table 3 presents the average dose-volumetric parameters of the spinal cord, spinal cord PRV,

and whole body of each type of plans. The average volume of the spinal cord delineated with

Table 1. Average treatment plan parameters.

Parameters VMAT MR-linac IMRT MR-Co-60 IMRT p
Beam-off time (min) 0.02 ± 0.00

(Collimator rotation time)

5.61 ± 0.50

(MLC & gantry movement time)

- < 0.001

Beam-on time (min) 4.0 ± 1.1 27.6 ± 5.1 49.7 ± 11.1 < 0.001
Monitor unit (MU) 6037 ± 799 16430 ± 3117 - < 0.001
Number of beam segments 354

(two full arcs)

60 ± 1 60 ± 5 0.264

VMAT: volumetric modulated arc therapy, MR-linac: linear accelerator with magnetic resonance imaging system, IMRT: intensity modulated radiation therapy,

MR-Co-60: radiation therapy system using tri-Co-60 sources with magnetic resonance imaging system, MLC: multileaf collimator, MU: monitor unit.

https://doi.org/10.1371/journal.pone.0220039.t001

Table 2. Average dose-volumetric parameters of the clinical target volume (CTV) of VMAT, MR-linac IMRT, and MR-Co-60 IMRT plans.

Dose-volumetric parameter VMAT MR-linac IMRT MR Co-60 IMRT p
CTV volume (cm3) 57.0 ± 48.8 -
D98% (Gy) 15.29 ± 2.30 15.27 ± 1.67 10.89 ± 2.16 < 0.001
D90% (Gy) 17.45 ± 1.15 17.74 ± 0.65 12.09 ± 3.06 < 0.001
D80% (Gy) 17.67 ± 0.85 18.16 ± 0.09 12.80 ± 3.66 < 0.001
D5% (Gy) 18.33 ± 0.84 19.55 ± 0.04 15.06 ± 5.17 < 0.001
D2% (Gy) 18.48 ± 0.88 19.75 ± 0.31 15.27 ± 5.28 < 0.001
Minimum dose (Gy) 10.54 ± 0.88 9.95 ± 0.34 9.04 ± 1.46 < 0.001
Maximum dose (Gy) 19.24 ± 0.89 20.81 ± 0.37 16.11 ± 5.62 < 0.001
Mean dose (Gy) 17.79 ± 3.18 18.53 ± 2.72 13.63 ± 4.21 < 0.001
Conformity index (CI) 0.853 ± 0.209 1.027 ± 0.087 1.451 ± 0.551 < 0.001
Homogeneity index (HI) 0.089 ± 0.046 0.140 ± 0.047 0.282 ± 0.035 < 0.001

VMAT: volumetric modulated arc therapy, MR-linac: linear accelerator with magnetic resonance imaging system, IMRT: intensity modulated radiation therapy,

MR-Co-60: radiation therapy system using tri-Co-60 sources with magnetic resonance imaging system, Dn%: dose received by n% volume of the CTV.

https://doi.org/10.1371/journal.pone.0220039.t002

IMRT with MR-linac for spine SABR
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Fig 1. Dose distributions of the volumetric modulated arc therapy (VMAT) plans, intensity modulated radiation therapy (IMRT) plans with the MRIdian Linac

system (MR-linac), and IMRT plans with the ViewRay system (MR-Co-60) of two representative cases for spine stereotactic ablative radiotherapy (SABR). One

(patient No. 2) is a representative case with a prescription dose of 18 Gy for VMAT (a), MR-linac IMRT (b), and MR-Co-60 IMRT plans (c). The other (patient No. 17)

is a representative case with prescription doses of 16 Gy, 18 Gy and 9.5 Gy for VMAT (d), MR-linac IMRT (e), and MR-Co-60 IMRT plans (f), respectively.

https://doi.org/10.1371/journal.pone.0220039.g001

IMRT with MR-linac for spine SABR
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CT images for VMAT planning was 3.8 ± 1.6 cm3 while that delineated with MR images was

1.1 ± 1.0 cm3 (p< 0.001).

Fig 2. Dose volume histograms (DVHs) of the volumetric modulated arc therapy (VMAT) plans, intensity modulated radiation therapy (IMRT) plans with the

MRIdian Linac system (MR-linac), and IMRT plans with the ViewRay system (MR-Co-60) of two representative cases for spine stereotactic ablative radiotherapy

(SABR). One (patient No. 2) is a representative case with a prescription dose of 18 Gy for VMAT, MR-linac IMRT, and MR-Co-60 IMRT plans (a). The other (patient

No. 17) is a representative case with prescription doses of 16 Gy, 18 Gy and 9.5 Gy for VMAT, MR-linac IMRT, and MR-Co-60 IMRT plans, respectively (b). The DVHs

of VMAT, MR-linac IMRT, and MR-Co-60 IMRT plans are plotted as solid, dashed and dotted lines, respectively (black color: whole body, red color: clinical target

volume, blue color: spinal cord, and green color: spinal cord planning organ-at-risk volume).

https://doi.org/10.1371/journal.pone.0220039.g002

Table 3. Average dose-volumetric parameters of the spinal cord, spinal cord PRV, and whole body of VMAT, MR-linac IMRT, and MR-Co-60 IMRT plans.

Dose-volumetric parameter VMAT MR-linac IMRT MR Co-60 IMRT p
Spinal cord

Volume (cm3) 3.8 ± 1.6 1.1 ± 1.0 < 0.001
D10% (Gy) 8.57 ± 1.69 7.99 ± 2.45 9.80 ± 1.56 0.020

V10Gy (cm3) 0.2 ± 0.1 0.1 ± 0.2 0.1± 0.2 0.279

V14Gy (cm3) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.145

Maximum dose (Gy) 11.39 ± 2.15 9.38 ± 3.13 10.40 ± 1.59 0.024
Spinal cord PRV

Volume (cm3) 8.0 ± 2.7 3.2 ± 1.9 < 0.001
D10% (Gy) 10.99 ± 2.69 9.81 ± 1.69 10.07 ± 1.45 < 0.001
V10Gy (cm3) 1.4 ± 1.2 0.2 ± 0.5 0.5 ± 0.6 < 0.001
V14Gy (cm3) 0.2 ± 0.2 0.0 ± 0.1 0.0 ± 0.0 0.003
Maximum dose (Gy) 15.02 ± 2.36 12.24 ± 4.37 10.98 ± 1.58 < 0.001

Whole body

V50% (cm3) 240.1 ± 172.2 325.5 ± 256.2 501.2 ± 485.7 0.049

V100% (cm3) 56.4 ± 45.2 60.5 ± 54.9 76.8 ±73.4 < 0.001
Gradient index (GI) 4.49 ± 0.64 5.74 ± 1.01 6.85 ±1.56 < 0.001

PRV: planning organ-at-risk volume, VMAT: volumetric modulated arc therapy, MR-linac: linear accelerator with magnetic resonance imaging system, IMRT: intensity

modulated radiation therapy, MR-Co-60: radiation therapy system using tri-Co-60 sources with magnetic resonance imaging system, Dn%: dose received by n% volume

of a structure, VnGy (Vn%): volume receiving more than n Gy (or n% of the prescription dose) of a structure.

https://doi.org/10.1371/journal.pone.0220039.t003
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The average values of the maximum doses and D10% of the spinal cord in the MR-linac

IMRT plans were the lowest among every type of plans (the average values of the maximum

doses were 11.39 ± 2.15 Gy for VMAT, 9.38 ± 3.13 Gy for MR-linac IMRT, and 10.40 ± 1.59

Gy for MR-Co-60 IMRT with p = 0.024 and the average values of the D10% were 8.57 ± 1.69 Gy

for VMAT, 7.99 ± 2.45 Gy for MR-linac IMRT, and 9.80 ± 1.56 Gy for MR-Co-60 IMRT with

p = 0.020).

For the spinal cord PRV, the average values of D10% V10Gy, V14Gy, and the maximum dose

consistently indicated that the doses to the spinal cord PRV in the MR-linac IMRT were the

lowest than the others (all with p� 0.003).

Particularly, for patient No. 17, even though the prescription dose in the MR-linac IMRT

plan was higher than those in the VMAT and MR-Co-60 IMRT plans (18 Gy for MR-linac

IMRT plan, 16 Gy for VMAT plan, and 9.5 Gy for MR-Co-60 IMRT plan), the values of V10Gy

and V14Gy of both the spinal cord and the spinal cord PRV in the MR-linac IMRT plan were

the lowest among every type of plans.

For the whole body, the average values of V50%, V100%, and GI consistently indicated that

the normal tissue irradiation of the VMAT plans was less than the others (all with p< 0.05).

Discussion

In the present study, the treatment plan quality of the MR-linac IMRT was compared to those

of the VMAT and MR-Co-60 IMRT plans. Since the VMAT technique with a FFF photon

beam is known to be the best option for spine SABR with a conventional linac owing to its

superior target conformity and treatment efficiency [2, 23, 27], therefore, in this study, we

compared MR-IGRT IMRT plans (i.e., MR-linac IMRT and MR-Co-60 IMRT plans) to the

VMAT plans with a conventional linac not the IMRT plans with a conventional linac to iden-

tify which radiotherapy technique would be the best option for spine SABR currently. To

review the results, MR-linac IMRT plans showed the better performance than VMAT and

MR-Co-60 IMRT plans in terms of sparing of doses to the spinal cord while delivering pre-

scription doses equal to or even larger than those in the VMAT and MR-Co-60 IMRT plans.

To compare the MR-linac IMRT plans with the MR-Co-60 IMRT plans, the better perfor-

mance of the MR-linac IMRT than that of the MR-Co-60 IMRT is reasonable since the treat-

ment beam delivery system of the MRIdian Linac is superior to that of the ViewRay system

(effective MLC width of 4.15 mm for the MRIdian Linac vs. MLC width of 10.5 mm for the

ViewRay system and 4.8 mm penumbra at 10 cm depth for the MRIdian Linac vs. 18.8 mm

penumbra at 10 cm depth for the ViewRay system) [23, 29, 30]. Although both the MR-linac

IMRT and the MR-Co-60 IMRT plans were generated with identical small spinal cords delin-

eated based on the MR images, superior beam delivery system of the MRIdian Linac to that of

the ViewRay system enabled better plan quality of the MR-linac IMRT than that of the

MR-Co-60 IMRT. To compare the MR-linac IMRT plans with the VMAT plans, the MR-linac

IMRT showed better performance than that of VMAT for spine SABR considering doses deliv-

ered to the spinal cord as well as spinal cord PRV owing to the spinal cord volume reduction

of the MR-linac IMRT by MR-guidance. However, considering the whole body, irradiation of

normal tissue by intermediate doses (50% of the prescription dose) of VMAT plans was

smaller than that of MR-linac IMRT plans (the smallest values of V50% and GI of the whole

body). As shown in Fig 1, the MR-linac IMRT plans (as well as the MR-Co-60 IMRT plans)

showed intermediate-dose streaks in the body more frequently than did the VMAT plans.

Since VMAT delivers beams through arcs around a patient, i.e., VMAT delivers beams from a

wide variety of directions around a patient, in general, intermediate-doses are not concen-

trated at particular regions in the body for VMAT. On the contrary, IMRT delivers beams
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from fewer directions around a patient compared to VMAT, doses from each field could be

piled up at particular regions in the body and the dose streaks could be generated.

In terms of treatment efficiency, although the MR-linac IMRT plans were better than the

MR-Co-60 IMRT plans, the MR-linac IMRT plans were poorer than the VMAT plans, show-

ing much higher MUs and treatment times [31]. This is natural as the MR-linac IMRT is step-

and-shoot IMRT requiring a much higher treatment time than that for VMAT. Moreover, the

maximum dose rate of the TrueBeam STx system is 2400 cGy/min for a 10 MV FFF photon

beam at depth of dose maximum while that of the MRIdian Linac system is 600 cGy/min at

maximum dose depth (a four times higher dose rate of VMAT than that of MR-linac IMRT).

The long treatment times of the MR-linac IMRT and the MR-Co-60 IMRT would cause dis-

comfort to patients during treatment. Apart from the discomfort caused to patients, there

might be an increase in the intrafractional errors owing to the long treatment time [32]. How-

ever, this would not be the case in MR-linac IMRT as well as MR-Co-60 IMRT since the intra-

fractional motion of a patient would be monitored and managed by the gated beam delivery

based on the near-real-time cine MR images although the treatment time would increase.

Various planning studies with the ViewRay system previously performed reported more

favorable or at least comparable plan qualities with the ViewRay system compared to those

with the conventional linac-based IMRT or linac-based VMAT for various tumor sites [18, 19,

33, 34]; however, only for spine SABR, it was reported that the IMRT plan quality with View-

Ray system was much poorer than that of VMAT [23]. Similarly, in the present study, the

MR-Co-60 IMRT plans also showed the worse plan quality than the others for spine SABR

although the MR-Co-60 IMRT plans were generated with the small spinal cords delineated

based on the MR images [23, 29]. It seems not advisable to perform spine SABR with the

MR-Co-60 IMRT technique.

Although MR-linac IMRT plans showed intermediate-dose streaks in the body, only the

MR-linac IMRT technique could deliver the initial prescription dose of 18 Gy to every enrolled

patient in this study. In addition, MR-linac IMRT is more beneficial for spine SABR than

VMAT as the intrafractional internal anatomy motions can be monitored and managed dur-

ing treatment with the gated beam delivery based on the near-real-time cine MR images; this

can guarantee accurate deliveries of the intended dose distributions to patients [29]. According

to the results of the present study, the MRIdian Linac system appears to maximize the benefits

of MR-IGRT by overcoming the disadvantages of the previous version of the MR-IGRT sys-

tem, the ViewRay system. Therefore, MR-linac IMRT appears promising for spine SABR

although its clinical efficacy should be verified with a clinical trial.
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