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Abstract

Strong magnetic fields affect radiation dose deposition in MRI-guided radiation therapy sys-

tems, particularly at interfaces between tissues of differing densities such as those in the

thorax. In this study, we evaluated the impact of a 1.5 T magnetic field on radiation-induced

lung damage in C57L/J mice. We irradiated 140 mice to the whole thorax with parallel-

opposed Co-60 beams to doses of 0, 9.0, 10.0, 10.5, 11.0, 12.0, or 13.0 Gy (20 mice per

dose group). Ten mice per dose group were irradiated while a 1.5 T magnetic field was

applied transverse to the radiation beam and ten mice were irradiated with the magnetic

field set to 0 T. We compared survival and noninvasive assays of radiation-induced lung

damage, namely respiratory rate and metrics derived from thoracic cone-beam CTs,

between the two sets of mice. We report two main results. First, the presence of a trans-

verse 1.5 T field during irradiation had no impact on survival of C57L/J mice. Second, there

was a small but statistically significant effect on noninvasive assays of radiation-induced

lung damage. These results provide critical safety data for the clinical introduction of MRI-

guided radiation therapy systems.

Introduction

Magnetic resonance imaging (MRI)-guided radiation therapy (MRIgRT) systems can be used

to perform real-time imaging during radiation therapy, offering more precise patient-tailored

treatments. There exist various MRIgRT systems, both in the prototype stage and in current

clinical use [1–4]. In most of these systems, the strong magnetic field is always present when

delivering radiation. Systems with a lower MRI magnetic field strength of 0.35T have the dis-

advantage of lower signal-to-noise and reduced contrast enhancement. Systems with higher

magnetic field strengths have superior image quality. However, magnetic fields affect radiation

dose deposition, and this effect is amplified with higher magnetic field strengths, especially if

the MRI’s magnetic field is oriented perpendicular to the radiation beam [5–8].
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Inside the MRI’s magnetic field, the Lorentz force acts on dose-depositing secondary elec-

trons. This creates perturbations in the resulting dose distribution, such as a reduced build-up

distance; a laterally shifted, asymmetric penumbra; and hot and cold spots at interfaces

between tissues of different densities [9]. One area of concern in MRIgRT is the thorax, where

Monte Carlo simulations have shown an increase in dose at the transition from higher density

soft tissue to lower density lung tissue, as well as a decrease in dose when transitioning from

lung tissue to soft tissue [8, 10]. Before MRIgRT systems can be used clinically, these effects

should be thoroughly investigated.

There is a need for preclinical in vivo experiments that will allow us to study dose perturba-

tions at tissue interfaces and help us better understand the biological consequences of mag-

netic-field-induced radiation dose effects. If magnetic fields do influence radiobiological

damage, we expect to see the effects in the lungs because magnetic field effects cause larger

dose perturbations in inhomogeneous target areas. Furthermore, the lungs have a relatively

high sensitivity to radiation, and complications are quite common after irradiation of the tho-

racic region [11]. Radiation-induced complications in the lungs are characterized by an acute

syndrome, radiation pneumonitis, and subsequent chronic radiation fibrosis [12, 13]. Lung

cancer patients often undergo radiation therapy, and because of the high radiosensitivity of the

lungs, these patients are at high risk for radiation-induced pneumonitis and fibrosis [14].

Radiation-induced lung injury has unique clinical, histopathologic, and radiographic char-

acteristics; therefore, there are several techniques that can be used to measure this damage in

mice. Studies have shown a correlation between radiation-induced lung toxicity, such as a

reduction in blood oxygenation, and post-irradiation changes in the lungs using thoracic

imaging [15–20]. Respiratory rate has also shown to be correlated with histological changes in

the lungs after irradiation [21] and is often used as a non-invasive technique to measure radia-

tion-induced lung damage in mice [17, 18, 22–31].

Existing techniques to measure respiratory rate require expensive equipment and that mice

be removed from their regular environment. We aimed to improve the reproducibility and

reliability of our work by developing a novel technique which was low cost and allowed for

measurements to be made on mice that remained in their housing. In our study, we assessed

whether measurements of respiratory rate, as well as metrics derived from free-breathing

CBCT imaging, were predictive of survival from radiation-induced lung toxicity. We then

evaluated the effect of a 1.5 T field on radiation-induced lung damage by irradiating C57L/J

mice to the whole thorax with parallel-opposed Co-60 beams in the presence of a transverse

1.5 T field. We compared the survival data and lung toxicity metrics of these mice with those

of C57L/J mice irradiated in no magnetic field.

Methods

Mouse irradiation

This work was approved by the University of Texas MD Anderson Cancer Center Institutional

Animal Care and Use Committee. A mouse model was used in this study because the lung

radiosensitivity of mice has been well studied, a larger sample size was achievable than if a

large-animal model had been used, and it is more feasible to generate a magnetic field strength

of 1.5 T surrounding a mouse than a larger animal. Monte Carlo simulations and film mea-

surements have demonstrated that a 1.5 T magnetic field and a Co-60 beam can produce dose

perturbations in mice comparable to those seen in human MRIgRT simulations [32, 33].

This study included 140 8-week-old female C57L/J mice, in accordance with the guidelines

provided by The University of Texas MD Anderson Cancer Center IACUC. The mice were

housed in microisolator cages on a ventilated rack system within a specific pathogen-free
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facility. C57L/J mice were used because they are susceptible to both acute pneumonitis and

subsequent chronic fibrosis at post-irradiation timepoints similar to humans [11, 17]. Other

strains of mice that are commonly used in lung radiation sensitivity studies, such as CBA/J,

CBA/Ca, C3H/HeJ, C57BL/6J, C57BL/Cbi, CBBF1, WHT, and TO mice, develop significant

pleural effusions that cause more respiratory-related morbidities and mortalities than do pneu-

monitis and fibrosis [17]. C57L/J mice rarely develop this condition [17, 34, 35]. Furthermore,

these mice were shown to have a dose response for the incidence of severe pneumonitis that

most closely resembles that of non-human primates and humans [30].

The mice were anesthetized with 1.5%-2.5% isoflurane and oxygen at a flow rate of 1.5 L/

min during their set-up and irradiation. The mice were positioned in a 3D-printed holder

between the poles of an H-frame dipole electromagnet (3472–70, GMW Associates, San Car-

los, CA, USA) (Fig 1). The 3D-printed holder was created using a whole-body CBCT of an

8-week-old C57L/J mouse to increase the reproducibility of positioning so that the entire tho-

rax could be irradiated while sparing the surrounding organs. The pole faces of the electromag-

net were 5 cm in diameter, and the gap between the poles was 3.5 cm. The strength and

homogeneity of the magnetic field were verified with a Gaussmeter (GM-2, AlphaLab, Inc.,

Salt Lake City, UT, USA).

The mice underwent irradiation of the whole thorax with parallel-opposed 2.1 cm x 2.1 cm

AP/PA Co-60 beams (9.0, 10.0, 10.5, 11.0, 12.0, or 13.0 Gy) in either a 1.5 T field (n = 60) or a

0 T field (n = 60). Twenty control mice did not undergo radiation. Mice were housed with

other mice at their dose level (five mice per cage). Each week, a different dose group was irradi-

ated (n = 20 per dose group). The first set of mice in each dose group was irradiated with the

electromagnet turned off (n = 10). The second set was irradiated with the electromagnet

turned on and the field set at 1.5 T (n = 10).

Respiratory rate, lung density, and healthy lung volume measurements were obtained

monthly until the end of the study at 8 months post-irradiation to assess the severity of radia-

tion-induced lung damage. Two days before irradiation, baseline respiratory rate measurements

were obtained while the mice were sleeping in their cages; the next day, they were imaged using

free-breathing CBCT to obtain baseline lung density and healthy lung volume measurements.

Respiratory rate measurements were always made the day before the mice were imaged so that

the measurements would not be affected by the anesthesia used during imaging.

Respiratory motion tracking and respiratory rate calculation

Mice were recorded while sleeping in their standard laboratory cages with a 30 fps, 1080p web-

cam (HD Pro Webcam C920, Logitech, Lausanne, Switzerland). On average, the mice were

Fig 1. The set-up for the irradiation of the C57L/J mice. A) The 3D-printed holder and B) the set-up for a Co-60 PA irradiation

between the poles of the H-frame electromagnet.

https://doi.org/10.1371/journal.pone.0205803.g001
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recorded for 15.84 (10.17–21.18) min. Motion due to respiration was tracked using computer

vision techniques. The open-source software that was created for the respiratory rate calcula-

tion, as well as instructions on how to use the software, can be found in Appendix A. For each

mouse, we identified at least five different 20-second clips of video in which the mouse was

sleeping and breathing regularly (no gasping, sniffing, or pauses in respiration). On the first

frame of the clip, contours were drawn on the portion of each mouse where respiration caused

the mouse’s fur to move. Within each contour, up to 10 corners (regions of an image that con-

tain high spatial frequency information) were detected using OpenCV’s function for Shi-

Tomasi corner detection. These corners were then tracked through the frames of the 20-sec-

ond video using the Lucas-Kanade method for estimating optical flow. The output of the

motion tracking was a waveform of the mouse’s respiratory motion. The amplitude of the

waveform is dependent on the distance from the camera to the points in the fur that are being

tracked, as well as the angle at which the measurements are made. The frequency of the wave-

form, however, is independent of these factors; this is the property of interest as it represents

the mouse’s respiratory rate.

To validate our respiratory rate measurement technique, we compared the motion tracking

respiratory rates to visual measurements in three 20-second video clips of 20 mice. The visual

measurements were made by slowing the video clips down to one quarter of the speed and

counting the breaths taken. In 98% of the validation measurements, the calculated respiratory

rates matched the visually measured respiratory rates to within 5 bpm.

Lung density and healthy lung volume measurements

Free-breathing CBCT imaging was used to measure lung density and healthy lung volume

before and after irradiation. Acquisitions were made on the X-RAD 225Cx system (Precision

X-Ray; North Branford, CT), which was operated at 60 kVp, 4 mA, and 3 rpm for a total scan

length of 20 seconds. Each mouse was anesthetized with 1.5%-2.5% isoflurane and oxygen at a

flow rate of 1.5 L/min. The mice were positioned in the 3D-printed holder described above

during imaging. Radiopaque numbered labels were 3D printed using PLA filament. For each

image acquisition, the timepoint number was placed on the left side of the mouse and the

mouse identification number was placed on the right side. This was done to reduce errors in

assigning measurements to specific timepoints for specific mice.

Healthy lung tissue was delineated using auto-threshold contouring (0–0.7 g/cm3) in a

treatment planning system (Pinnacle3, Philips Medical Systems, Andover, MA), and the vol-

ume of the delineated lungs was calculated using the same software. The density of the lungs

was measured using ImageJ software [36] with 7 regions of interest (ROIs) distributed in fixed

locations throughout the lung. The ROIs were 1.5 mm x 1.5 mm in the apex of the lung (4

ROIs) and 2.4 mm x 2.4 mm in the base of the lung (3 ROIs). The ROIs were placed in the

same positions in each mouse’s lungs for each timepoint to ensure that we would not bias the

results with our ROI placement (see Appendix B)

Mice were monitored daily and were euthanized by isoflurane overdose and cervical dislo-

cation when there was evidence of severe respiratory distress (e.g., lethargic, hunched back,

and ungroomed fur) and more than a 20% loss of weight, or at the end of the study (8 months

post-irradiation).

Data analysis

Before comparing radiation-induced lung damage between the 1.5 T group of mice and the 0

T group of mice, we first assessed the correlation between survival and our non-invasive assays

of lung damage. We compared the respiratory rates, lung densities, and healthy lung volumes

Radiation-induced lung toxicity in mice irradiated in a strong magnetic field
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of mice that survived until the end of the study and mice that died from radiation-induced

lung injury using Welch’s unequal variances t-test. We used measurements made 5 months

post-irradiation, as mice had developed radiation-induced pneumonitis by this point. If the

mouse did not survive until the 5-month timepoint, we used measurements made at the

4-month timepoint.

We next used univariate Cox proportional hazards models to evaluate the association

between survival and each of the three predictor variables: respiratory rate, lung density, and

healthy lung volume. Finally, we dichotomized the mice into normal and abnormal groups for

each of the lung injury metrics, where normal values were defined as no more than 3 standard

deviations above the mean values of the control mice at the 5-month timepoint (or minus 3

standard deviations for the healthy lung volume metric, as healthy lung volume decreases

post-irradiation), and all values beyond this threshold were defined as abnormal.

Finally, Spearman’s correlation was estimated among the measurements of respiratory rate,

lung density, and healthy lung volume at 5 months post-irradiation. The two assumptions that

underpin Spearman’s correlation are that the variables are measured on an ordinal or continu-

ous scale and that there is a monotonic relationship between them [37]. These assumptions

held for each of the three comparisons that were made.

To compare the lung damage of mice irradiated in a transverse 1.5 T field and mice irradi-

ated in no magnetic field, we first evaluated the survival curves for each of the dose groups

(and for both the 1.5 T and 0 T fields) and compared them using a log-rank test. We next com-

pared the rate of normal versus abnormal respiratory rates, lung densities, and healthy lung

volumes between the 1.5 T and 0 T groups of mice. Non-linear regression (GraphPad Prism,

San Diego, CA, USA) was used to fit the Hill equation to dose-response curves for each of the

three responses. Dose-response relationships were investigated, and differences between the

median effective doses (ED50) at 5 months post-irradiation were compared using an extra

sum-of-squares F-test.

Results

Correlation between survival and radiation-induced lung injury metrics

For 8 of the 140 mice in this study, their cause of death was not related to radiation-induced

lung damage (e.g., 5 mice died before irradiation); therefore, they were not included in the

results. The respiratory rates and lung densities at the measurement timepoint were signifi-

cantly higher (p<0.001) in mice that died from radiation-induced lung injury (n = 71) than in

those that survived until the end of the study (n = 61). The healthy lung volumes were signifi-

cantly lower (p<0.001). The respiratory rates, lung densities, and healthy lung volumes of the

two groups can be found in Table 1.

We found that the respiratory rate, lung density, and healthy lung volume measurements

were all significantly predictive of survival (p<0.0001). Table 2 shows the Cox proportional

hazards model parameter estimates, p-values, and hazard ratios of each of the predictor

variables.

Table 1. The mean ± SEM values of non-invasive assays of radiation-induced lung damage in 132 mice 5 months

after irradiation.

Assay Survival status

Survived (n = 61) Died (n = 71)

Respiratory rate 153 bpm ± 3 bpm 191 bpm ± 5 bpm

Lung density 0.54 g/cm3 ± 0.01 g/cm3 0.77 g/cm3 ± 0.02 g/cm3

Healthy lung volume 0.51 cm3 ± 0.01 cm3 0.32 cm3 ± 0.02 cm3

https://doi.org/10.1371/journal.pone.0205803.t001
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The values used to dichotomize the mice into normal and abnormal groups for each of the

lung injury metrics are shown in Table 3. For the respiratory rate measurements, there were 33

mice in the normal group and 99 mice in the abnormal group. For the lung density measure-

ments, there were 62 mice in the normal group and 70 mice in the abnormal group. For the

healthy lung volume measurements, there were 53 mice in the normal group and 79 mice in

the abnormal group.

Survival from the measurement timepoint (5 months post-irradiation, or 4 in mice that did

not survive for 5) was compared between mice with normal and abnormal values for each of

the three metrics (Fig 2). The survival curves were significantly different for each of the com-

parisons (p<0.0001).

The correlation between respiratory rate and lung density measurements was significant

(r = 0.6827, p<0.0001), as were the correlations between respiratory rate and healthy lung vol-

ume measurements (r = -0.6098, p<0.0001) and healthy lung volume and lung density mea-

surements (r = -0.8424, p<0.0001). This data is shown in Appendix C.

Survival: 1.5 T vs. 0 T

The 1.5 T magnetic field had little to no effect on survival for all of the dose groups (Fig 3). All

mice in the 9.0 Gy, 10.0 Gy, and control groups survived until the end of the study, regardless

of whether they had been irradiated in a 1.5 T or 0 T field. There was no significant difference

in survival between mice in the 1.5 T and 0 T groups for doses of 10.5 Gy, 11.0 Gy, and 13.0

Gy. There was a small but statistically significant difference in survival between mice in the 1.5

T and 0 T groups for 12.0 Gy (adjusted log-rank p = 0.03). However, the lack of difference for

higher and lower doses and the overlap of the 12.0 Gy/1.5 T curve with both 11.0 Gy curves

lead us to believe that this result should not be over-interpreted given the context of the overall

experiment. Moreover, a multivariate Cox regression analysis including both dose and mag-

netic field strength as predictors of survival across our entire data set showed that dose had a

highly statistically significant association (p<0.0001), while the association for magnetic field

strength was not significant.

Severity of radiation-induced lung injury: 1.5 T vs. 0 T

CBCTs of mice in each dose group for the 0 T and 1.5 T fields are shown in Fig 4. The dose-

response relationships for the metrics of increased respiratory rate, increased lung density, and

reduced healthy lung volume can be seen in Fig 5, Fig 6 and Fig 7, respectively. Increased

Table 2. Cox proportional hazards model of non-invasive assay measurements in irradiated mice.

Predictor variable Coefficient estimate Hazard ratio (95% CI)

Respiratory rate (bpm) 0.027 1.03 (1.02–1.03)

Lung density (g/cm3) 15.94 8.38e + 06 (4.65e + 05–1.51e + 08)

Healthy lung volume (cm3) -8.913 1.35e - 04 (2.01e - 05–0.90e - 04)

p<0.0001 for all predictor variables

https://doi.org/10.1371/journal.pone.0205803.t002

Table 3. Control group values used to dichotomize mice into normal and abnormal groups.

Lung injury metric Mean of control mice ± SD Cut-off for abnormality

Respiratory rate 142 bpm ± 16 bpm 190 bpm

Lung density 0.474 g/cm3 ± 0.055 g/cm3 0.639 g/cm3

Healthy lung volume 0.580 cm3 ± 0.053 cm3 0.421 cm3

https://doi.org/10.1371/journal.pone.0205803.t003

Radiation-induced lung toxicity in mice irradiated in a strong magnetic field
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respiratory rate and increased lung density were defined as values larger than the means of the

control mice values plus three standard deviations. A reduced healthy lung volume was defined

as a value lower than the mean healthy lung volume of control mice minus three standard

devations. For each of the three metrics, the 1.5 T dose-response curves were shifted slightly to

the left of the 0 T curves. With increased respiratory rate as the response, the mice that had

been irradiated in the presence of a 1.5 T magnetic field had an ED50 that was 2% lower than

that of the mice that had been irradiated in no magnetic field (p = 0.0332). With increased

lung density as the response, the mice that had been irradiated in the presence of a 1.5 T mag-

netic field had an ED50 that was 3% lower than that of the mice that had been irradiated in no

magnetic field (p = 0.0017). With reduced healthy lung volume as the response, the mice that

had been irradiated in the presence of a 1.5 T magnetic field had an ED50 that was 2% lower

than that of the mice that had been irradiated in no magnetic field (p = 0.0033). In summary,

all three assays showed a small but statistically significant increase in response to radiation in

the presence of a magnetic field.

Discussion

In this study, we found that respiratory rate, lung density, and healthy lung volume measure-

ments obtained 5 months post-irradiation were all highly predictive of survival after irradia-

tion of the whole thorax. We dichotomized the mice into abnormal and normal groups based

on their measurements 5 months post-irradiation and found that survival was significantly

lower in the abnormal groups for each of the three metrics.

The survival trends and relatively high lung radiation sensitivity of the C57L/J mice in this

study was consistent with the findings of other groups [17, 26, 30, 31, 34, 35, 38]. We compared

mice irradiated in the presence of a 1.5 T magnetic field to those irradiated in the absence of a

magnetic field and found that the 1.5 T field had little to no effect on survival. The dose to

Fig 2. Survival after the 5-month measurement (or the 4-month measurement if mice did not survive for 5

months), separated by the average control mice values at that timepoint ± three standard deviations.

https://doi.org/10.1371/journal.pone.0205803.g002

Fig 3. Survival of mice in all dose groups. Curves for both the 0 T and 1.5 T groups of mice are shown for doses of 10.5 Gy-13.0 Gy.

https://doi.org/10.1371/journal.pone.0205803.g003
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which the mice were irradiated was a much stronger predictor of survival. When we assessed

the effect of irradiation in a 1.5 T field on non-invasive measurements of radiation-induced

lung damage, however, we found that there was a significant effect on the ED50 at 5 months

post-irradiation for each of the three measured responses (an increased respiratory rate, an

increased lung density, and a reduced healthy lung volume). For each of the three responses,

Fig 4. Axial CBCTs of the lungs of mice in each dose group for the 0 T and 1.5 T magnetic fields at 5 months post-irradiation. The severity of radiation-induced

lung injury (an increase in lung density and a decrease in healthy lung volume) increases with increasing dose for both the 0 T and 1.5 T fields.

https://doi.org/10.1371/journal.pone.0205803.g004

Fig 5. The dose-response curves for mice irradiated to 0, 9.0, 10.0, 10.5, 11.0, 12.0, or 13.0 Gy in either a 0 T or 1.5 T

magnetic field. The dose response is the percentage of mice in each dose/magnetic field group with an increased respiratory

rate by 5 months post-irradiation. An increased respiratory rate was defined as being more than three standard deviations above

the mean of the respiratory rate of control mice at 5 months post-irradiation.

https://doi.org/10.1371/journal.pone.0205803.g005
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the ED50 for the 1.5 T group was smaller than that for the 0 T group. While these differences

were small (2%-3%), they were consistent between the different measurements.

Previous studies have investigated the correlation between post-irradiation changes seen in

lung imaging and radiation-induced lung damage. El-Khatib, et al [15] used CT to monitor

changes in lung density after irradiation, which they correlated to histological changes due to

radiation-induced pneumonitis. Plathow, et al [16] used CT to detect increases in lung density,

intralobular opacity, and fibrotic strands to monitor the development of radiation-induced

lung fibrosis. Other research groups, when comparing the response to thoracic radiation in

various strains of mice, measured post-irradiation changes in lung density and volume on

both micro-CT and MRIs [17–19]. The results of our study demonstrated that post-irradiation

changes in lung density and healthy lung volume were significantly predictive of survival

(p<0.0001), and therefore support the continued utility of imaging as a non-invasive tool to

measure radiation-induced lung damage.

Respiratory rate is most commonly measured using either an unrestrained single-cham-

bered whole-body plethysmograph or a restrained double-chambered plethysmograph [39].

While plethysmography is appealing because it does not rely on anesthesia, intubation, trache-

ostomy, or thoracotomy, it is costly and requires the mouse to be taken out of its standard

environment, which introduces stress and could affect the measurement [40, 41]. Another

existing technique for measuring respiratory rate is the use of a pulse oximeter, which can be

clipped onto the tail of an anesthetized mouse or placed around the neck of a conscious or

anesthetized mouse (MouseOx Plus, STARR Life Sciences, Oakmont, PA). While these tech-

niques are minimally invasive, they have the disadvantages of being costly, having a low

Fig 6. The dose-response curves for mice irradiated to 0, 9.0, 10.0, 10.5, 11.0, 12.0, or 13.0 Gy in either a 0 T or 1.5 T

magnetic field. The dose response is the percentage of mice in each dose/magnetic field group with an increased lung density

by 5 months post-irradiation. An increased lung density was defined as being more than three standard deviations above the

mean of the lung density of control mice at 5 months post-irradiation.

https://doi.org/10.1371/journal.pone.0205803.g006
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throughput, being time intensive, having questionable reproducibility, and causing stress to

the animal (which in turn affects the measurement). In the study herein, we developed a

completely non-invasive technique for measuring respiratory rate in mice while they are asleep

in standard laboratory cages. This technique is low cost: the only piece of equipment needed is

a camera capable of recording at least 30 fps, and we have made the measurement software

open source.

Our results demonstrated that the measurements of respiratory rate, lung density, and

healthy lung volume at 5 months post-irradiation were correlated with each other. While each

metric is valuable on its own, this correlation demonstrates that if a study is limited in terms of

time, funds, or equipment, it is possible to use only one of these techniques to assess radiation-

induced lung injury.

One limitation of our study was that mice underwent irradiation of the whole thorax,

whereas in MRIgRT treatments, a smaller portion of the patient’s lungs would be expected to

be irradiated. Another limitation was that we assessed the effect of magnetic-field-induced

dose perturbations on radiation-induced pneumonitis, but did not assess the effect on subse-

quent fibrosis. Only mice from the 0 Gy, 9.0 Gy, and 10.0 Gy dose groups survived until the

end of the study. This was not a sufficient number of mice to draw any definite conclusions

about the effect of a magnetic field on radiation-induced fibrosis.

Our finding that there was no significant difference in survival between mice irradiated in a

1.5 T magnetic field and mice irradiated in the absence of a magnetic field supports the idea

that MRIgRT is safe for use in the thoracic region. However, our finding that the 1.5 T field

affected measurements of respiratory rate, lung density, and healthy lung volume suggests that

Fig 7. The dose-response curves for mice irradiated to 0, 9.0, 10.0, 10.5, 11.0, 12.0, or 13.0 Gy in either a 0 T or 1.5 T

magnetic field. The dose-response is the percentage of mice in each dose/magnetic field group with a reduced healthy lung

volume by 5 months post-irradiation. A reduced healthy lung volume was defined as being lower than three standard deviations

below the mean of the healthy lung volume of control mice at 5 months post-irradiation.

https://doi.org/10.1371/journal.pone.0205803.g007
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further investigation is warranted. Although the strong transverse magnetic field had no effect

on survival, its effect on our assays of radiation-induced lung damage implies that MRIgRT in

the thoracic region could potentially affect patients’ quality of life.

It has been hypothesized that dose hot spots and dose cold spots in MRIgRT treatment

plans can be eliminated with parallel-opposed fields or Monte-Carlo-based IMRT treatment

planning [5, 6, 8, 42–44]. While this is certainly possible in the planning stage, it is not neces-

sarily the case in patients, who have heterogeneous, malleable tissue that can change in posi-

tion over time. Care should be taken in introducing MRIgRT to the clinic, especially for

treatments in regions with inhomogeneous tissue. It is important to rigorously test new tech-

nologies in the preclinical stage before they are introduced to the clinic. Although a technique

may be theoretically possible, we should be cautious in the clinical introduction of a technol-

ogy before it has been thoroughly investigated.
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