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Abstract

Use of magnetic resonance (MR) imaging in radiation therapy has increased substantially in
recent years as more radiotherapy centers are having MR simulators installed, requesting more
time on clinical diagnostic MR systems, or even treating with combination MR linear accelerator
(MR-linac) systems. With this increased use, to ensure the most accurate integration of images
into radiotherapy (RT), RT immobilization devices and accessories must be able to be used safely
in the MR environment and produce minimal perturbations. The determination of the safety profile
and considerations often falls to the medical physicist or other support staff members who at a
minimum should be a Level 2 personnel as per the ACR. The purpose of this guidance document
will be to help guide the user in making determinations on MR Safety labeling (i.e., MR Safe,
Conditional, or Unsafe) including standard testing, and verification of image quality, when using
RT immobilization devices and accessories in an MR environment.

Keywords
magnetic resonance; immobilization devices; radiotherapy; MR Safety

2. Introduction
2.1 Preface

Magnetic resonance (MR) is one of the major modalities in diagnostic imaging today,
especially for soft tissue visualization. MR imaging (MRI) uses the principle of nuclear
magnetic resonance (NMR) to generate images or to obtain chemical and physical
information about tissues. In radiation therapy, the soft tissue contrast of MR is of primary
interest to enable highly accurate treatment planning and to guide treatment. The main
source of the /n vivo MR signals is the nuclear proton of the hydrogen atom, which is
abundant in the human body primarily in water and lipid molecules. MR can produce images
of human body with a variety of soft tissue contrasts, which can be used to characterize
internal anatomy, bodily functions, and metabolism.

2.2. Purpose and Scope of this report

The purpose of this document is to provide guidance on the safe use and integration

of RT immobilization devices and accessories in the MR environment. It will help

medical physicists and other health professionals practicing in MR-guided radiation therapy
(MRgRT), whether via diagnostic MRI in the treatment position, MR-based treatment
simulation, or MR-linear accelerators (MR-linacs), to address safety concerns and safe
integration into this hybrid environment. The charges of this task group are as follow:

1 To provide guidance on safety and image quality using RT immobilization
devices and accessories in an MR environment.
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2. To recommend standard measures for vendors to test and communicate MR
status of radiotherapy immobilization devices and accessories in an MR
environment.

Intended Audience—This report is primarily intended for medical physicists, MRI
technologists, and radiation therapists involved in MR-based RT treatment simulation and
MR-guided RT. Other healthcare professionals including nurses and physicians may also
find this resource useful in their practice. Even though it is not intended to provide specific
guidance to the medical device industry, this document may provide insight for industry
professionals to address issues raised by clinical MRgRT practice.

Expected outcome—This report provides guidance about the safe and effective use of
RT immobilization devices and accessories in the MR environment, including MR Safety
labeling, testing, and evaluation of these devices for clinical use.

Disclaimer—The authors of TG334 recognize that MR Safety is a field of expertise,
clinical practice, and active area of research, all on its own. This document is intended to
serve as a source of information and a reference but cannot replace adequate training and
relevant experience in MR Safety. The reader is strongly encouraged to seek training and
information related to all aspects of MR Safety, and to seek certification from appropriate
bodies during professional development. While certification is not always possible or
practical, the reader should seek guidance from a qualified medical physicist (QMP) who is
as defined by the AAPM! certified and trained in MR. The tasks described in TG334 should
always be performed under the supervision of a QMP with the appropriate training.

2.3 Technical information about MR systems

MR systems are usually composed of four subsystems: the main magnet subsystem,

the radio frequency (RF) transmit and receive subsystems, and the gradient subsystem.
These subsystems generate the magnetic fields that combine to collect data that can be
reconstructed into images or spectra. These are summarized in Table 1. In addition to

these subsystems, the MR system features a patient support subsystem that includes the
patient table, ventilation, lighting, a patient intercom, and devices for optional monitoring
of the cardiac and respiratory cycles. These subsystems are controlled and synchronized by
computers. Further details can be found in the literature?.

2.4 Implications of RT accessories for MR Safety and image quality

Safety considerations arise around MRI systems due to the use of static and time-varying
magnetic fields generated by the subsystems. Each component gives rise to unique risks
regarding to patient safety that have been well documented in the literature3, and these are
summarized in Table 2. The static field of the main magnet is tens of thousands of times
stronger than the magnetic fields at the surface of the Earth, leading to complex attractive
forces on ferromagnetic objects that are typically maximal at the opening of the MR bore.
Contour maps of the main magnetic field and of the spatial gradient of the main field are
typically provided by the manufacturer and can be used to identify areas of concern for static
magnetic field safety. Effects on active devices may exclude certain active devices from the
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MR environment. In the context of the present work, the exclusion of active devices might
notably apply to accessories used to position or inform the patient during simulation in the
MR environment such as displays for breath-hold coaching or external patient monitoring
devices.

Safety testing and labeling of devices—MR Safety is a topic of paramount
importance, and guidance comes in the form of internationally recognized guidelines22-39,
Most discussion around MR Safety focuses on patient safety when there is an implanted
medical device i.e., concerns due to magnetic field exposure, heating, etc. Standards for
safety in the design and construction of MR systems are encapsulated in standards for MR
systems from the IEC3L. Guidelines exist for safety testing and for labeling of devices to be
used in the MR environment32, These include documents from the FDA providing guidance
on all medical devices that might be used in the MR environment3, a set of testing standards
from ASTM International for passive implants33-36, and finally, ISO standards for active
implants3’. Device testing is required to address magnetic forces on metallic objects and
potential for heating when exposed to RF magnetic fields3. Testing for potential gradient-
induced heating is currently not standardized by the ASTM, but guidance is provided in
Technical Specification 1SO 1097437, Table 3 gives the relevant MRI system specifications
that should be considered for a complete safety assessment for RT immobilization devices
and accessories in an MR environment.

Device safety is communicated through appropriate labeling, which has been expanded and
standardized over the years as the MR safety labeling continues to evolve38:39. Devices,
whether external or implanted, passive or active, are usually labeled using one of three
categories: MR Safe, MR Unsafe, or MR Conditional“. A device labeled MR Safe is
non-metallic and non-conductive and is safe in all MR environments. A device labeled
MR Unsafe is deemed unsafe in all MR environments (or to indicate absence of testing,
for potentially unsafe devices) and use is to be prohibited. The third and possibly most
oft-discussed label is MR Conditional, which applies to devices that have been tested and
shown to pose minimal hazard in a specific MR environment, usually defined according

to specifications related to field strength, spatial gradient, radio-frequency electromagnetic
energy deposition, and device settings or configuration.

Most of the attention in MR Safety of devices has been concentrated on patient implants,
for instance implanted cardiac devices?!, orthopedic devices*!, and other devices commonly
encountered in radiological imaging. Much less attention has been given specifically to
devices used in the context of MR-guided radiation therapy, though some reports have been
published about RT-specific accessories*243,

Impact on image quality—The introduction of devices in the MR environment can
interfere with any of the three magnetic fields involved in the imaging process. Variations
in magnetic susceptibility on the order of a few parts-per-million can disrupt the static
(main) magnetic field, leading to image distortion and/or signal loss, akin to those observed
in patient-induced disruptions*4. While MR systems are equipped with active shimming
systems that can compensate for these effects, their capacity may be limited, and residual
effects may be observed.
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The impact of RT immobilization devices or accessories on image quality is also related to
RF transmit and receive performance, often encapsulated in image uniformity. The current
standard of practice in many clinics suggests that immobilization may be unnecessary for
imaging of the brain, where image co-registration can overcome positioning variations#>-46.
Others have demonstrated that specific RT setups, which are essential or at least beneficial
for many other treatment sites*’:48, have minimal effect on SNR#%-52, Accessories such as
coil bridges or breast boards, may introduce a gap between the patient and the coil, which

is desirable for unobstructed contour of the patient but may reduce image quality due to
less-than-optimal coil loading, thereby reducing the SNR. Some studies have shown that this
impact may be surmountable3, especially when consideration is given to coil placement®
and setup position®®. In head and neck cancer, alternate surface RF coil combinations

and holders are often used to accommaodate the thermoplastic mask to match neck flexion
and patient pose, where wrapping coils close to the patient surface improves SNR and
image intensity uniformity#. Recommendations for use of RT immobilization devices and
accessories has received attention in the context of clinical trials in relation to image quality
and patient positioning®®, and these recommendations certainly extend to standard clinical
practice.

In addition to immaobilization devices, additional accessories and MR equipment also

need to be considered. For example, flat-top couch inserts increase the distance between
the patient and receiver coil elements embedded in the table which will reduce SNR.
Furthermore, materials such as carbon fiber are electrically conductive and may potentially
burn patients while adversely affecting image quality, most notably with SNR and

image uniformity#257. Solutions have been proposed by adapting the receive-coil setup

to alternative coil configurations to accommodate immobilization devices and maintain
sufficient image quality46-58,

Additional considerations due to MR system design also need to be considered. Gradient
switching in the presence of metallic implants can cause artifacts®®, which may carry over
to devices used in MR-guided RT if these contain conductive materials. The effect of MR
system design on image quality in the RT context have been studied, in particular wide-bore
systems that may bring patient positioning and clearance advantages for the RT context60.

2.5 Current gaps in knowledge and clinical needs

The availability of efficient high resolution anatomical MRI in the treatment position (with
adequate volumetric coverage), the developing availability of synthetic CT generation from
MRI data, and the added value of functional MRI all combine to make MRI a viable
solution for simulation imaging and image guidance in the RT treatment planning and
guidance process®’28:61-65 A a result, the deployment and use of MR systems dedicated
to radiation therapy®1-64, including diagnostic MR systems for simulation®” and integrated
MR-guided radiation therapy systems®®, is growing at a rapid pace. This leads to specific
needs to be addressed with respect to the introduction of devices specific to the radiation
therapy workflow in the MR environment for a particular treatment site. These include
positioning and other devices that are routinely used in the radiation therapy environment
and are now desirable in the MR environment. In RT, immobilization devices are often
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made of carbon fiber which may cause thermal injuries in MRI due to their electrically
conductive nature*246, Thus, it is recommended that immobilization devices are fabricated
by MR-optimal material, such as melaminebl, that is not conductive and does not introduce
image artifacts.

The use of MRI in the RT process for simulation, planning, and guidance introduces

MRI systems to an entirely new environment, where it is possible that professionals with
limited experience and/or training in the use of MRI are now tasked with employing this
technology safely®3:67. The desire to image the patient in the treatment position using RT
immobilization devices and accessories, as is done conventionally during CT simulation,
means that an entirely new set of RT immobilization devices and accessories, foreign to
radiology practice, are introduced to the MR environment. In certain jurisdictions, quality
guidelines have been proposed®8. Finally, while recommendations exist for the use of
MRI in RT for clinical trials, these do not specifically address safety issues related to RT
immobilization devices or accessories*6:56,

This report identifies two specific gaps in knowledge to be addressed:

1 External devices, such as positioning devices, pose a variety of safety and image
quality concerns, and some have not been addressed in the radiation therapy
workflow.

2. There is a need for consensus on the use of radiation therapy immobilization

devices and accessories in the MR environment that extend outside of the
existing documentation and recommendations specific for implanted devices.

3. Review of Testing Methods used by United States and Canada

Regulatory Requirements for Manufacturers

The MR Safety status of a RT Immobilization device or accessory needs to be determined
before it is brought into an MR environment. A device is deemed MR Safe, MR Conditional,
or MR Unsafe based on criteria defined in the American Society of Testing and Materials
(ASTM) International guidelines 250340, Regulatory requirements for RT immobilization
device and accessories used in an MR environment in the United States go through

Food and Drug Administration (FDA) clearance documents3:5% which provide their own
information following the ASTM International guidelines for MR Safety testing33-36. In
Canada, licensing of Class Il, I1l, and IV medical devices by Health Canada requires a
detailed technical assessment based primarily on combination of ASTM testing standards
and 1SO 10974 testing”©.

In this section, we summarize the ASTM recommendations and how they can be applied

to RT immobilization devices and accessories. Please note that these do not include all the
details in the ASTM documents — the readers should thoroughly read the FDA and ASTM
documents before proceeding with any testing and ensure that all the points are followed.
We also recommend reading the International Electrotechnical Commission (IEC) standards
for safety of MR31. The recommendations per this task group are based on the regulatory
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documents from the time of publication of this task group report. As the regulations change,
the latest versions of the documents should be referred to before proceeding with testing.

This task group urges that RT immobilization devices or accessories to be used in an MR
environment to be purchased from vendors with MR Safety status already determined.

The MR Safety status of a RT immobilization device or accessory is determined using

the testing methods discussed in the following sections. The user should be familiar with
what should be included in the MR Safety documentation of the RT immobilization devices
and accessories. We encourage the reader to review the following sections to ensure that
the documentation that they receive from the vendor is sufficient. If the documentation is
insufficient, the user should reach out to the vendor to ensure that they have the most up to
date MR Safety information for the RT immobilization device or accessory.

If a RT immobilization device or accessory does not come with specific MR Safety
documentation, per ASTM recommendation??, scientific rationale with appropriate
clearance criteria can be used to establish that a device is MR Safe, 7.e. without safety
concern in any MR environment, obviating the need for device testing. This rationale

can be applied to RT immobilization accessories and devices composed entirely of
electrically nonconductive, nonmetallic, and nonmagnetic materials. In a device containing
no ferromagnetic material, magnetic force and torque are no longer a safety concern when
the device is used in an MR environment3. The absence of metallic components reduces the
risk of heating caused by gradient and/or RF field interactions.

Before testing a new device in an MR environment, the absence of metallic components
should be ascertained by taking an x-ray or CT of the device. Conductive non-metallic
materials, such as carbon fiber, must also be excluded to eliminate the risk of RF
heating#2:46. The manufacturer can be contacted to determine the specific materials used in
the device as well. All evidence to show that scientific rationale deems a RT immobilization
device or accessory as MR Safe must be documented. Tests for image artifacts as laid out in
Section 3.4 should be performed in all cases.

If scientific rationale cannot be used to determine that the RT immaobilization device or
accessory is MR Safe before bringing it into the MR environment, it should be considered
MR Unsafe until testing can be performed per ASTM testing procedures if applicable. An
MR Unsafe characterization can be confirmed using a hand-held magnet with a strength of
> 0.1 T (>1000 G) as per the ACR Manual on MR Safety?? and should be used on any

RT immobilization device or accessory before entering Zone Il1. Testing with a handheld
magnet does not replace the ASTM testing procedures, as the handheld magnet does not
produce a comparable magnetic field strength as the MRI system. These testing methods,
discussed in Sections 3.1-4, require specific equipment, some of which may not readily be
available in all institutions or vendor facilities. Therefore, if the institution or vendor does
not have the required testing equipment or expertise to perform the appropriate tests, it is
recommended to send out the device for testing to a site that has the required equipment
and has International Organization for Standardization (ISO) accreditation for MR Safety
testing’L. These test results provide the conditions under which the RT immobilization
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device or accessory are MR Conditional and should be listed in the vendor documentation or
report from an external testing facility.

If a device is marked as MR Conditional and the device is to be used outside of the MR
system specifications that it was deemed MR Conditional, the RT immobilization device or
accessory must be assessed for off label use with the testing methods provided in Sections
3.1-3.4. These assessments for the MR Conditional status must be well documented in

the acceptance documents of the RT immobilization device or accessory and MUST state
that the device is being used off label of the vendor’s recommendations. Off label use is
discussed in more detail in Section 6.

An institution can perform the MR Safety tests as laid out in Sections 3.1-3.4. We would
like to stress that this is not an easy task, and as discussed in the Disclaimer section of the
Introduction section, requires certain expertise and equipment not readily available in every
institution. Thus, it should only be performed if adequate expertise in MR Safety testing
AND the appropriate equipment are available at the institution.

Thus, as a summary of what has just been discussed, we are proposing the workflow in
Figure 1 for when one needs to ascertain the MR Safety of a RT immobilization device or
accessory. The user should combine the results from all required ASTM and ISO MR Safety
tests before determining that a device is MR Conditional. As recommended by the ACR,
each institution shall have an MR medical director (MRMD), MR Safety officer (MRSO),
and MR Safety expert (MRSE)?2. Regardless of whether the device is tested on site or in

an accredited facility, the final MR Safety designation of a RT immobilization device or
accessory should be reviewed by the MRSO in consultation with the MRMD and MRSE
before it is used on a patient.

3.1 ASTM F2052 Standard Test Method for Measurement of Magnetically Induced
Displacement Force on Medical Devices in the Magnetic Resonance Environment

The general principle of ASTM F205233 is to measure the magnetically induced
displacement force produced by static magnetic field gradients on a device or accessory

and determine how it compares to the weight of the device. While not specifically stated in
the documentation, this testing method is general enough to be applied to RT immobilization
devices or accessories.

The testing method in ASTM F2052 involves hanging the RT immaobilization device or
accessory from a string near the entrance to and on the axis of an MR system with

a horizontal bore and a horizontally oriented static magnetic field. The reason that the

test is performed at the entrance to the scanner bore entrance is because the dB/dz is

at the maximum close to this area. The string should be hung from a place that can

support enough force. The weight of the string must be less than 1% of the weight of the
tested immobilization device or accessory. To maintain measurement sensitivity, the testing
position where the RT immobilization device or accessory is hung is determined to be where
“the spatial gradient of the field strength, dB/dz, is within 20 percent of the maximum
value of the spatial gradient on the axis of the bore”33, Detailed distribution of spatial
gradient around the MRI scanner may be obtained from the vendor. The bulk of the RT
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immobilization device or accessory should be placed at the testing position and care should
be taken that the device is not touching the tabletop and skewing the results. Once the device
is placed and the movement has settled, the angular deflection of the string from the vertical
is measured33. The testing setup as recommended is depicted in Figure 2. RT immobilization
devices or accessories may be too large or bulky to be tested using the methods described

in ASTM F2052 due to their size and bulk, for example a long vacuum cushion bag or a
wingboard. Practically, devices are considered as bulky when it can’t be fit into the scanner
bore, or when the testing procedure can’t be reliably followed due to collision with the

table or scanner bore. This limitation is discussed in Section 8.1. It is recommended that
devices too large to be tested should not be used in the MR environment if they contain any
ferromagnetic materials. The presence of ferromagnetic components may be assessed using
a powerful hand-held magnet (> 0.1 T) or a ferromagnetic detector.

If the angle of deflection of the string is less than 45°, the magnetically induced deflection
force is less than the force on the RT immobilization device or accessory due to gravity. If
this is the result when testing an RT immobilization device or accessory, one can conclude
that it is not a risk to the patient in terms of the magnetic force. If the angle is more than 45°,
the RT immobilization device or accessory should not be considered safe with respected to
the magnetically induced deflection force.

3.2 Applying ASTM F2182 Standard Test Method for Measurement of Radio Frequency
Induced Heating Near Passive Implants During Magnetic Resonance Imaging to RT
Immobilization Devices and Accessories

The methods in ASTM F218236 can be used with some modification to determine the
amount of RF induced heating on or near a passive medical RT immobilization device or
accessory and its surroundings during an MRI. This test method is essential in establishing
if the presence of the RT immobilization device or accessory may cause thermal injury to
the patient during an MRI acquisition. Test results for RF heating depends highly on the test
configuration’273, so these tests require careful design. In ASTM F2182, RF heating tests of
passive implants require that these devices be submerged in a test solution to mimic /n vivo
implantation. This submerged approach for testing can be extended to RT devices intended
for use inside the body, e.g. intra-cavitary or interstitially. However, RT accessories that

are used externally in the vicinity of patients, such as immobilization accessories, should
undergo RF heating testing that mimics this situation using a phantom placed beside it.

RF induced heating test requires at least two pieces of equipment, a phantom and a
thermometry probe. The phantom should be MR Safe, and composed of non-magnetic,
non-metallic and electrically insulated materials that mimics the electrical and thermal
properties of the human body. ASTM F2182 provides two phantom formulations in Section
8.3 and X1.3 with detailed ingredients and preparation steps to create phantoms that mimic
human tissue. It is reasonable to use the same formulations to create phantoms for this
modified test. If a different material is used, it should have electrical and thermal properties
similar to those suggested in ASTM F2182 to sufficiently mimic the properties of the
human body. During RF exposure, an MR Safe fiberoptic or fluoroptic thermometry probe’4
should be used to measure temperature as a function of time on or in the vicinity of the
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RT immobilization device or accessory. The probe should have a temperature resolution
of at most 0.1°C, a spatial resolution less than or equal to < 1 mm in any direction

along the specific axis of measurement, and a temporal resolution < 4 s. It should also

not substantially perturb the applied RF field or local electric field. The most common
thermometry probes used in MR environment are relatively fragile. It is important to make
sure that the probes have good thermal contact while avoiding excessive pressure/weight
from the phantom.

For this RF heating test, the RT immobilization device or accessory should be placed with
the phantom in an MR system. An MR protocol that produces RF power to achieve a
whole-body average SAR of about 2 W/kg over the volume of the phantom for at least 15
minutes should be used, matching the guidance of ASTM F2182. In general, the fast spin
echo (FSE) sequence tends to have high SAR, especially when it is combined with high
echo train length. Therefore, it is a good candidate for this specific test. This test provides
information about potential heating under normal conditions. Testing can also be performed
under a higher SAR level to characterize RF induced heating under a variety of conditions.
While the SAR value reported by the MR system, known as the scanner SAR, is the most
directly accessible information available and is used as the de facto indicator of RF power in
testing standards, it is nonetheless noted that there can be a difference between the scanner
SAR (which is calculated from a model and usually includes a conservative margin for
safety) and the measured SAR75. Therefore, a report of this test result obtained based on the
scanner SAR should be very clearly stated as such. Alternatively, a test result based on the
maximum allowed root-mean-square transmit field (B ,,.,) can be accepted“. The use of B},
is sporadic, and not all MRI systems report this value to the user; therefore, care should be
taken to ensure that the test result should be expressed in units that can be compared with
information reported by the scanner console.

The temperature increases on or near the device or accessory at several locations should

be measured in real-time using the thermometry probe during the RF application. It is
important to know that the RF induced heating may not be uniform based on the material
that is involved. The number of simultaneous measurement points is also limited by the
thermal instrument, e.g., the number of available probes and the number of channels on the
readout device. It is a reasonable practice to initially space out locations that have close
contact to the phantom. Once thermal hot spots are identified, repeat the measurements
around these areas to find the hottest spots. Once the position of greatest heating is
determined, the temperature increase should be measured for at least 15 minutes at that
position and a reference position that is not in close proximity to the RT immobilization
device or accessory. Next, the RT immobilization device or accessory should be taken out,
and the measurements should be repeated at both the maximal RF heating and reference
positions. The purpose of temperature measurements at the reference position is to ensure
equivalent RF exposure settings are used with and without the RT immobilization device or
accessory36. A maximum surface temperature of 40°C is tolerated for the inner surface of
the MR system bore during RF exposure3!, and the same limit can reasonably be applied in
the context of RT accessories.
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If there are multiple arrangements for the RT immobilization device or accessory, testing
should be performed for each arrangement. This includes arrangements where the device
is placed in proximity to the RF transmit coil, which might exacerbate heating due

to proximity effects. The arrangement and orientation of the RT immobilization device

or accessory that induces the highest heating in the phantom should be identified, and

the evidence used to determine the clinically relevant worst-case scenario should be
documented thoroughly. Alternatively, numerical simulations based on SAR models can
be used to identify the worst-case scenarios for RF heating, followed by physical testing of
these arrangements. Typically, the measurement results in conjunction with the simulation
results based on SAR models are used in determining the conditions under which an RT
immobilization device or accessory can be labeled MR Conditional36:69,

Given the availability of measurement devices and complexity of SAR computation, it may
be difficult for this type of test to be performed in every institution for RT immobilization
devices and accessories that have not already received FDA clearance. Therefore, it is
recommended that the user should reach out to appropriate testing facilities for RF heating
tests. Testing conditions including usage conditions and prescribed SAR levels should be
conveyed to the testing facility so the results correspond to the institution’s clinical practice.
The parameters required for FDA clearance are listed in the FDA document “Testing and
Labeling Medical Devices for Safety in the Magnetic Resonance (MR) Environment from
FDA™3, It is recommended that the testing facilities should include this information in their
MR Conditional statement.

The reader should be aware that the version of ASTM F218236 cited in this TG report
specifically states that “the test method assumes that testing is done on devices that will

be entirely inside the body”. The FDA also specifically states that for external devices

such as those discussed in this TG report that the user should “seek feedback through the Q-
submission process on the proposed testing plan for assessing heating and the corresponding
MRI safety labeling for these devices™3.

3.3 ASTM F2213 Standard Test Method for Measurement of Magnetically Induced Torque
on Medical Devices in the Magnetic Resonance Environment

The magneto-static torque considered here is due to the interaction of the static magnetic
field of the MRI system with the magnetization in the RT immobilization device or
accessory. The main issue for this test method is that it was initially written for implants3®
which are significantly smaller than some of the RT immaobilization devices or accessories
under consideration in this task group report. Even more so than the testing of magnetically
induced force, which is conducted outside the scanner bore, the proposed testing of the
torque is conducted inside of the scanner bore. This poses more restrictions on the size

of the testing setup and should also be a consideration for any RT immobilization device

or accessory one wants to use in an MR environment. Again, it may be difficult for an
individual institution to perform this test given the necessary equipment required. Therefore,
the recommendation for the torque test is the same as for the heating test — that an outside
testing facility performs the test under the conditions to be used in the institution and
provides detailed testing results.
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The torque is evaluated using a torsional pendulum method, which can detect a torque
measurement that is “greater than 1710 the “gravity torque,” the product of the device’s
maximum linear dimension and its weight”3®. The RT immobilization device or accessory

is placed on the testing platform suspended by a torsional spring, as depicted in Figure

3. The testing platform is allowed to come to equilibrium before the whole testing

apparatus is placed in the uniform magnetic field at the center of the MRI system. The

RT immobilization device or accessory’s torque in the MR environment is evaluated by the
deflection angle of the testing platform from its equilibrium position. The deflection angle is
measured at different orientations of the RT immaobilization device or accessory to determine
the worst-case scenario for the magnetically induced torque. The maximal magnetic torque
is compared to the gravity torque, defined as the product of the maximum linear dimension
of the device and the RT immobilization device or accessory’s weight.

If the maximal torque is less than the gravity torque, then the magnetically induced
deflection torque is less than the worst-case torque on the device due to gravity. Thus, in
these cases and conditions, the device can be taken as MR Conditional up to the By used for
testing with respect to magnetically induced torque. FDA guidance? suggests that a device
that exhibits magnetically induced torque that exceeds this limit may be accepted as MR
conditional if the device is restrained when within the MR environment. This approach may
be applied conservatively for devices are firmly affixed throughout the MR procedure, for
example to the patient table.

3.4 Applying ASTM F2119 Standard Test Method for Evaluation of MR Image Artifacts
from Passive Implants to RT Immobilization Devices and Accessories

Based on the materials used in the typical RT immobilization devices and accessories, image
artifacts may appear near the interface between the human body and the RT immobilization
device or accessory. The severity of artifacts depends on many things, including the
materials used in construction of the RT immobilization device or accessory, magnetic field
strength, and imaging protocol. These artifacts may interfere with delineation of the target,
external body contour, and organs-at-risk and thus require additional characterization.

ASTM F211934 provides guidelines to evaluate image artifacts for passive implants used

in an MR environment. With slight modifications, the method can be used to assess image
artifacts for RT immobilization devices and accessories as well. Before starting this test, the
device should already be labeled as MR Safe or Conditional after performing the ASTM
tests previously reviewed in this section33:35:36,

To quantify image artifacts, ASTM F211934 requires first using a spin echo sequence to
identify the worst-case configuration and then using the gradient echo sequence to quantify
the extent of image artifacts. In general, image artifacts are more severe on the gradient echo
sequence compared to the spin echo sequence.”® ASTM 2119 recommends that the testing
of the RT immobilization device/accessory should be performed by immersing the device
into a container filled with non-toxic gelatin-based or aqueous solution of gadolinium-based
contrast agent with at least 4 cm clearance to each side of the container from the investigated
device. A copper sulfate solution is recommended by ASTM 2119, but other solutions may
also be used with appropriate justifications. This approach for testing can nominally be
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extended to devices intended for use inside the body, e.g. intra-cavitary or interstitially. In
this case, the largest RT device or accessory that can be tested using this method must be
able to fit within the test container. There are implications related to the potential toxicity of
the proposed solution in the case where the RT devices or accessory subjected to immersive
testing needs to be used with patients afterwards. Care should be taken to ensure that a
non-toxic test solution be used and that appropriate cleaning and sterilization of the device
can be ensured.

Most RT immobilization devices or accessories will not be used within the body, and instead
will be placed as a patient support, so immersive testing may not be appropriate. In this

case, an appropriate MR imaging phantom, possibly constructed using with the solutions
used for immersive testing, can be placed onto or next to the RT immobilization device or
accessory to assess the artifacts. Following ASTM 211934, image artifacts can be quantified
by acquiring images with and without a reference object such as a nylon rod immersed in a
solution including a combination of object orientations and acquisition conditions available
in atable in ASTM 2119 to accurately assess the position of the RT immobilization device
or accessory and quantifying potential distortions. Morris et al (2023)77 provided examples
of using the ACR phantom, which most institutions have to show examples of artifacts in RT
immobilization devices and accessories. One example was a metal artifact from the metal
spring in the valve in a vacuum cushion bag while the other example was the shading artifact
that could occur if a a carbon fiber head a neck board is used instead of a MR-safe head a
neck board’”.

Object-induced distortions arising from By inhomogeneities due to differences in magnetic
susceptibility of materials should also be characterized. Well-defined methodologies are
summarized in TG-284 for characterization using phase difference maps to characterize

the local distortion. One such extreme example is the Leksell stereotactic system where an
aluminum frame is attached to a patient’s head using four pins. In addition to eddy currents
arising from closed loops within the aluminum frame, local distortions of ~5 mm have been
quantified within a few centimeters from the frame and decay with increased distance from
the base when imaged at 1.5 T’8. In addition to selecting MR-optimal material for devices,
By distortions may be further reduced by increasing the readout bandwidth (at a tradeoff

of lower SNR with a method outlined in TG-284), optimizing the By shimming, using
vendor-provided mitigation’® techniques, or implementing an image correction strategy“6:80,
Another image artifact that may be produced by immobilization devices is the introduction
of aliasing or “wrap around” artifacts within the clinical image arising from signal generated
by the device placed outside the prescribed field of view. This can be evaluated by acquiring
a short echo time or proton density image to characterize the latent signal arising from the
immobilization device. This phasewrap could also be eliminated by using a larger FOV or
phase frequency swapping.

To determine the worst-case configuration, a pair of spin echo images with and without
the RT immobilization device or accessory are acquired for multiple configurations,
including positioning the RT immobilization device or accessory in the orientation it will
be used clinically with respect to the static field and switching the readout/phase-encode
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designations34. The condition that creates the largest artifact size in 3-D is deemed as the
worst-case configuration for further evaluation.

For the worst-case configuration, a pair of gradient echo images should be acquired with
and without the RT immobilization device or accessory, and any artifacts visualized should
be investigated34. If the signal intensity in a pixel is modified by at least 30% with the
introduction of the RT immobilization device or accessory, this pixel is considered as part
of the image artifact. The distance in millimeters from the RT immobilization device or
accessory boundary to the furthest end of the image artifact is measured, which is used to
characterize the image artifact. The reference object or phantom placed onto or beside the
RT immobilization device or accessory can be used for assessing both artifacts and any
possible geometric distortions caused by the presence of the RT immobilization device or
accessory. A detailed record of the testing conditions and results should be kept for future
use of the RT immobilization device or accessory so that the conditions and locations under
which these artifacts are seen in MR images are known. If there is a sizable artifact affecting
target or OAR delineation, the RT immobilization device or accessory should not be used
in an MR environment or specific use considerations should be specified, i.e. an artifact on
the edge of the MR field of view may clinically acceptable for lesions located midline (i.e.,
pancreas) but may not be appropriate for a lateral lesion such as liver or breast.

The importance of testing for image artifacts cannot be overstated — distortion in target or
OAR delineation could result in suboptimal treatment plans and treatment outcomes. Also, if
MR-only radiotherapy treatment planning is being used, the external body contour location
could be compromised, which would adversely affect the dose distribution calculation
accuracy®1:80-85_QOnce these artifacts are characterized for each device, training should

be provided to all team members who are responsible for using the RT immobilization
device or accessory in practice or handle/review images in their practice such as for
contouring organ at risk and gross tumor volume contours in the presence of these artifacts
and quantifying the impact of these artifacts on dose calculation accuracy. It is also
recommended that this training should be included in the on-boarding training for new
staff as described in Section 4.

4. Clinical recommendations

4.1. Departmental Policies and Procedures

Each organization’s MR Safety Committee is responsible for the development of an

MR Safety training program and overseeing the implementation of the safety training.

The recommendations for the composition of the committee members are given in the

ACR Manual on MR Safety?? and AAPM TG 28446, The MR Safety committee should
provide training competencies, policies and procedures on the safety checks, acceptance,
and handling of MR simulation with RT immobilization devices and accessories. The
departmental competencies, policies, and procedures should be reviewed and updated as
necessary and at least annually by the MR Safety committee. The recommended training for
any personnel who will work in an MR environment is provided in TG28446,
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The assumption of this TG report is that any radiotherapy institution that has an MR
simulator or MR-linac available is also treating patients with radiotherapy techniques
without MR guidance (conventional linear accelerators, tomotherapy, Gamma Kbnife,
Cyberknife, proton therapy etc) whilst the RT immobilization devices and accessories may
have very similar appearances (i.e. indexing bars, breast boards, and equipment such as
levels) between the MR and non-MR environments. Thus, it is strongly recommended for
safety reasons to implement a policy that only devices with MR Safe or MR Conditional
labels are permissible to enter and be used in the MR environment. Devices with no labels
shall be assumed to be MR Unsafe and shall not be used in the MR environment.

Emergency response and evacuation procedures in the context of MR simulation will
be referred to the emergency response guidelines from the hospital/radiology MR Safety
committee and are detailed in TG28446 and ACR guidelines?2,

All the records regarding MR Safety training, MR Safety documentation, screening, consent
forms, incidents/injury record, safety and inventory checks for RT immobilization device

or accessory should be maintained by MRSO appointed by the departmental MRMD. Our
recommendation for which Level Il MR personnel shall be responsible for the different
aspects of MR Safety testing in regard to RT immobilization devices and accessories is laid
out in Table 4. By AAPM’s definition, a qualified medical physicist (QMP) is someone
who can independently perform the necessary tasks in one of the subspecialties of medical
physicsl. An example of an MR Safety program in a radiation oncology department is
detailed in a recent paper by Gach et al 6.

4.2 Education of staff members

The training recommendations of staff that will work in an MR environment are well defined
in the ACR MR Safety Manual?? and recently summarized in TG-284%6. An inventory of

RT immaobilization devices and accessories should be reviewed during education sessions.
All information related to RT immobilization devices should be included in this education,
including positioning and measures for artifact avoidance. Any updated MR Safety related
information should be immediately released to all relevant staff members, and additional
competencies should be provided as any new RT immobilization device or accessory are
incorporated into the inventory and before use on any patient.

4.3 Safety and image artifact evaluation of a RT Immobilization Device or Accessory to be
used in an MR Environment

The standard process for the safety check of a RT immobilization device or accessory to be
used in the MR environment must include a step-by-step process as laid out in Figure 1 to
evaluate whether it is MR Safe, MR Conditional or MR Unsafe. Use of an MR Conditional
RT immobilization device or accessory outside of the specified conditions (e.g. different
field strength) is considered off label use and is discussed in further detail in Section 6.

When in-house developed devices are used in the department, their MR Safety status must
be assessed through testing as described previously in Section 3. Development of in-house
devices should pay careful attention to materials and design to increase the likelihood of
an MR Safe or MR Conditional designation. Since in-house developed devices are likely
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to undergo frequent modifications, it is necessary to keep track of all modifications and
corresponding MR Safety status. Additional considerations for these are covered in detail in
Section 6.

After the MR Safe or Conditional status of a RT immobilization device or accessory has
been ascertained by the testing methods described in Section 3, it is recommended on
acceptance of a RT immobilization device or accessory to first take a CT of the device for
records and to repeat the testing for image artifacts with RT-specific MR protocols of the
institution, developed as mentioned in TG-284%6. This is because if the RT immobilization
device or accessory is sent to an outside testing site for MR Safety testing and includes
MR image quality testing, the imaging artifacts might be different since some are highly
dependent on the field strength and MR protocols used. Thus, these tests should be
performed with the RF coils to be used with the RT immobilization device or accessory
and with proper coil filling with a phantom. Optimal coil positioning and evaluating bore
clearance are important with bulky RT immobilization devices or accessories. Patient setups
should be mimicked for appropriate clinical use cases using positioning of the devices

or accessories with respect to a patient in the bore to provide an accurate depiction of
imaging artifacts and to quantify the potential impact in image quality that may occur when
in the presence of the RT immobilization device or accessory. Depending on institutional
practices, this may require the development of an IRB-approved protocol for imaging
healthy volunteers to test appropriate configurations. The QMP should determine if RT
specific protocols need to be modified when a specific RT immobilization device or
accessory is used with them, for example to increase the SNR or adjust the FOV61.80.81,
All results of these tests should be well documented in the acceptance documentation of
every device.

During the commissioning of the device, it is recommended to identify and address
other safety aspects that may be introduced by the device, e.g. interference with patient
communication, compromising hearing protection, potential skin contact, or clearance
concerns within the bore. Any of these additional safety aspects should be incorporated
into the MR Safety checklists for the RT immobilization devices or accessories.

As part of routine quality assurance, RT immobilization devices should be checked
periodically to ensure the continued safe use of the devices. A hand-held magnet or
ferromagnetic detection system should be used to check every RT immobilization device
or accessory each time before it enters the MR suite (Zone 111). It is recommended that
other periodic safety checks include at least a visual inspection which checks MR labelling,
integrity of the device, and any possible modifications to the device differing from the
acceptance and inventory documentation. The visual inspection for any modifications is a
quick check which should be integrated into at least an annual QA. If any of these routine
quality assurances do not pass, the RT immobilization device or accessory should not be
brought into Zone 111 before a thorough investigation has been performed.

4.4 Inventory List

Before initiating the use of RT immobilization devices and accessories in an MR
environment, it is strongly recommended that an inventory of MR Safe and MR Conditional
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RT immobilization devices and accessories be generated. This inventory list must be easily
accessible for all departmental staff for ease of reference. RT immobilization devices or
accessories not on the list shall be considered MR Unsafe and shall not be used in an

MR environment until the labeling of MR Safe or MR Conditional has been ascertained.
This list shall include (but not be limited to) objects and devices listed in Sections 5-7

of this TG report. Appendix A and Appendix B lay out example checklists to be used for
in the departmental inventory of MR RT Immobilization Device/Accessory and Records
of Modification or Part Replacement of MR RT Immobilization Device/Accessory. This
inventory list should also be reviewed during annual QA to ensure it is up to date.

4.5 TG100 FMEA for the integration of RT immobilization devices and accessories in an
MR environment

In the hybrid MRI and radiation therapy environment, the safety profile of mixed staffing
not familiar with the risks of MRI may require added safety measures. Given that the risks
of bringing in an MR Unsafe device into Zone IV (e.g., magnet room) are potentially fatal,
failure mode and effects analysis (FMEA) as detailed in AAPM Task Group 10087 is highly
recommended to be performed before the integration of RT immobilization devices and
accessories in an MR environment. An interdisciplinary team should include at a minimum
medical physicist, radiation oncologists, radiation therapists (ideally with additional MR
certification), and nurses. Input from a diagnostic department’s MR Safety officer, medical
physicists, and MR technologists would also be beneficial in assessing the thoroughness of
the FMEA. FMEA can be used to identify areas where a high failure mode could occur

in the integration of these devices and risk reductions can be introduced based on three
major aspects: (1) severity (S) of the effects from FMs, (2) frequency of occurrence (O),
and (3) detectability (D) of their occurrence8”-90. One example of where technical failure
mode could occur is when an institution has an MR Safe or Conditional RT immobilization
device or accessory that appears visually similar to one that is MR Unsafe which could
lead to patient injury or damage the MR equipment. Another possible technical failure
mode is that an MR Conditional RT immobilization device or accessory could be used
outside of the conditions that it has been tested for. As discussed previously, this can be
addressed by having site specific MR scanning protocols that are also specific for the

RT immobilization devices. Anytime a deviation from these scanning parameters for the
MR Conditional status of the RT immaobilization device or accessory needs to occur, this

is considered off label use which is discussed in further detail in Section 6. Thorough
documentation and liability from all clinical staff of all equipment characteristics, locations
of storage and use of equipment, and noting any modifications to equipment (additions or
removal of components) are especially important in a hybrid MRI and radiation therapy
environment in order to reduce the frequency of failure occurrences. A detailed FMEA has
also been conducted for general MR Safety and contraindications to MRI outside of the
radiation therapy workflow®L,
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5. Vendor devices

5.1 Specification for MR Safety of vendor RT Immobilization devices and accessories

The introduction of MR simulation and MR-linacs necessitates the evaluation of radiation
therapy devices and accessories to be used in the MR environment. The method for
addressing MR Safety with RT immobilization devices recommended by this task group
is that dedicated MR Safe or MR Conditional RT immobilization devices and accessories
should be commissioned for these programs. This method should prevent visually similar
MR Unsafe RT immobilization devices or accessories from entering an MR environment
and ensure optimal image quality is maintained. In general, the basic guiding principles
that apply to RT immobilization devices or accessories used in radiation oncology remain
relevant when considering deployment in an MRI environment. These include the need

to reliably accommodate patients of various shapes and sizes, withstand frequent use, be
rigid enough to prevent significant sag, and ensure reproducible set-up, to be light enough
so that therapist can easily interchange them between patients, to be made of medically
safe materials, and, finally, they should not support bacterial growth and be easy to clean
and disinfect. However, additional considerations apply for use of RT immobilization and
devices in an MR environment that require the use of new materials and designs. For
example, the device must have a low attenuation for radiation in the therapeutic range to
maximize skin sparing, minimize the reduction in useable beam angles. For this reason,
most RT immobilization devices, such as breastboards, couch tops, wingboards, head-and-
neck overlays/attachments, are traditionally made of carbon fiber92. Yet, as mentioned
earlier, carbon fiber RT immobilization devices are not to be used in an MR environment
since they are electrically conductive®2:46 and thus many of these devices have now been
made with a more MR Safe or Conditional material.

Other than imaging artifacts and the possibility of thermal injuries, some of the RT
immobilization devices traditionally used in radiation therapy were just too large for the
smaller bores of MR systems, resulting in the need for MR-specific RT immobilization
devices and accessories. Based on this need, vendors have adapted their materials to produce
MR Safe or MR Conditional RT immobilization devices and accessories. Examples include
SBRT devices, where bridges and paddles are used for abdominal compression, inclined
breast boards, or large wingboards. It is thus encouraged that the radiation oncology team
ensure that these devices will fit through the MR simulator or MR-linac bore before
purchase and use, even if they are deemed to be MR Safe or MR Conditional. The small
bore size of many MRIs may limit the size of patients that can be imaged, particularly in
the treatment position. One should also recognize that the use of such RT immobilization
devices, may further restrict this limitation.

With the advent of 70-cm-bore MR systems, the increased flexibility in patient positioning
has resulted in broader adoption of dedicated MR systems for simulation82, Some models
also offer flat tabletops that make the use of RT immobilization devices easier, as well as
external lasers, dedicated software features, and coil setups. When researching possible
devices for purchase for the institution, the couch tabletop indexing available for RT
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immobilization devices or accessories should ensure reproducible positioning between MR
simulation and treatment.

5.2 Types of devices and considerations with relation to MR

Vendors are required to clearly mark their devices as MR Unsafe, Safe or Conditional as per
ASTM 250340, and the documentation for the labeling should be part of the instructions for
use (IFU) as required by the FDA in the United States3. A suggested workflow to determine
if vendor RT immobilization device and accessories are MR Safe or Conditional is given in
Figure 1. It is recommended to develop an institutional workflow like this when accepting
vendor devices into the MR Safe/Conditional inventory.

As mentioned in Section 3, a device can be deemed MR Safe if it is non-metallic, non-
magnetic, and non-conductive. Some equipment where an MR Safety label is not given
might thus be easy to identify as MR Safe. However, for some devices this might not be
obvious, e.g. vacloc bags, if the valve contains a spring mechanism, or wingboards, which
might be made of carbon fiber or contain hidden metal hardware. Thus, all devices should
be tested for MR Conditional status. As mentioned previously before any device is used

in an MR environment and with a patient, it is advised to take a radiograph or CT scan

of the device with a field of view sufficient to encompass the entire device to determine if
there is any potential metal present. Some positioning devices may act as thermal insulators
reducing the patient’s natural cooling ability and effectiveness of ventilation in the MR
bore. In such cases, it is not enough to designate a device MR Unsafe; care should be

taken in monitoring patient comfort throughout the procedure. RT immobilization devices
like overlays for SRS frames, SBRT or head and neck boards are traditionally made of
carbon fiber are not considered MR Safe due to heating concerns#246, and additionally
might cause severe shadowing in MR images. Devices that are not designated as MR

Safe should be evaluated, and the conditions for their use verified with the vendor. If

these devices that do not already have MR safety designation from the vendor come in
batches, we recommend that each batch be retested to ensure continued safety. Examples
of such devices include prone breast devices that incorporate metallic components in the
indexing systems, abdominal compression belts, Foley catheters, and rectal balloons. The
specifications of single use RT immobilization devices or accessories may change with each
new lot as manufacturer conditions may change. Thus, the MR Safety documentation should
be verified to ensure the MR Safety status has not changed before accepting the device into
inventory.

If the treatment is not delivered by an MR-linac, then superficial accessories (e.g. bolus,
plastic wrap, custom bolus material or 3D printing material that will be placed superficially
on top of the patient) can be excluded for the purpose of MR simulation if it will not

affect patient positioning or change the deformation of their anatomy compared to the

CT simulation used for RT planning. Additional consideration must be given to allowing
thermoplastic devices formed via water baths to completely dry before placement on the
patient to reduce the risk of heating and potential patient burns?6.

Some of the RT immobilization devices discussed in this report may also be used in
brachytherapy or pediatric applications. While the recommendations made and safety
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practices described herein apply to immobilization of brachytherapy or pediatric patients
during MRI as well, some additional caveats are noteworthy. For brachytherapy applications
additional equipment is often used, for example: devices for fixation of the applicator in the
patient or patient monitoring and anesthesia support units and related accessories. The reader
is referred to AAPM TG-303%3, which details safety considerations for gynecological and
prostate brachytherapy in the MRI setting. Finally, patients undergoing MRI are normally
instructed to alert staff to heating/burning sensations, yet brachytherapy and pediatric
patients are often imaged under local or general anesthesia, and recommended practices

are described elsewhere?4.95,

6. Legacy Devices, In-house Patient Specific Devices, and Off label use of

Devices

Often in the radiotherapy clinic, improvisations are made, and the RT immobilization
devices or accessories used are not limited to solely vendor made devices that have

gone through the rigorous testing discussed in Section 3. These include legacy devices
and in-house patient specific devices that may lack proper MR Safety documentation.
Both categories of devices have become an integral part of the clinical workflow. With

the addition of MR simulators and MR-linacs in radiation oncology departments, some

of the materials used to manufacture these devices may not be suitable for use in an

MR environment, and they may need to be replaced or modified prior to use in an MR
environment®1:96, However, in some cases, when such devices would appear to qualify for
use in an MR environment, if they can be ascertained to have no metallic, magnetic, or
conductive components, they can be deemed MR Safe by scientific rationale. If scientific
rationale cannot be used, the devices should undergo MR Safety testing following the
standard acceptance and testing procedures discussed in Sections 3 and 4 for both the impact
on MR Safety and imaging artifact concerns. The MRMD and/or MRSO must approve the
use of any of these device categories.

Examples of legacy devices outside of the normal RT immobilization categorization are
pool noodles, towels, or pillows often used to suspend surface coils from the patient
external anatomy52. In-house patient-specific devices are often used for a particular use
case?”:50.97 These devices could include 3D printed devices?-101 or common thermoset
and thermoplastic materials®L. In the construction of in-house devices, the use of bonding
agents may be required192, Figure 4 is an example of how choosing the correct bonding
agent is important when constructing in-house devices to be used in an MR environment.
Another example is shown in Figure 5 is an in-house constructed 3D printed holder for the
commonly used ACR phantom along with the use of another bonding agent that did not
result in any demonstrable MRI artifacts.

A third category of devices is the off label use of other materials or devices that are not
specifically made for patient setup but can aide in the immobilization and setup in the MR
environment. This includes the off label use of MR Conditional vendor devices outside of
the range of conditions for which it was approved at by the vendor in their IFU (also referred
to as labeling) for its MR Conditional labeling, for example, at a field strength of 0.35 T
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for an MR-linac. Another off label use includes modifications to RT immobilization devices
such as replacing metallic fixation with MR Safe components or adding risers or holders to
accommodate RF coils.

This report does not condone off label use, yet the authors acknowledge it is part of the
clinical practice in many institutions. Before being used on a patient, the RT immobilization
device or accessory should undergo MR Safety clearance following the standard acceptance
and testing procedures in Sections 3 and 4. It should be stressed that in these cases of

using a device off label the burden of liability will rest with the institution. Table 3 gives

the relevant MRI system specifications for MRI safety assessment of devices. While not

all the parameters in Table 3 are relevant to every device safety assessment, a complete
assessment when considering off label use of a device should at least consider each of these
values. In addition, when assessing and documenting the off label use of an MR Conditional
immobilization device or accessory, consideration should be given at a minimums3 to 1)
magnetic forces and torques on ferromagnetic components, 2) Lenz forces on all metallic
components, 3) potential for malfunction of the device (passive or active), 4) device heating
from RF and/or gradient fields in consideration of potential thermal injury to the patient, 5)
gradient induced vibration, and 6) unintended stimulation from gradient induced electrical
potential and from rectified RF pulses. The authors also strongly recommend that the reader
refer to AAPM TG 121, where the responsibilities of the medical physicists when using
medical products off label is discussed103. Modifications made to FDA approved devices
may alter the performance of the device in unexpected ways and the users should, here

too, be cognizant that the burden of liability will rest with them. Vendors may not provide
support or service for a modified device and warranty will likely be voided. If modifications
are deemed necessary, users should consider the mechanical integrity, general safety, as well
as the MR Safety status of the device. And if status is determined to remain or become MR
Conditional, the user must establish and document the updated conditions for safe use of the
modified device (see sections 3 and 4 above) prior to clinical use.

When making new in-house devices or modifications to vendor devices, it is recommended
to maintain records of what materials were used to create devices in-house or modifications
to vendor devices. Any new in-house device constructed shall be evaluated for bore
clearance (including patient size considerations) and shall not possess any additional MR
Safety or imaging artifact concerns. We strongly recommend that any new in-house device
should be composed of parts that have been deemed MR Safe (preferably by scientific
rationale). Any devices that are assembled of multiple components with MR Conditional
labeling should be tested as a complete combination before MR Conditional labeling can
be applied to the combination. If any new in-house device has parts that can be removed

or assembled, each component should be labeled with the appropriate MR Safety sticker as
well as an inventory sticker.

Routine QA procedures of the in-house/legacy devices in general can follow the

same protocol as other devices as outlined in Section 4. However, extra caution and
documentation for those devices shall be shouldered by the institution’s physicists.
Particularly, the labeling of device for MR usage clearance should be included in the QA
procedures and checks should also include the list of components each time.
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7. MR-guided radiotherapy additional considerations

7.1 Rationale

The integration of on-board MRI with compact linear accelerators has paved the way for a
new era of MR-guided radiotherapy (MRgRT), the use of which is currently evolving and
expanding104-106 MR Safety considerations are similar to those needed for conventional
MR systems. Yet, in this hybrid environment, additional considerations are required for
immobilization devices and accessories that include factors such as the dosimetric impact of
the presence of the device, compatibility with treatment planning, need for MRgRT specialty
equipment, patient setup and patient safety considerations. Further, the personnel involved in
the daily operations for an MRgRT program often differs from a traditional MRI as well as
RT staffing, thus developing tailored recommendations to address critical safety challenges
in this hybrid environment is essential.

7.2 Integrated MR-guided Radiotherapy Systems

At the time of writing this report, MRgRT systems that are commercially available for
clinical have field strengths that range from 0.35T-1.5T106-112 The different MRgRT

systems orient the magnetic field either perpendicular or parallel to the radiation beam
direction, and all use a flat table top106-112,

7.3 Equipment Setup Considerations

In addition to the differences in configuration of the different integrated MRgRT systems,
new practical considerations regarding equipment setup are necessary when transitioning
from a conventional RT system to an MRgRT environment. MR Safety considerations
must be made for equipment specific to MRI-guidance including indexing bars, hearing
protection, surface coils, and a coil bridge/frame, along with typical RT immobilization
devices such as cradles and vacuum bags.

Primary considerations in the use of indexing bars in an MRgRT setting include the
compatibility of indexing positions and spacing between simulation and treatment tabletops,
ensuring an MR Safe or Conditional status of an indexing device, and the potential
degradation of image quality. A higher field strength MRgRT system has a treatment
tabletop indexing that matches the one to be placed on top of the CT simulator tabletop

and is secured by pins on indexing bars at designated locations'13.114, Existing CT tabletops
can be used at the time of CT simulation if the indexing positions and spacing allow

for a direct conversion to the higher field strength MRgRT system’s tabletop indexing.

This interchangeability should be validated prior to use with patients to ensure the correct
indexing is applied for planning and setup purposes such that unexpected, longitudinal shifts
into any beam path do not occur prior to treatment. The tabletop of a lower field strength
MRgRT system is equipped with indexing notches compatible with available indexing
devices to secure RT immobilization devices for conventional radiotherapy systems115.116,
Indexing bars provided by vendors for CT and MR use are generally distinguished by 2 pins
(for conventional CT) versus 3 pins (for MRI use) or different shaped pins to prevent the use
of MR Unsafe devices in the MR environment. For example, at the time of this publication,
CIVCO Radiotherapy has Three-Pin Lok-Bars for indexing of MR Safe and MR Conditional
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devices. As another example, a higher field strength MRgRT system uses a 2 pin index bar
but with the use of non-cylindrical dowels!1’,

The positioning of hearing protection in the form of ear plugs and/or headphones must also
be considered during daily patient setup on the MR-linac. Whether the hearing protection
is placed underneath or around any other RT immobilization devices such as thermoplastic
masks and vacuum bags shaped around the patient’s head, patient comfort, acceptable
communication, and the reproducibility of the setup must be considered as shown in Figure
6.

Another consideration for MR-linac patient setup includes surface coils and bridge/frames.
The higher field strength MRgRT system currently has a single anterior / posterior coil
design that is already included in the TPS to account for attenuation differences between
the anterior and posterior coils of 0.4% and 2.2%, respectivelyl07. Given the variability in
attenuation, the coil placement relative to the treatment beam is vitally important with >2%
reduction if coils are incorrectly placed relative to the beam197. The lower field strength
MRgRT system, on the other hand, currently provides two RF receive coil designs: a

head and neck coil and a torso coil constructed of flexible foam. The coils are placed on
the anterior of the patient with the posterior coil positioned between the patient and the
couch top with attenuation accounted for in the treatment planning system15116 Dye to
the current limitations on the availability of coils for all MRgRT systems, the positioning
of the coils should be placed to maximize signal-to-noise ratio. Patients should also be
oriented so that the treatment area is near the magnet isocenter to improve the overall
geometric distortion, which has been shown to increase with increased distance from magnet
isocenter!18,

Bore clearance is also important, especially for bulkier setups such as those utilizing breast
or wing boards. To ensure the setup used during the CT simulation process (bore sizes
typically 70-85 cm) is reproducible at treatment in the smaller bore of the MRgRT system
(60-70 cm for the current commercial systems), in-house solutions such as using a bore
template, hula hoop with 6070 cm diameter to check for clearance, or the vendor-provided
clearance evaluation tools may be used!l’. The use of coil bridges and frames may be
necessary to prevent deformation of the patient anatomical surface, which may result in poor
setup reproducibility. With these considerations of coil placement and spacing, the goal of
centering target volumes within the bore may not always be feasible. In such cases, the
potential for insufficient field of view or scan extent and resulting poor image quality must
be considered during adaptive treatment planning.

7.4 Patient Safety Considerations

Prior to patient imaging in the MRgRT environment, contraindications to MRI must be
confirmed with screening to confirm all noted MR Safe and MR Conditional devices.
Direct contact between any transmit coils or other conductive materials and a patient’s bare
skin must be avoided in order to reduce the risk of burns and the induction of imaging
artifacts!19. The ACR recommends the placement of vendor-specified padding between a
patient’s skin and transmit RF coils as well as other points of skin-to-skin contact?2. An
example of a patient setup with the use of a patient support immobilization cushion for coil
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placement to reduce the distance between the patient and coil and increase the SNR is shown
in Figure 7. A summary of MRgRT-related considerations and potential clinical impacts for
the pieces of equipment discussed here is included in Table 5120.121,

7.5 RT Immobilization Device or Accessory Suitability for MRgRT environment

The flowchart included in Figure 8 describes a general approach to determining the

MR Safety of a RT immobilization device or accessory intended for use in an MRgRT
environment. It is important to note that the following discussion deals with the suitability
with the MRgRT environment. Manufacturer recommendations shall be reviewed to confirm
the current MR Safety status of a device as discussed in Sections 3-5.

For those devices labeled as MR Safe or Conditional, the next consideration is the
availability of electron density information as required for accurate dose calculation, which
may be provided by the manufacturer or derived from an in-house CT scan. Tertiary
considerations for RT immobilization devices and accessories are their visibility in an MRI
scan and their rigidity. Even if an object is not visible in an MRI scan, the position may be
indexed and composition known well enough to enable manual electron density overrides. In
some clinical workflows, electron density information for these devices could be introduced
through a rigid or deformable registration process between the MRI and an accompanying
treatment planning CT. Similarly, a device’s rigidity is an important consideration in regards
to setup reproducibility and the accuracy of any manual electron density overrides that may
need to be performed for the device. This is because the location or placement is extremely
important in ensuring consistency between the initial dose calculation and the received daily
dose. In the case that either of these conditions is not met and manual electron density
overrides are not feasible, the device requires physics QA and dosimetric evaluation to
determine if the device can be consistently accommodated in the MRgRT workflow.

As the primary workflow for MRgRT systems still requires electron density for dose
calculation, a CT simulation data set may be needed for treatment planning, which may
necessitate RT immaobilization devices and other equipment to leave and re-enter the MR
designated Zone V. If cost is not prohibitive and to align with recommendations from this
TG regarding MR Safety, we recommend that the same RT immobilization device accessory
be available both in and outside of the MR environment. If this is not possible, such as when
a patient specific mold, mask etc, all equipment exiting and re-entering Zone 1V should

be tested using a handheld magnet or ferromagnetic detector. Ultimately, as discussed in
Sections 3-5, comprehensive testing needs to be performed at the initial adoption stage to
ensure the device is MR Safe or Conditional and functional inside Zone IV.

8. Unmet needs and future directions

8.1 Detailed MR Safety testing for external devices

As discussed in Section 3, the current testing standards and documentation are mainly for
implanted devices3:31:33-36.40.69 These procedures can be extended to RT devices that are
small and/or light enough to be tested using the standard methods. The creation of new

detailed testing standards and documentation for external RT immobilization devices and
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accessories is outside of the scope of this task group report. Given the advent of MRgRT,
it would be useful to have such testing methods documented and approved by governing
bodies such as the FDA, the ASTM, and IEC, so that there is no ambiguity when a RT
immobilization device or accessory is received, especially when the device or accessory is
too bulky or heavy to be tested using existing procedures.

8.2 Detailed design of MR Safe or Conditional RT Immobilization devices and accessories

Detailed design principles of MR Safe or Conditional RT immobilization devices or
accessories have not been discussed in this task group report. As discussed in Section

6, there is sometimes a need for a specific RT immobilization device or accessory to be
made for a certain patient, patient population or treatment method that is not commercially
available. When such a device is necessary for use in an MR environment, and the treatment
is not emergent, consultations with a vendor or a fabrication laboratory will be necessary.
When a treatment is non-emergent but a long timeline for these consultations is not possible,
several publications have detailed their in-house devices and fabrication methods 47:50.61.97-
102 However, to ensure adequate and consistent MR Safety for patients in these situations,
it would be beneficial for the MRgRT and RT communities for a consensus document to
provide and share the details for different treatment sites and diseases so that these patient
communities can be served faster.

8.3 Detailed RF coil or bridge positioning or construction for new RT immobilization
devices/accessories

This task group report has not discussed the most optimal positioning of RF coil or bridges
with RT immobilization devices or accessories. However, it is well discussed in TG28446
Also, recent review papers by Cuccia et al (2021)122 and Hu et al (2020)123 both discuss the
positioning of RT immobilization devices or accessories and RF coils for different disease
sites and the associated caveats. Some of the current RF coils available on the market from
the vendors also may not be optimal for all patient setups, especially with more bulky RT
immobilization devices. Thus, the development of RF coils for these instances could be
investigated so that image quality could be improved in these instances. As the adoption

of MRgRT accelerates, more development of RF coil, bridge designs that are tailored

to imaging in the RT position including immobilization device and accessories will also
emerge.

9. Conclusions

To summarize, this task group report provides structured guidance on the safe integration
of RT immobilization devices and accessories in the MR environment, including a review
of testing methodologies and management of legacy, in-house, and off label use devices.
Appendix C summarizes the tests and steps recommended on initial acceptance of a RT
immobilization device or accessory as well as the routine quality assurance tests to be
performed. The recommendations set forth in this report are made to provide practical
and attainable clinical recommendations and actions that medical physicists and other
qualified health professionals practicing in MRgRT environments (e.g., diagnostic MRI in
the treatment position, MR-based treatment simulation, or MR-linac end users) can take
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to support and safely integrate into this hybrid environment. Guidance on recommended
staffing involvement, training, and responsibilities are provided along with specific MRgRT
considerations. This task group report is expected to function as the basis of future
development in MR safe or conditional RT immobilization devices and accessories as the
field of MRgRT continues to rapidly expand.
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Glossary and Abbreviations

ACR American College of Radiology

ASTM American Society of Testing and Materials
CT computed tomography

FDA Food and Drug Administration
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A suggested workflow diagram of how to determine the MR safety status of a RT

immobilization device and accessory.
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Figure2.
(@) Proposed setup from ASTM document F2052 for determining the magnetically induced

displacement force. Setup involves hanging the immobilization device or accessory from

a string near the entrance to a horizontal bore MR system on the axis of the horizontally
oriented static magnetic field. (b) The angle of deflection, a, is used to determine whether
the device or accessory is safe to be used with regards to the magnetically induced
displacement force. Reprinted, with permission, from ASTM F2052-21, Test Method for
Measurement of Magnetically Induced Displacement Force on Medical Devices in the
Magnetic Resonance Environment, copyright ASTM International. A copy of the complete
standard may be obtained from www.astm.org.
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Proposed setup from ASTM document F2213 for determining the magnetically induced
torque. Setup involves placing the immaobilization device or accessory on a holding platform
with torsional spring. The amount of torque is calculated using the measured amount of
angular deflection and the spring constant. The reader can refer to the ASTM F2213
documentation for the details of the method. Reprinted, with permission, from ASTM
F2213-17, Test Method for Measurement of Magnetically Induced Torque on Medical
Devices in the Magnetic Resonance Environment., copyright ASTM International. A copy of
the complete standard may be obtained from www.astm.org.
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Figure 4.
(a) Setup of rFOX dosimeter gel container demonstrated with water and brass ball bearing

(BB) attached to PET plastic container using fishing line to initially suspend the ball at the
desired location inside the container with adhesive. (b) MR image with Loctite super glue
used to adhere BB setup. The glue is at the bottom of the container where the dark void in
signal is. The initial setup was in water to test out the BB. The glue was used so that the BB
could be fixed before adding in the initially liquid gel before it solidifies. (c) MR image with
hot glue used to adhere BB setup. For b) and c), the following sequence parameters were
used: T1 3D, TR/TE = 13/4.5 ms, and 27° flip angle. The slice thickness for b) was 3 mm
and the slice thickness for ¢) was 10 mm, resulting in the difference in image noise. Adapted
from Figure 47 in Lee, HJ (2017).
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Figureb.
(a) Due to the lack of an ACR phantom cradle available for a higher field strength MRgRT

system, an in-house solution was created using 3D printed Polyactic acid (PLA) (blue
pieces in the subfigure (a) underneath the ACR phantom). When using scan parameters
designated by the ACR, no imaging artifacts resulted from using 3D printing PLA filament
and the incorporated bonding agent, Weld-On #16 Clear (Medium Bodied Solvent Cement),
to combine the printed pieces. (b) The ACR phantom cradle was 3D printed as 2 separate
pieces as shown in this figure and then combined due to physical printing limitations of the
specific 3D printer used (Ender 3 Pro).
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Two example coil configurations with immobilization devices and required hearing

protection for head and neck cancer radiation therapy with a MR-linac.

Figure 6.
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Figure 7.
An example of patient setup for thoracic radiation therapy with an MR-linac. Patient is setup

with Posterior MRI receive coil built into a patient support immaobilization cushion with
Anterior MRI receive coil placed directly on patient to reduce distance between patient and
coil to increase signal-to-noise ratio.
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MRgRT Immobilization
Device that has been
determined MR Safe or MR
Conditional for field
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Figure 8.
Flow chart to assess the suitability of a RT immobilization device or accessory for a MRgRT

environment.
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Subsystems of a typical MRI system with superconducting magnet. The components and role of each
subsystem are listed, along with typical values. Related safety implications are listed in Table 2.

Subsystem  Components Role Typical values

Main field Main magnet, shim subsystem, Generate highly uniform static By, field |Bgl = 0.25-7 T (*H fy = 10-298 MHz)
cryostat

RF transmit ~ Transmitter, power amplifier, Generate time-varying B field to induce peak |B4| ~50 UT, depending on |By|
transmit coil NMR signal Circular polarization or multi-channel

RF receive  Receive coil, preamplifier, digitizer, Signal detection -
digital signal processing

Gradient Pulse generator, amplifiers, coils Generate pulsed gradient fields G for spatial Max. |G| ~ 30-80 mT/m

encoding and contrast modulation

Max. d|G}/dt ~ 150 — 200 T/m/s
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Subsystems of a typical MRI system with superconducting magnet. Each subsystem is listed with specific
considerations and related safety risks. Descriptions of subsystems and roles can be found in Table 1.

Subsystem Considerations Safety risks
Main field Strong superconducting magnet Risks always present
Fringe field extends well outside the bore Powerful magnetic displacement force and torque on
Field is on at all times ferromagnetic objects*-5
Force on conductive objects due to Lenz’s Law
Disruption of active devices "
Presence of cryogen Patient and/or staff exposure to cryogen
RF transmit Pulsed radiofrequency magnetic field Risks present during imaging, inside the bore
On during imaging only
Field largely contained within the bore
RF power deposition’® Heating*13-17 of patient
Quantified using Specific Absorption Rate (SAR) Heating of implants and/or devices possibly leading to patient
1112 gpecific Energy Dose (SED), or root-mean- heating
square transmit field (By.4ms) Potential for burns
Considerations for MR Conditional status of Mis-use may lead to heating of implants and/or devices leading to
conductive implants and devices patient discomfort and/or injury, and/or equipment damage
Rectification of RF pulses® Electrical stimulation in the body
Disruption of active devices’®
RF receive Must be plugged in and recognized by system Improperly connected coils may lead to coil heating resulting in
Actively detuned during transmission patient heating, implant heating, and/or equipment damage
Gradient Magpnetic field components parallel to main field Risks present during imaging, inside the bore
On during imaging only
Field largely contained withing the bore
Acoustic noise Patient discomfort, potential for hearing damage
Time-varying magnetic fields and/or mechanical Gradient induced electrical potential in patient (peripheral nerve
vibrations!8 stimulation)3
Gradient induced vibration of devices®
Gradient induced heating of devices!20
Disruption of active devices?!
Patient Moving parts Mis-use leading to injury
subsystem Ventilation, lighting, communication Ventilation used to reducing patient heating
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Relevant MRI system specifications for MRI safety assessment of devices. Information aligns with FDA
guidance for medical device safety in the MR Environment? and 1SO Technical Specification 1097437, Not all
parameters listed are relevant to every device safety assessment. A complete assessment should at least
consider all these specifications.

Subsystem Specification Description Symbol; units
MR System Nucleus of interest ™ Nucleus or nuclei being imaged or used for spectroscopy (e.g.tH, 3P,  n/a
23Na, 13c)
Scanner type Design of the MRI system (cylindrical bore, vertical bore, etc.) n/a
Main field Static magnetic field 5, Magnetic flux density at center of MRI system T

Maximum spatial field gradient

VB,

Maximum value of spatial gradient of static magnetic field,
identifiable on spatial gradient field maps

T/m (or G/cm)

Gradient field ~ Maximum gradient amplitude per Maximum value of pulsed gradient fields for each axis T/m
axis Gpax
Maximum gradient slew rate per Maximum temporal rate of change of the pulsed gradient fields for T/mls
axis each axis
Maximum rate of change of field Maximum temporal rate of change of the magnetic field due to the Tls
|dB/o A pulsed gradient fields
Root-mean-square rate of change Root-mean square temporal rate of change of the magnetic field due TIs
of field |dB/dHyms " to the pulsed gradient fields
RF transmit RF excitation mode Choice of RF excitation mode (circular polarization, multi-channel n/a
and receive etc.); include the number of channels in multi-channel
RF transmit coil Choice of coil for RF excitation (body coil, head transmit coil, etc.) n/a
RF receive coil type Choice of coil for RF signal reception (body coil, head receive-only, n/a
surface coil, etc.)
Maximum achievable SAR Maximum specific absorption rate for RF power deposition (1.5 Wikg
T and 3 T systems limited by operating modes); SAR is patient,
sequence, and protocol dependent
Maximum B, amplitude or Maximum transmit field amplitude; in practical circumstances, the uT

root-mean-square (rms) By,
amplitude31 t

root-mean-square value of By, By.rms, Can be used in lieu of SAR
and is sequence and protocol dependent.

*
Nucleus of interest is relevant as it impacts center frequency selection and system design. Assumed to be 1y throughout this document when not

specified.

fParameters sometimes used in device safety description but not required by FDA guidance and not always reported by system manufacturers.
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Recommendations for staffing roles when determining the MR Safety status of a RT immobilization device or
accessory. Roles may be adjusted based on internal credentialing processes.

(Zone 1)

Trained
MRI bi Non-MRI ',\;I\'g”" h | MPARTTIMP T
Action iagnostic QMP wit resident under est
QMP sufficient training per supervision of Engineer
internal credentialing p OMP

Reading labels on new devices and ascertaining that the
device can be used safely ® b * b
Verifying MR Safe labeling consistent with product [ J [ J [ J [ J
Dedicated device testing as per Section 3 to meet ASTM v v °
standards when no labeling is available
Dedicated device testing as per Section 3 to meet ASTM
standards when want to use device labeled as MR Conditional ( M v [
outside of conditions
Checking cleared device clearance with hand-held magnet
or ferromagnetic detection system before entering MR suite [ [ (] [

@ Performed by

v Reviewed by
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Major equipment and related considerations and potential impact for use in MRgRT systems.

Major Equipment

MRgRT immobilization considerations

Potential clinical impact

Indexing Bar

Verify MRI Safe if used between CT and MR-
Linac couches

Ferromagnetic interaction with the main magnet [Critical]

Verify consistent dimensions and indexing
between MR-Linac and CT couch

Device incompatibility
Inaccurate electron density mapping

Hearing protection

Hearing protection required (attenuate to < 105
dBA)lZO,lZl

Patient Discomfort

Build into immobilization devices

Proper fitting of masks and other immobilization devices
may be compromised if hearing protection is not taken into
account during the simulation setup process

Electron Density Modeled with CT or bulk
density override

Treatment site underdosed in case the device overlaps with
the beam path

Surface coils and coil
bridge/frame

Direct contact between the surface coil and
patient’s bare skin must be avoided

Burn risk and image artifacts

Prevent the coil weight from deforming patient
anatomy

Poor setup reproducibility

Position of coil relative to radiation beam entry

Incorrect dose calculation from expected radiation
attenuation and damage to electrical components of the coil

Clearance of immobilization devices inside bore
and coil setup

Patient injury due to lack of clearance and inability to
perform couch corrections as needed

Improper coil setup may lead to insufficient field of view/
scan extent and poor image quality due to lack of coil
coverage
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