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Preamble 
This document was written by a working group of twenty-six experts who are members of the Safety 
and Engineering Study Groups of the International Society for Magnetic Resonance in Medicine 
(ISMRM). While the authors are based in several countries and continents, no assurance is given that 
these recommendations comply with the law in any particular jurisdiction. The reader is responsible for 
assuring, before implementing any of the recommendations below, that the reader is complying with the 
laws and regulations of the jurisdiction in which the reader is located. 

By accessing or downloading this document, you, the reader, agree to the following: 

 

Disclaimer of Warranty 
This document is based on information believed to be accurate and current as of the date it was written, 
as indicated on the first page of this document. Reasonable efforts were made to confirm the accuracy 
of the information contained in this document, but no assurance can be given that it is error-free. Some 
information contained in this document is based on on-going research and not on published standards or 
consensus of the authors. Adherence to the recommendations in this document may not ensure safety 
in every situation. The ISMRM is under no obligation to update these recommendations in the event of 
changes in technology, professional or ethical standards, or the law. 

ACCORDINGLY, THIS DOCUMENT AND THE INFORMATION, RECOMMENDATIONS, 
CONCLUSIONS AND DATA CONTAINED HEREIN ARE PROVIDED ON AN “AS IS” BASIS, 
WITHOUT WARRANTY, EXPRESS OR IMPLIED, INCLUDING WARRANTIES BASED ON FITNESS 
FOR A PARTICULAR PURPOSE. WITHOUT LIMITING THE GENERALITY OF THE FOREGOING, 
THE ISMRM EXPRESSLY DISCLAIMS ANY REPRESENTATION OR WARRANTY THAT THE 
INFORMATION AND RECOMMENDATIONS CONTAINED IN THIS DOCUMENT ARE ACCURATE 
OR COMPLETE OR THAT THE RECOMMENDATIONS COMPLY WITH THE LAWS OR 
REGULATIONS OF ANY JURISDICTION. 

 

Exclusion of Liability 
This document is for information purposes only and is not a substitute for the advice of an expert. While 
the ISMRM facilitated the development of this document, it did not write this document or independently 
verify the accuracy or completeness of the information or the recommendations set forth below. Under 
no circumstances shall the information contained in this document be construed as medical advice. 

Reliance on the information or recommendations in this document is at your own risk. IN NO EVENT 
SHALL THE AUTHORS OF THIS DOCUMENT OR THE ISMRM OR ANY OF ITS DIRECTORS, 
OFFICERS, EMPLOYEES OR AGENTS BE LIABILE FOR ANY DIRECT, INDIRECT, GENERAL, 
SPECIAL OR PUNITIVE DAMAGES, OR ANY OTHER DAMAGES OF ANY KIND, WHETHER BASED 
ON CLAIMS OF PERSONAL INJURY, WRONGFUL DEATH, LOSS OF USE, LOST PROFITS, 
INTERRUPTION OF SERVICE OR LOSS OF DATA, WHETHER IN ANY ACTION OR CLAIM BASED, 
WITHOUT LIMITATION, ON NEGLIGENCE OR ANY OTHER TORT, BREACH OF CONTRACT OR 
ON ANY OTHER LEGAL THEORY. 
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No Endorsement 

Nothing in this document should be construed as an endorsement of any product or service 
provided by any manufacturer or supplier. 

 

Copyright 

 
This work is licensed under the Creative Commons Attribution-No Derivatives International (CC-BY-ND 
4.0) license. The license does not apply to content for which the authors or ISMRM are not the copyright 
owners. 
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Scope and Aims 
The guidelines and recommendations contained in this document are intended to assist experts in 
MRI scanner hardware with obtaining local research ethics approvals for radio frequency (RF) devices 
built at the research site. Such devices are typically used on research subjects and not on the general 
patient population, in which case additional requirements likely apply. Typical users of this document 
are RF engineers and others with experience with electronics design, simulation and construction. 
Judgement and familiarity with general aspects of MRI safety are required (see Background). 

The processes included in these recommendations apply mostly to RF coils, which are the most 
common RF devices that a site will build in-house and, because of the inherent proximity to the human 
body, require a careful assessment of safety. Indeed, according to an analysis of adverse events 
reported to the FDA [1], RF coils were found to be responsible for the majority (54%) of thermal events 
(e.g., burns) caused by contact with an object.  

With appropriate adjustments, the same processes can be used on other RF devices used in 
transmitting and receiving chains (because they can influence the RF fields in and around the coils), as 
well as coil inserts and additions such as high-permittivity pads and metamaterial structures. Other 
relevant items and inserts that are not strictly RF devices include physiology transducers such as 
electroencephalography (EEG) electrode caps, as well as devices designed to deliver energy such as 
transcranial magnetic stimulation (TMS) coils and high-intensity focused ultrasound (HIFU) transducers. 

These recommendations form the basis for a risk management process to safeguard against hazards 
and should be an integral part of an ongoing comprehensive safety program. They constitute good 
practices, but they are not to be interpreted as mandatory, neither technically nor legally. Because ethics 
approvals typically apply only to a single, or a limited number of sites, these recommendations are not 
intended for devices built commercially, or for devices distributed in quantities beyond the individual 
research site. 

These recommendations were written by a geographically diverse team whose members span several 
countries and continents. However, all possible jurisdictions and institutions could not be covered, and 
laws in your specific jurisdiction may dictate different requirements. 

This document is only a guide and does not claim to be exhaustive. All foreseeable devices and 
situations may not be covered, and thus the user’s experience and judgement are required throughout. 
It is the individual site’s responsibility to select which requirements and procedures are applicable in a 
given situation. In other words, the applicability of these recommendations depends on the 
circumstances. 

The information in this document is believed to be accurate at the time of writing. Many 
recommendations are based on existing standards (c.f. Standards) to which we defer for more details. 
Where possible, standards and other publications are provided as References. There may be applicable 
documents beyond those listed, as well as updates to the standards from time to time. 

The aims of this document are: 

· to assist the with obtaining local research ethics approvals for RF devices built at the research site; 
· to standardize between sites the processes and documentation needed for ethics approvals; and 
· to stimulate further research on methods to ensure the safety of site-built RF devices. 
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Background 
Magnetic resonance imaging (MRI) and spectroscopy (MRS) are non-invasive techniques used, 
respectively, for imaging the human anatomy and measuring the chemical composition of tissues. Since 
their introduction to clinical practice in the 1980’s, these powerful tools have transformed medicine. One 
of the advantages of MR over techniques such as computed tomography and nuclear medicine is that 
it does not use ionizing radiation, which increases the likelihood of developing cancer. Instead, MR uses 
static and low-frequency magnetic fields, as well as radio frequency (RF) fields, none of which is 
associated with ionizing radiation dose, but nevertheless are associated with other risks. 

The present document addresses the safety hazards of the devices that research labs sometimes need 
to build to create, detect (receive) or modify the RF fields, and the hazards due to the RF fields 
themselves. The document expands on an earlier effort by Hoffmann et al.[2] to summarize the safety 
procedures for RF devices. For safety recommendations regarding static and low-frequency (gradient) 
magnetic fields we defer to other documents such as those published by the ACR (American College 
of Radiology), AAPM (American Association of Physicists in Medicine), ASTM International (formerly 
American Society for Testing and Materials), ISMRM, NEMA (National Electrical Manufacturers 
Association), FDA (Food and Drug Administration, USA), and other institutions, as well as national and 
international safety codes and standards. 

In MR, the RF fields are responsible for excitation and detection of the nuclear magnetization, from 
which information about the anatomy and chemical composition can be obtained. The RF fields are 
created by antenna-like devices known in the industry as “coils”, which are connected to high-power 
transmitters and/or high-sensitivity receivers. The repetitive, high-power pulses transmitted by the coils 
can lead to heating in the body’s tissues. This heating is an intrinsic safety hazard that must be mitigated 
to avoid tissue burns or elevation of core body temperature. Commercial MR systems typically employ 
some combination of design features, hardware devices and software to enforce limits on heating and 
temperatures. 

Coils perform best when they are tailored to the specific anatomical region being investigated, but they 
may not be available for all regions or sizes of subjects. In some cases, coils are simply not available 
commercially because some research MR systems are developed in-house by the research site. In 
other situations, research labs have devised unconventional and unique RF systems to test out new 
MR scanning paradigms. In all such situations, labs must build their own coils or other hardware that 
can influence the RF fields to which the human body is exposed during scanning. The responsibility for 
ensuring RF safety thus falls on the lab. The objective of these recommendations is to assist labs in 
ensuring the safety of lab-developed RF devices, as well as other hardware that can modify the RF 
behaviour of an RF device (e.g., coil). 
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How to Use this Document 
This document is organized as follows. Page numbers are prefixed with the part and chapter numbers 
to facilitate navigation. Each chapter has its own detailed table of contents, and the PDF file is optimized 
for electronic viewing using hyperlinks and bookmarks, which can be used to jump quickly to a desired 
section from anywhere in the document. References to specific sections in this document, or sections 
in cited documents, are indicated by the section sign (§) or by hyperlinks whose names correspond to 
the section titles. 

Front matter consists of these introductory pages up to the List of Abbreviations on the next page. 

Part I: Analysis of Failures and Safety Risks describes the risk management process and how to perform 
and report a risk analysis. These are the core tasks and processes that form the foundation of this 
document and provide a framework for analysing and mitigating safety risks. 

Part II: Technical Considerations and Risk Mitigation provides the most commonly used risk mitigation 
techniques including best practices for safe mechanical and electronic design as well as best 
practices for RF simulations and validation. Consequently, Part II is further subdivided into the 
corresponding chapters: 

A. Housing and Mechanical Safety 
B. Safety of Electronics 
C. RF Safety  
These technical guidelines must not be interpreted as an exhaustive, rigid set of rules. Many 
uncommon situations do exist, and the methods of Part I should instead be relied upon to identify, 
analyse and mitigate all potential safety risks in each situation. 

Part III includes References and the Appendices, including lists of the most relevant Standards and 
other publications. 

  



 

ISMRM RF Hardware Recommendations 0.7 2022-03-07 

List of Abbreviations 
The following abbreviations are used in this document. Additional abbreviations are found in the list of 
relevant Standards and in Appendix D. 

ABC Absorbing boundary condition 

AC alternating current 

AIMD Active implantable medical device 

CAD Computer-aided design 

DC direct current 

DUT Device under test 

EM Electromagnetic 

EMI Electromagnetic interference 

ECG electrocardiogram 

EEG Electroencephalography 

ESD Electrostatic discharge 

FDTD Finite difference time domain 

FEM Finite element method 

FIT Finite integration technique 

FLIR Forward-looking infrared 

FMEA Failure Modes and Effects Analysis 

FOV Field of View 

FR-4 flame retardant 4 (according to NEMA LI 1-1998) 

FTA Fault Tree Analysis 

GRE gradient-recalled echo 

HDT heat deflection temperature 

HF high frequency (3 – 30 MHz) 

HIFU High-intensity focused ultrasound 

IC integrated circuit 

LED light-emitting diode 

MCM multi-chip module 

MDR Medical Device Regulation (European Union) 

MEMS Microelectromechanical systems 
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MOOP method of operator protection 

MOPP method of patient protection 

MRI magnetic resonance imaging 

MRS magnetic resonance spectroscopy 

PCB printed circuit board 

PIN positive-intrinsic-negative (diode) 

PMMA Poly(methyl methacrylate) 

POM Polyoxymethylene 

PRF Proton resonance frequency 

PTFE Polytetrafluoroethylene 

pTx Parallel transmit 

PVC Polyvinyl chloride 

PVP Polyvinylpyrolidone 

QA Quality assurance 

RF Radio frequency 

Rx receive 

SAR Specific absorption rate 

SFC Single fault condition 

SPR Safety and Performance Requirements 

sTx Single channel transmit 

TE echo time 

TEM Transverse electromagnetic 

TMS Transcranial magnetic stimulation 

TPU Thermoplastic polyurethane 

TR repetition time 

TSL tissue-simulating liquids (and gels) 

UHF ultra-high frequency (300 MHz – 1 GHz) 

VNA Vector network analyzer 

VOP Virtual observation point 
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Designing, constructing and operating site-built RF hardware requires identifying and controlling 
potential conditions (e.g., failures) that pose risks to the safety of human subjects. Managing risks 
requires an analysis of the possible failures and the corresponding severity of the risk. This section 
describes the methods used to analyse risks associated with the technical considerations (and 
mitigations) described in the second part of these recommendations. The risk analysis can assist in 
identifying the efforts required to mitigate risk (note that it is unrealistic, if not impossible, to eliminate 
risk completely). Risk management begins at the design stage and continues through manufacturing 
and operation of RF hardware. Risk management is central to the IEC 60601-1 standard (§4.2 therein) 
and is discussed in detail in other standards such as ISO 14971, which is specific to medical devices, 
and the ISO 31000 series, which are more general. 

1 Definitions 
· harm: physical injury or damage to the health of people, or damage to property or the environment 

(ISO 14971) 
· failure:  

1. inability of an item, product or service to perform required functions on demand due to one or 
more defects (ASQ Quality Glossary) 

2. loss of ability to perform as required (IEC 60050-192-03-01) 
· fault: inability to perform as required, due to an internal state (IEC 60050-192-04-01) 
· hazard(ous state): 

1. condition, event, or circumstance that could lead to or contribute to an unplanned or undesired 
event [3] 

2. potential source of harm (ISO 14971) 
3. state that has the potential to cause harm to persons, significant material damage or other 

unacceptable consequences (IEC 60050-192-02-26) 
· probability: statistical likelihood of an event or occurrence 
· severity: measure of the possible consequences of a hazard (ISO 14971) 
· risk: combination of the probability of occurrence of harm and the severity of that harm (ISO 14971) 
· safety: freedom from unacceptable risk (ISO 14971) 
 

The risks associated with site-built RF hardware can vary depending on various factors such as: 

· the operating frequency (Larmor frequency given by nucleus and field strength) 
· the specific role of the device (e.g., coil vs. RF chain component) 
· strategy adopted by the MRI scanner for detecting failures in real time 
The processes in this chapter allow a systematic, documented analysis, which should be followed to 
inform how to address the risks when building a device to be used in an MR scanner. 

2 Risk Management Process 
Risk management is the process of identifying risks and developing strategies to mitigate them. The 
following is a simplified risk management process along the lines of that described in ISO 14971. This 
standard is widely used in industry, is specific to medical devices, and is summarized in more detail in 
other publications such as Ref. [4]. 

https://asq.org/quality-resources/quality-glossary/f
https://asq.org/quality-resources/quality-glossary/f
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2.1 Risk Analysis 
Several techniques for risk analysis have been developed (see Annex G of ISO 14971). In these 
recommendations two of these processes will be briefly described (see referenced standards for 
details): (i) Failure Modes and Effects Analysis (FMEA) and (ii) Fault Tree Analysis. An example FMEA 
report is provided to illustrate how to perform the analysis following either of these two procedures. 

A risk analysis may yield a hazard that develops when a device fails in one or more ways. These modes 
of failure are addressed one at a time, and the evaluation of failure modes is governed by the IEC rules 
for single fault safety (§4.7 of IEC 60601-1). The basic rules are that failures are treated one at a time, 
and that should a particular fault occur the device should remain safe, i.e., “single fault safe”. Treatment 
of a failure mode is related to its risk, and where more than one failure can occur, additional rules apply, 
as summarized in the following section. 

2.1.1 Single Fault Safety 
On a procedural basis, risk analysis involves the sequential identification of specific modes of failure, 
the components associated with a failure, and any undue effect it is likely to have on a patient or subject. 
A medical device is considered to be “single fault safe” if the risk presented to the patient by that fault 
has been adequately mitigated through design and fault detection. 

The IEC 60601-1 standard identifies two broad categories for mitigation of risk resulting from a single 
fault. The first means for mitigation (§4.7(a)) is to include design features that render the likelihood of 
failure to be negligible. As an example, normal operation of a device might require that a high voltage 
be passed to some internal components of the device, presenting a shock hazard to the patient. 
Mitigation of this hazard could be to electrically isolate these components and any metal parts using 
mechanically strong and highly insulating materials for the device former. 

A second type of failure (§4.7(b)) is one that has a finite probability of occurring and cannot be rendered 
improbable (“for the life of the instrument”). In this situation, two paths for mitigation are identified. The 
first is that the device can sustain the failure without causing risk to the patient, and the failure can be 
detected before a second means of reducing risk fails. In the receive-only coil example provided in 
§I.2.1.3.2, the second means of reducing risk might be a blocking circuit or a fuse in series with the coil 
element. The detection could be active monitoring of the primary coil blocking circuits by the MRI 
system, which can stop the imaging sequence. The second path for mitigation can be that the second 
means of failure is also highly unlikely, in the manner of §4.7(a) of IEC 60601-1. 

In the event of a cascade of failures, where a primary failure is likely to cause other components within 
the device to fail, the cascade is considered to be a single fault for which single-fault safety must be 
assessed. 

Specific conditions that must be single-fault safe are listed in §13.2 of IEC 60601-1. 

2.1.2 Typical Risks associated with RF hardware 
In these recommendations we have chosen to describe in detail typical hazards that fall into three broad 
categories for RF hardware. Additional hazards encountered in MRI (see e.g., IEC 60601-2-33, FDA 
Guidance 340, FDA Guidance 19011, ACR MR Safety Manual) are beyond the scope of this document. 
Because there is some overlap between the three categories, this classification is not mandatory but 
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can be of assistance when organizing the risk analysis documentation. The categories and typical 
hazards are briefly described below. 

2.1.2.1 Mechanical Hazards 
Mechanical hazards (addressed specifically in §9 of IEC IEC 60601-1) are those related to the enclosure 
and supporting structure of the device, including the shapes as well as physical and chemical properties 
of the materials used. The typical hazards of this type are associated with surfaces for subject support, 
sharp edges and pinch points, and electrical insulation used to protect from contact with conductors.  

2.1.2.2 Electrical Hazards  
Electrical hazards (addressed in §8 and others of IEC 60601-1) are those related to the electrical 
components of the device, including all conductors. The typical fault conditions of this type include the 
RF stresses from high-power external fields from transmit (body) coils or local transmit elements. These 
stresses generally produce shorts or opens in the components or their connections. Other hazards 
would include excessive coil (surface) temperature in case diodes of active or passive detuning circuits 
fail. The effects of failures should be considered in the manner in which they affect subject safety as 
opposed to how they affect the quality of the hardware and data (e.g., images). 

2.1.2.3 Tissue Heating (SAR) 
Heating due to RF (ohmic) losses in tissue can lead to increases in core body temperature as well as 
more severe effects like burns or other tissue damage (see §II.C). It is therefore essential to characterize 
the ability of the RF device (e.g., coil) to produce or modify the electromagnetic fields that lead to tissue 
heating both locally as well as over larger portions of the anatomy. Heating due to RF fields is addressed 
in IEC 60601-2-33 as well as other standards. 

2.1.2.4 Other Hazards 
Other hazards need not be associated with hardware design or failures, but should nevertheless be 
considered in the analysis. These include operator errors associated with how the RF coil is handled, 
used and connected to the MRI system. They can also include disconnects and malfunctions with the 
MRI system itself. The latter can include software issues related to coil files and default states 
programmed into the controlling software. These general hazards are addressed in both IEC 60601-1 
(e.g., §12) and IEC 60601-2-33. 

Occasionally, coils are used in tandem with other sensors and hardware (EEG, TMS, HIFU, etc.) and 
issues related to such combinations should be analysed in addition to the hazards associated with the 
individual systems. 

2.1.3 Failure Modes and Effects Analysis (FMEA) 
The purpose of a failure modes and effects analysis (FMEA, IEC 60812) is to identify potential failures 
of a device and to determine the effects of these failures upon safety and reliability. FMEA is used 
extensively in industry for product development, to monitor safety, improve reliability, and reduce costs 
in the manufacturing process. The analysis can be very detailed, in that it evaluates the design and 
function of the individual parts of a device and evaluates the effect of a failure, or possibly several 
failures, from each part. The analysis is generally performed with a spreadsheet so individual parts can 
be identified and logged, and the failures and their effects can be logged in succeeding columns. The 
focus here is safety, but because separate pieces of the coil are evaluated, the FMEA can expand into 
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the realm of reliability, which can quickly dominate the report. For custom RF hardware, reliability needs 
to be considered, but mainly as it affects safety and the design life of the coil for the project at hand. 
FMEA typically works by looking at single-fault conditions, e.g., analysing components one at a time. 
This approach is appropriate for relatively simple systems such as RF coils where multiple independent 
failures are highly unlikely. 

2.1.3.1 General Organization 
There is no required organization to the FMEA. However, it is generally convenient to begin by 
separating issues into those that are mechanical and electrical in nature. Human factors, such as for 
initial setup and/or monitoring, might then be considered, and if a situation exists where MRI is combined 
with other sensors or stimulation (e.g., EEG or TMS), issues related to them can be captured separately. 
In product development, FMEA is generally employed to improve the reliability of a device. To the extent 
that reliability affects safety, it should be included in the FMEA.  In a research setting, a coil or associated 
device should be designed to last for the duration of the study. 

2.1.3.2 Tracking and Reporting FMEA’s 
A Failure Mode and Effect Analysis analyses the cause and effect relationships between parts that 
might fail or create a hazard, and the effects first upon the coil itself and then upon a human subject. 
This step-by-step analysis is generally captured in the form of a spreadsheet so that individual potential 
failures (e.g., those due to failures of single parts) can be identified and logged. An example of this 
format and a few entries that might be found in an FMEA are shown in Table 1. The first column of the 
FMEA identifies an item or part of the coil, and the second column describes a possible failure 
associated with the part. The next column captures the effect of the failure upon the coil and the nature 
of the hazard, followed by the hazard created for a human subject. For a coil to remain safe, some form 
of mitigation of each hazard needs to be provided, and this is captured in the last column of the FMEA. 
Some common failure modes for RF receive coils are listed in Appendix A. 

The Active or Tracking FMEA 

An FMEA analysis often uncovers a situation in which the mitigation of a failure is not resolved, and in 
this case, it becomes a tool for tracking changes to the design of the coil. The FMEA tool becomes a 
“live” document, with additional columns added to identify solutions and track progress in design and 
testing. In industry, the document serves as an important record in “design control,” to verify safety 
testing and verify reporting of any design changes to a company’s “master record”. The FMEA remains 
active until all methods of mitigation have been resolved and verified. An FMEA final report can be 
prepared by removing all of the actionable items captured in the supplementary columns of the active 
FMEA. 

The Reporting FMEA 

Once all significant failure modes have been identified and the risks associated with them mitigated, 
the FMEA can be attached to a safety report. An overview for the FMEA is recommended to introduce 
it and to highlight any special risks that were taken into account. Extensive footnoting to the line items 
is recommended to expand on table entries and clarify methods used for mitigation. 
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Table 1: An example of the format of an FMEA and some common entries. 

Failure Modes and Effects Analysis 

Item/Function 
Potential Failure 
Mode  Local Effect 

Potential Patient 
Effect Mitigation 

Reference Drawing(s):   Schematic SK-001 

 System Cable 
Looping of the 
Cable near the 
body coil 

High shield 
current induced 
on the cable 

Patient contact 
with cable may 
cause RF burn 

Length of cable 
shortened to 
prevent looping 

Detuning 
circuit in   Rx-
only Element 

Component failure, 
element remains 
tuned 

High induced 
RF current 

High SAR 
beneath 
element, tissue 
heating 

Fuses added in 
series with Rx coil 
loops 

Reference Drawing(s):   Mechanical Drawing DR-001 

Coil  Housing Cracked Housing 
Pinch point 
created on 
patient surface 

Patient 
discomfort, 
injury 

Operator warning:  
do not use coil if 
damaged 

2.1.4 Fault Tree Analysis (FTA) 
Fault tree analysis (FTA, IEC 61025) is an alternative to FMEA for populating the risk table [5]. In FTA 
the analysis begins by identifying undesired states of the system, rather than starting from the individual 
failures that can lead to that state. It is a top-down process that begins by naming hazardous conditions 
(e.g., excessive SAR) and finding all possible ways that the hazard can occur. FTA can sometimes 
identify failures or combinations of failures that are not immediately obvious in FMEA. Therefore, it is 
not uncommon to perform both FTA and FMEA to populate the risk table. FTA also works well early in 
the design stage when all the components of the system have not been designed in detail. Unlike FMEA, 
FTA is designed to identify hazards due to multiple independent failures, and thus it is valuable to 
analyse complex systems. For commercial devices, some jurisdictions prefer or require FTA over 
FMEA. 

2.1.4.1 General organization 
In the FTA, the construction of the fault tree is the main action of the process. The possible hazards 
define the top of the tree, and subsequent levels represent stages of increasing amount of detail: 

· Top level: combines subsystems 
· Medium level: subsystem involved on a failure, failure states 
· Bottom Level: basic events, component failures 
To construct an FT, the following steps are followed:  

1. Define a fault condition, writing down the top level failure 

2. Identify all possible causes of the fault condition (events). These are level two elements; they 
fall just below the top level. 
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3. Structure the tree with logic gates (“AND”, “OR”) that introduce relationships between the single 
events. 

4. Break down each element of the second level to lower levels with additional logic gates. 

Methodology of the FT construction can be: (i) iterative, (ii) structured or (iii) methodical. For more 
information about the risk management process, see references such as [4], [6], [7] and IEC 61025. 

2.1.4.2 Reporting and tracking hazards and faults 
Once the FT is totally characterized, results and conclusions can be obtained. Based on probability and 
Boolean algebra, probability of event occurrence can be obtained. A cut set is defined as a set of events 
that together can cause the top failure or hazard event to occur. The cut sets allow probability 
calculations to assist with finding the weak and critical links in the design. 

After these calculations are performed in all branches of the tree, the FT can be used to evaluate risks 
and guide decision making, to determine if the developed hardware is safe, to identify root causes and 
identify critical components and failure modes. 

Evaluation of risks can be done in FTA either qualitatively or quantitatively like in FMEA (see §I.2.2 
below). 

2.1.4.3 Example 
Figure 1 shows the fault tree for the analysis of an actively-detuned receive-only surface coil, including 
some common faults and how they can lead to hazards for the subject. Based on the actual electrical 
circuit, events like “faulty detuning circuit” can be further broken down into failures of the individual 
components. 

 

Figure 1: example of FTA for a receive-only surface coil. 
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2.2 Risk Estimation 
Once the hazards have been identified each one is assigned a risk which is obtained by multiplying the 
severity of the occurrence with its probability. High-risk hazards must be addressed, e.g., by modifying 
the design, until all potential hazards are associated with an acceptable level of risk. If the probability of 
a hazard cannot be estimated, the severity is used as the risk (i.e., high probability is assumed). Risk 
estimates are recorded in the risk table for each hazard. 

2.2.1 Qualitative Risk Estimation 
The purpose of risk estimation is to assist with decisions made to control risks. Each hazardous situation 
is assigned a level of severity (Table 2) and probability (Table 3). The number of possible levels of 
severity and probability (not necessarily equal) is a choice made by the person or organization 
performing the risk analysis. 

Table 2: Example of qualitative severity levels (ISO 14971) 

Terms Description 

Catastrophic Results in death 

Critical Results in permanent impairment or life-threatening injury 

Serious Results in injury or impairment requiring professional medical intervention 

Minor Results in temporary injury or impairment not requiring professional 
medical intervention 

Negligible Inconvenience or temporary discomfort 

Table 3: Example of qualitative probability levels 

Terms Description 

Frequent, Certain Almost always happens 

Probable, Likely Likely to happen 

Occasional, Possible Can happen, but not frequently 

Remote, Unlikely Unlikely to happen 

Improbable, Rare Almost never happens 
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2.2.2 Risk Matrix 

The risk of each hazardous situation is obtained by combining probability and severity in a risk matrix 
or table (Table 4). 

Table 4: Example of a risk matrix 

Severity → 
Probability ↓ 

Negligible Minor Serious Critical Catastrophic 

Frequent      

Probable     unacceptable 

Occasional     risk 

Remote acceptable risk    

Improbable      

The matrix thus allows risks to be classified as acceptable (green cells) or unacceptable (dark red) 
based on their location. The partition of the risk matrix into acceptable or unacceptable regions is a 
choice made by the person or organization performing the risk analysis. This choice is based not only 
on technical knowledge but is also based on the perceptions, values and expectations of the institutions 
and the public. The risk matrix is typically included in the Risk Management Documentation, and the 
numbers referencing each risk in the FMEA or FTA are often indicated in the corresponding cells. 

A more stratified classification of risks is also possible (Table 5). 

Table 5: Example of risk matrix with 3 levels of risk. 

Severity → 
Probability ↓ 

Negligible Minor Serious Critical Catastrophic 

Frequent     High risk 

Probable      

Occasional   Medium risk   

Remote      

Improbable Low risk     
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Sometimes, numerical values are assigned to the severity and probability to arrive at a final risk value 
equal to the product of each value (Table 6) 

Table 6: Example of risk matrix with calculated numerical risk assignments. 

 Severity → Negligible Minor Serious Critical Catastrophic 

Probability ↓  1 2 3 4 5 

Frequent 5 5 10 15 20 25 

Probable 4 4 8 12 16 20 

Occasional 3 3 6 9 12 15 

Remote 2 2 4 6 8 10 

Improbable 1 1 2 3 4 5 

However, it must be emphasized that because the numerical assignments are not quantitative (e.g., 
an event of critical severity is not necessarily two times worse than one of minor severity), care must be 
taken to avoid assigning a quantitative value to the risk product (R=S×P). For example, a serious, 
frequent event (R = 15) does not necessarily carry the same risk as one that is occasional and 
catastrophic. Note also that the partitions of Table 4 cannot be achieved simply by applying thresholds 
to the risk product (e.g., neither R≤3 nor R≤4 will select the 6 cells closest to the bottom left corner of 
the matrix). 

2.3 Risk Evaluation and Control 
After the risks have been estimated it must be decided which risks require mitigation (control measures). 
Mitigation is implemented using design choices or adjustments (see Part II of these recommendations). 
If there are no practical means to mitigate a risk by design, clear warnings and/or instructions must be 
provided in the device’s manual on how to avoid that hazard. Risk mitigation is incomplete unless those 
instructions are followed. For each hazard the corresponding control measures can also be recorded in 
the FMEA or FTA table (see Tracking and Reporting FMEA’s). 

2.4 Residual Risk Estimation 
For risks that were mitigated in §I.2.3, the probability, severity, and risk are updated to account for the 
control measures taken. These updated estimates are recorded in the FMEA or FTA documentation 
(table). It is common and sufficient to provide only the final residual risk, rather than both before and 
after mitigation. However, the control measures should be listed to record the mitigation strategies that 
were adopted, including risk mitigation by warnings and other information that is included in the user 
manual. 
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2.5 Risk Management Documentation 
It is good practice to keep accurate records (e.g., lab notebooks) throughout the design and construction 
phases of RF devices. Documentation required for local ethics board approval will largely depend on 
the jurisdiction (applicable laws), policies of the individual institution, and complexity of the device. We 
therefore cannot broadly recommend minimum documentation, but it is typical to include some or all of 
the following: 

· User Instructions or Manual 
· design documentation (schematics, CAD drawings/layouts, bill of materials, etc.) 
· data sheets of materials and components 
· testing procedures and conditions 
· test results (data or pass/fail) 
· summary risk management chart or table 
· risk matrix 
· list of references 
The lists in §4.2.4 and 4.2.5 of FDA Guidance 340 are also relevant. 
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The recommendations in this chapter cover generic safety considerations common to a variety of 
components, modules and devices including coil housings, other mechanical supports, cables, cable 
traps, RF materials, etc. General requirements for medical devices are legislated in documents such as 
the European Union’s EU Medical Device Regulation 2017/745(MDR), specifically Annex I: General 
Safety and Performance Requirements (SPR). More detailed and specific guidance is provided by 
widely-adopted international standards such as IEC 60601-1 and IEC 60601-2-33. 

1 Outer Enclosure (Housing) 
We use the term “housing” generally to describe an enclosure containing electrical circuits and/or 
components. Housings for RF coils are typically in contact with, or close proximity to the human body 
and therefore require close attention to the safety considerations in this chapter. Because of the 
likelihood of direct contact, it is especially prudent to expect that housings will be subjected to 
foreseeable human errors or misuse in addition to normal use (see Other Hazards). 

1.1 Electrical Insulation 
IEC 60601-1 (especially §8) requires an enclosure to protect the human body against electric shock 
(see also Protection from Electrical Shock Hazards). This requirement is especially important if voltages 
greater than approximately 50V are present. 

For frequencies below 1 MHz the relevant sections are §8 and 13 of IEC 60601-1, and exceptions in 
§201.8 of IEC 60601-2-33, which describe requirements for both normal operation and Single Fault 
Safety operation. Specifically: 

· electric fields and voltages according to §8.8. The minimum required thickness of insulation depends 
on the highest expected voltages (e.g., across capacitors in a coil) and the dielectric strength of the 
material [2]. If the dielectric strength of the material is not known, an appropriate test (e.g., ASTM 
D149, IEC 60243 series) is performed to measure it. 

· touch and leakage currents according to §8.7. Maximum currents are defined for both DC and AC 
fields (in the range of 0.1 Hz to 1 MHz). It is because of the current limits in this section that the 
subject must never be able to touch a grounded conductor. 

If needed, high voltage measurements on electrical insulation are described in detail in the IEC 60060 
series. 

For RF devices used in MR scanners (coils, cables, cable traps, connectors, etc.) the requirements of 
IEC 60601-1 are supplemented by §201.12.4.103.2 of IEC 60601-2-33 to address the ability of RF fields 
to induce substantial local heating simply by proximity to conductors (even if isolated from powered 
circuits). Therefore, it is almost universal to prevent direct contact between the subject and any 
conductive materials (e.g., exposed metallic fasteners, connector shields), even if they are electrically 
isolated (floating) from conductors carrying RF currents. (It may be possible to demonstrate that an 
isolated, exposed metal part does not acquire a significant voltage or potential and present a significant 
risk. However, the process of doing so is generally difficult and expensive, and it is preferred if metal 
screws and conductors are simply not allowed to be exposed.) 

An additional consideration for devices that come into close proximity with the body, like surface coils, 
is the stray capacitance between conductive parts and body surfaces. This capacitance can support 
displacement currents (see Figure 8 in Part II.B or Fig. 1 in [8]) and the corresponding conduction 
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currents in the body lead to local SAR hot spots. In addition to using common-mode current traps 
(§II.B.5.3), these currents can be limited by reducing the capacitance using an appropriate thickness of 
insulation (e.g., foam). The minimum thickness will depend on various factors such as permittivity of the 
material, conductor dimensions, frequency of operation, and expected voltage between the conductors 
and the human body. The current standards do not comment on this aspect of insulation of RF devices 
and it is left to the designer to ensure such stray capacitances do not lead to a hazard. 

1.2 Ingress Protection 
The housing also protects against the ingress of foreign materials that can compromise the electrical 
insulation or the electronics inside (§11.6 of IEC 60601-1). This includes protection from liquids spilled 
accidentally (e.g., phantom materials or biological fluids), liquids used for cleaning, as well as particulate 
matter or larger objects. More details on degrees of ingress protection (IP) ratings and testing are found 
in IEC 60529. 

Bear in mind that connectors may have different IP ratings (meaning the degree of protection against 
ingress into the housing) depending on whether they are mated or unmated. When unmated, 
connectors may need protective covers to prevent foreign materials from compromising the contacts or 
creating hazardous conditions. 

1.3 Biocompatibility and Toxicity 
According to §11.7 of IEC 60601-1, materials that come or may come into contact with the subjects or 
operators (typically through the skin) must be assessed for toxicity and allergenic properties. Materials 
known to be carcinogenic, hormone-mimicking, phthalates and other toxins should not come into 
contact with or be released into operators or subjects. Similarly, common allergens such as latex should 
be avoided, especially on contact surfaces. These requirements typically apply to housings, padding 
materials, bulk materials (in case of spillage) and their containers, paints, surface treatments, etc. 

It is also prudent to investigate the toxicity of materials inside enclosures (e.g., electrical components) 
because those materials can be released under failures or other conditions (see Out-gassing). Ideally, 
no compounds known to be toxic should be employed in the device, and if non-standard, toxic 
substances are employed, the associated risks must be assessed and mitigated. 

Relevant information can be found in ISO 10993-1 and ISO 10993-10, as well as the EU Medical Device 
Regulation 2017/745, Restriction of Hazardous Substances (RoHS) Directive and the Substances of 
Very High Concern (SVHC) list of the European Chemical Agency (ECHA). 

1.3.1 Out-gassing 
Materials and components should not off-gas (or out-gas) toxic substances or noxious odours under all 
expected operating conditions and temperatures (see Biocompatibility and Toxicity). While materials 
can be chosen to minimize the release of toxic fumes in case of combustion (e.g., by avoiding 
halogenated compounds), this often comes at the expense of increased flammability (see Ignition 
Temperature and Flammability). 

Adhesives are especially prone to out-gassing, and some are compliant with the stringent requirements 
of ASTM E595. This and other suitable standards originate from aerospace and military applications, 
where use in high vacuum or recirculated air environments impose stringent limits on out-gassing. 
Materials compliant with such standards are also used in medical applications. 



 

ISMRM RF Hardware Recommendations II.A.4 2022-03-07 

1.4 Cleaning and Infection Control 
Enclosures that are in proximity or come into contact with the human body must be cleanable with 
standard medical disinfectants to prevent the transmission of diseases (§11.6.6 of IEC 60601-1). 
Similarly, the enclosure’s materials should be resistant to other substances that it may foreseeably 
come into contact with (biological fluids, phantom solutions, etc.), as well as increasingly common 
ultraviolet disinfection lights. 

Gaps or rough surfaces that can trap pathogens (e.g., seams between sections of the housing) should 
be avoided or minimized because they can create inaccessible regions that prevent thorough cleaning. 

2 Mechanical Construction 
Good practices in mechanical design and construction can prevent many hazards and ensure safe, 
reliable operation. 

2.1 Strength and Stability 
To prevent injury and electrical failures the housing must be robust and mechanically stable (§9.4 of 
IEC 60601-1) at room temperature as well as under worst-case heating conditions (see Temperature 
Limits). Any movable parts, hinges, mechanical connections, etc. must operate reliably. Furthermore, 
large housings may require a stable and reproducible connection to the patient support (couch). 

The housing should be (§15.3 of IEC 60601-1) 

a. strong enough to support the expected weight of the corresponding anatomy; 

b. strong enough to survive frequent rough handling by non-experts; and  

c. impact resistant in case it is accidentally dropped. 

Additionally, mechanical design should take into account the possibility of substantial vibrations during 
scanning. For Subject Comfort, the housing should not amplify acoustical noise. 

If drop or rough handling tests are required, the procedures are described, respectively, in §15.3.4 and 
§15.3.5 of IEC 60601-1. 

If the device has substantial size and/or weight (> 20kg) the housing should have handles or equivalent 
gripping points for easy, reliable moving and carrying (§9.4.4 of IEC 60601-1). Weight should be limited 
to allow safe handling by a single operator. Where this is impractical, labels should clearly inform 
operators that multiple handlers are required (see also Labelling and Instructions). 

Any electrical parts inside the housing must be attached and supported (§8.10 of IEC 60601-1) 
mechanically to the housing to prevent electrical failures. 

See also Material Properties for related topics. 

2.2 Mechanical Injury 
Careful mechanical design and fabrication can minimize the risk of mechanical hazards such as pointed 
or sharp edges (§9.3 of IEC 60601-1 and EU Medical Device Regulation 2017/745 SPR 20). Whenever 
possible, surfaces expected to come into contact with subjects or operators should also be smooth to 
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avoid friction-related injuries. Similarly, it is recommended to use flush or recessed fasteners wherever 
possible and appropriate. 

Moving parts (e.g., hinges) should not introduce additional hazards such as pinching or shearing points 
in which the extremities, skin, hair, etc. may get pinched or trapped (EU Medical Device Regulation 
2017/745 SPR 11). In addition to mechanical injury, these hazards introduce a risk of transmission of 
infections if multiple people are successively injured by the same device. Protective covers may 
therefore be required. 

In case of mechanical failure or accidental impact, housings and other mechanical parts must not shatter 
or crack producing sharp edges (See Material Properties). 

2.3 Safety Systems and Emergency Procedures 
Mechanical design (indeed also electrical design) should not interfere with, bypass, or impede existing 
safety systems and emergency procedures, including emergency field run-down (quench button), safety 
in the event of magnet quench, subject monitoring and communications, emergency evacuation of a 
subject, etc. If these changes cannot be avoided, instructions must be provided (see Labelling and 
Instructions) to describe alternate procedures (IEC 60601-2-33 §201.7.9.2.101). 

2.4 Subject Comfort 
Housing design should allow for comfortable and ergonomic subject positioning, especially if prolonged 
stationary subject placement is expected during scans. Similarly, because ear plugs may not be 
adequate hearing protection for many MRI scanners, head coil housings should allow for the use of 
adequate headphone-type hearing protection (see IEC 60601-2-33 §201.9.6.2.1 and §201.7.9.2.101, 
as well as Sound pressure emitting devices). 

2.5 Connectors and Cable Management 
Connectors and cables are as much of a challenge to address mechanically as they are electrically. 

Similarly to the housing, cables must be electrically insulated from the subject and ensure Single Fault 
Safety (§8 and 13 of IEC 60601-1, and §201.8 of IEC 60601-2-33). Extra thick or double insulation 
layers may be needed. 

Cables exiting a housing must be fastened securely to the housing (e.g., using cable glands) to prevent 
electrical failures caused by the cable rotating or pulling out. Use strain reliefs whenever possible to 
maintain a minimum bending radius. Inside the housing, wires and cables must also be fastened 
appropriately to prevent failures due to vibration or displacement (§8.10 of IEC 60601-1). 

If connectors are used instead of cable penetrations to bring conductors out of a housing, the connectors 
must be attached directly to the housing (e.g., using an appropriate bulkhead-style connector), not only 
to the PCB or to the electronics inside. This is the strongest possible mechanical connection and 
prevents failures due to flexing, twisting or snapping off the connector. When the two parts of the 
connection are mated there should be no exposed metal that can come in contact with the body (see 
Electrical Insulation and Protection from Electrical Shock Hazards). 

Connectors should provide a retention or latching mechanism to prevent accidental unmating and 
unreliable connections. Connectors should be readily handled with gloved hands, and unmated without 
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the use of tools (§8.10.3 of IEC 60601-1). Unmated connectors must not compromise other safety 
features (e.g., by exposing high-voltage contacts). 

Cables and connectors must also allow a safe and fast removal of a subject (§9.2.5 of IEC 60601-1) 
from the scanner in case of emergency (e.g., quench, cardiac arrest, etc.). This may require the use of 
connectors without locking mechanisms (e.g., snap-on connectors instead of screw-type) in cases 
where the cable routing prevents extraction of the patient table when cables are connected. 

Standard methods exist for testing cable (ASTM D4565) and connector performance (EIA-364 series), 
including reliability (EIA-364 TP-09), aging and other factors that degrade performance over time. 

3 Temperature Limits 
Under all operating conditions, safe temperatures must be ensured by careful design of the electronics 
(e.g., Voltage, Current and Power Rating Verification) and enclosure. If active cooling is needed, it must 
be provided by ventilation or other means, bearing in mind considerations such as Electrical Insulation, 
Ingress Protection, Grounding, etc. 

3.1 MR-compatible Temperature Probes 
Safety testing may require temperature measurements performed during scanning or in the harsh 
scanner environment, thus requiring temperature sensors that are immune to, and do not disturb, the 
static, gradient and RF fields. Wired sensors (e.g., thermistors, thermocouples) therefore have limited 
application and must be used with care. Fibre optic (e.g., Fluoroptic®) temperature probes are 
nonmagnetic and nonconductive, and are suitable for local temperature measurements in a limited 
number of points. The measurement electronics of fibre optic probes can be placed at a considerable, 
safe distance from the scanner. Infrared thermometers also allow single-point measurements at a 
distance, but, for accuracy, may need to be positioned close to the DUT and the surface emissivity of 
the material must be known. Similarly, infrared cameras (i.e., forward-looking infrared or FLIR) can 
capture temperature maps but compatibility with the B0 field must be carefully considered to prevent 
projectile hazards and damage to the camera.  

3.2 Surface Temperature Limits 
Under idle and worst-case scanning scenarios the temperature of the surfaces that are likely to come 
into contact with the body must not exceed the maxima listed in §11.1 of IEC 60601-1 (under most 
conditions 43°C). Surface temperatures can be measured readily during scanning using fibre optic 
temperature probes attached to a finite number of representative locations or suspected hot spots. 

Specific surface temperature limits for MRI coils are described in IEC 60601-2-33, Annex AA.1, 
subclause “Concerning 201.12.4.103.1 Limits of temperature”. This section specifies a maximum 4°C 
temperature rise following 20 minutes of scanning at the “highest clinical whole-body SAR” allowed by 
the scanner. A similar testing procedure in Ref. [2] uses 30 minutes of scanning at the 6-min SAR limit 
(see §II.C) for the respective body part. 

3.3 Internal Temperature Limits 
Temperatures within an enclosure must be kept within the safe range of materials and components to 
prevent failure, off-gassing, and potentially ignition. Fibre optic temperature probes (see §II.A.3.1) are 
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particularly convenient to determine internal temperature in this situation because they are non-
conductive. In addition to allowing safe placement near high voltages they create minimal perturbations 
in RF fields even in close proximity to conductors. On signal-emitting phantoms MR Thermometry can 
also be used. 

4 Material Properties 
The following considerations apply generally to all materials and assemblies such as electrical 
components, connectors, cables, etc. While the first two properties below are available for a wide variety 
of materials, the remaining, MR-specific properties are more challenging to find. An ongoing effort to 
compile this information can be found in the Opensourceimaging Wiki. 

4.1 Mechanical 
To prevent mechanical failure, the properties (e.g., stiffness, toughness, tensile strength, etc.) of the 
materials used in construction of housings, supports, etc. must be compatible with the mechanical loads 
that the structure will be subjected to (§9.8 of IEC 60601-1). 

It should also be noted that some polymer materials commonly used in MR coils (e.g., PMMA) will snap, 
if not shatter, leaving pieces with sharp edges. It may be preferable to use tougher materials such as 
polycarbonate (PC) or FR4 (fire-retardant glass-reinforced epoxy laminate) which undergo plastic 
deformation (bend or delaminate) before breaking (if ever). 

Because of the common use of polymers in MRI coil housings, further attention should be given to the 
heat deflection temperature (HDT), which describes the increased tendency of a material to deform as 
its temperature rises. Heat deflection temperature is measured according to the test procedures in 
ASTM D648 or ISO 75, and Ref. [2] recommends that materials with HDT≥80°C should be used (bear 
in mind that these conditions may also exceed the Temperature Limits). 

4.2 Ignition Temperature and Flammability 
Ignition, i.e., the starting of a fire, is caused by temporary or sustained temperatures that exceed the 
material’s ignition temperature, which is measured according to IEC 60695-2-13, IEC 60695-11-10, 
ASTM D1929, ISO 871, ISO 9772 and ISO 9773. Reference [2] recommends using materials with 
ignition temperature ≥350°C. Many polymers satisfy this criterion, whereas PMMA, POM, some PVC, 
TPU and organic materials such as wood do not [9]. 

Flammability is the ability of a material to sustain burning after the ignition source is removed, and it 
must be given consideration, especially if any of the following are present: 

a. high voltages (>50V) 
b. fields that can induce sparks 
c. high temperatures (>300°C) 
Non-flammable materials (e.g., rated V0 according to UL 94) should be used, especially for parts that 
are near to, or come into contact with, high-power or high-voltage circuits and components. If flammable 
materials cannot be avoided, the associated risks must be assessed and mitigated (e.g., very small 
amounts, containment, etc.). If the flammability of a material is not known, or provided by the 
manufacturer, a flammability test (UL 94, IEC 60695-11-10) is performed. 
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4.3 NMR Signal 
Visible 1H NMR signals are emitted by many polymers including soft plastic and rubber, but also some 
hard plastics. Even if outside the field of view, these signals can appear as artefacts folded into the 
image, and could be misinterpreted as pathological structures in the anatomy. Therefore the NMR 
signals emitted by coil materials at the Larmor frequency of the nucleus or nuclei of interest should be 
negligible. If absolutely zero 1H signal is required then (per)fluorinated polymers (e.g., PTFE) can be 
used. 

Some materials (e.g., polyamide (nylon)) can absorb water due to storage conditions, humidity, 
cleaning, etc. If this cannot be prevented by using appropriate materials or other design choices, 
waterproofing may need to be added. 

Reference [2] recommends acquiring a short echo time (TE) image with a field of view large enough to 
cover the whole coil to identify potential signal sources. Alternatively, samples of the materials used in 
construction could be scanned individually. Information is also available in the literature [10], [11], 
although it should be noted that polymers of the same family (e.g., polyethylene) can vary widely 
between manufacturers and manufacturing runs. Therefore testing individual batches of material may 
be necessary. 

Finally, there are anecdotal reports of signal crosstalk from nuclei with similar g (e.g., 1H and 19F)1. In a 
19F measurement, signal from 1H could be detected from regions of lower B0 field (e.g., from the 
dielectric in the cables exiting the bore). In such cases the absence from the cables of both nuclei would 
need to be ensured. 

4.4 Magnetism 
Ferromagnetic materials introduce forces that can lead to projectile hazards as well as deteriorating 
image quality due to B0 distortion (see, e.g., NEMA MS 2). Therefore, ferromagnetic materials should 
be avoided whenever possible, but, unfortunately, they are often present in a wide variety of 
components and assemblies such as cables, connectors, passive and active electronic components 
(typically as plating on conductors). Even alloys such as brass and austenitic stainless steel, which are 
nominally not ferromagnetic, are often found to be ferromagnetic. Brass can contain ferromagnetic 
impurities and stainless steel becomes ferromagnetic after cold working. 

Small amounts of ferromagnetic materials may be acceptable in parts/components/devices if ALL of the 
following are true (see also Ferro-magnetism of Components): 

a. In the static magnetic field for which the assembly is intended, the magnetic force and torque are 
tolerable by the overall mechanical design (e.g., negligible); 

b. the magnetic force and torque do not damage the part and its support, including long-term fatigue 
of the device, solder or crimping joints, or other means of attachment; 

c. Additional hysteresis losses in the ferromagnetic material (by gradient switching and/or RF pulses) 
are accounted for in the overall heating analysis; 

d. The maximum magnetic moment of the ferromagnetic part is sufficiently small to produce a 
negligible B0 distortion in the imaging region (depends on the application, pulse sequence, etc.; e.g., 
<1 ppm). 

                                                 
1 In principle this could happen between any nuclei with different 𝛾𝛾. 
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It must be noted that the effects in a, b, and d above depend on B0, and all (a–d) depend on the amount 
(volume or mass) of ferromagnetic material present. Therefore it is not sufficient (or, indeed, practical) 
to specify a maximum susceptibility (c) or permeability (m) because, given a large enough amount, even 
a paramagnetic material can have measurable adverse effects (primarily d). 

4.4.1 Testing for Magnetic Materials 
Standard tests for torque and force on magnetic materials in the MRI environment include ASTM F2052 
and ASTM F2213, respectively. 

Standard tests for the presence of ferromagnetic materials also exist in the aerospace and connector 
industries (NASA – GSFC S-311-P-10, IEC 60512-24, EIA-364 series TP-54A and TP-88). However, 
these standards have not been adopted for MRI applications even though there is a need for 
standardization in the industry. In the few cases where information on magnetism is provided by 
component and device manufacturers, it is typically limited to maximum susceptibility or permeability. 

Fortunately, some manufacturers have realized that it is more useful to provide magnetic moment. One 
goes as far as specifying complete magnetic moment vs. H field curves (e.g., Ma-Com MA4P7461F-
1072T). 

The MRI community would benefit if more manufacturers would adopt this practice. Until this becomes 
common, measurement methods such as those listed below will be used instead to assess the presence 
of ferromagnetic materials. Be advised that testing for magnetism of an unknown component or device 
using the field from an MRI scanner can be very dangerous. All MRI site safety procedures (e.g., ACR 
MR Safety Manual) must be followed at all times. 

1. Using a handheld magnet: It is recommended to employ a strong rare-earth magnet (e.g., 
magnetization specification N40 or better) for this test. The mechanical force exhibited to the device 
under test (DUT) is proportional to its magnetization, the strength of the external flux density and its 
gradient. Therefore, ideal test magnets produce a strong magnetic field with a strong gradient – for 
instance a rod magnet. Be aware that such magnets can produce forces that are potentially 
dangerous for the person as well as for the device. Therefore starting with a small test magnet is 
advised. The DUT is best hung with string from the ceiling, while the magnet is slowly approached. 
If the device is attracted to the magnet, it is ferromagnetic. If implemented correctly this approach is 
sensitive enough to detect the small repulsion from a diamagnetic object. 

2. B0 mapping: Reference [2] recommends testing a new coil by acquiring a B0 map of a uniform 
phantom and comparing it with the B0 map from a standard coil to identify artefacts due to magnetic 
materials. Methods for B0 mapping are described in AAPM Report No. 100 and in the ACR MRI QC 
Manual, as well as numerous journal publications. Light devices (e.g., <5 g) with weak magnetism 
can be tested similarly in the scanner. The device is placed at the position where it will be employed 
in the final construction. A preferably spherical phantom is positioned covering the imaging volume. 
Shimming and f0 adjustment routines must be turned off. Then a B0 map is acquired first with the 
device in position, then without. The action limit on the difference between the two maps should be 
set depending on the system (e.g., field and gradient strengths) and performance requirements for 
the intended use of the device (e.g., spectroscopy vs. imaging pulse sequences). The effect of the 
device should also be small enough that, if available on the scanner, automatic calibration routines 
(tip angle, f0, shimming, etc.) are still able to function reliably. 

3. Magnetic moment measurement: With precautions similar to those of #2 above, it is possible to 
measure the magnetic moment of small parts quantitatively using the phase of MRI signals similarly 
to the methods described in [12], [13]. 
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4.5 RF Permittivity and Losses 
Materials also interact with the RF fields that are present, especially in locations with strong fields such 
as RF coil enclosures and high-power circuits. The RF interaction of a material with μ≈μ0 is dominated 
by the complex permittivity (dielectric constant) of which the imaginary part (alternatively the 
conductivity or loss tangent) describes losses that result in heating of the material. The loss tangent of 
common materials can range from below 10-3 (e.g., PTFE) to above 10-2 (e.g., wood) and much higher 
for carbon fibre composites. 

The tolerable amount of loss is highly dependent on application. Losses can lead to degradations in 
SNR as well as RF heating of the material, therefore Temperature Limits must not be exceeded. 

The relative permittivity of most common materials is below 5, resulting in minimal changes to the RF 
fields relative to those in free space. However, if extensive volumes of high-permittivity materials are 
used to manipulate RF fields intentionally (see §II.C.2.1.5), they should be incorporated into simulations 
including their properties to determine the resulting RF fields. 

5 Labelling and Instructions 
It is good practice to design devices to operate in the way that users expect them to (see the usability 
standards IEC 62366-1 and IEC 62366-2). Additionally, for many devices, information will need to be 
provided to the user to ensure correct use (see, e.g., §7 of IEC 60601-1 and §23 of Annex II of EU 
Medical Device Regulation 2017/745). The types of information provided include: 

● Safety warnings (weight, electrical risks, etc.) 

● Instructions for use (IFU) and maintenance (handling and operating instructions, connections, 
storage conditions, user manual, etc.) 

● Identification of the equipment (name, identification number, manufacturing date, etc.) 

● Range of application (system manufacturer, field strength, etc.) 

It is good practice to attach appropriate labels to site-built RF hardware. Labels can be written in the 
language in use at the institution. There are also many standard graphical symbols (ISO 7010 for 
general symbols, IEC 60417 general equipment labels, ISO 15223-1 and IEC 60878 for medical device 
labels) that can be used to provide some of the above information quickly in a universally-accepted 
format. 

Instructions for use for MR equipment are discussed in detail in §201.7.9.2.101 of IEC 60601-2-33, 
while for medical devices in general see §7.9.2 of IEC 60601-1, and §23.4 of Annex II of EU Medical 
Device Regulation 2017/745. 
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The recommendations in this chapter apply to the electronics of all RF coils and associated RF devices, 
including: 

● Transmit, transceive, and receive coils and arrays 

● Tuning and matching circuitry 

● Cables 

● Cable traps 

● Scanner interfacing electronics 

The chapter contains: 

● Requirements 

● Limiting values 

● Recommendations for testing procedures 

The main goals of this chapter are to provide guidance, means for managing risks and documenting 
safety to: 

● Prevent electrical shock hazard to technicians, operators, and subjects in particular. 

● Prevent overheating or ignition. 

● Prevent critical break-downs during operation. 

● Prevent risk escalation from potential malfunctions. 
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1 Electrical Construction and Layout 
1.1 Basic Design Considerations 
MRI RF coils are resonant structures with an inductance (L) and a capacitance (C), which are tuned to 
a certain resonance frequency (usually the Larmor frequency of interest). Basic layouts and various 
designs for MRI RF coils or NMR probes are found in a large number of specific articles and books. A 
comprehensive list cannot be provided in this guide, but some general references on the topic include 
[8], [14]–[20] as well as numerous articles (parts A–D) in [21]. 

To guarantee the highest possible level of protection for research subjects and operators, along with 
ensuring the intended function, the IEC 60601-1 standard defines both general and technical 
requirements for manufacturers, and therefore serves as a reference guide for safety in medical 
electrical equipment and systems. 

Section 4.7 of IEC 60601-1 requires Single Fault Safety, i.e., that at least two means of protection (IEC 
60601-1, §8.5.1) be provided for both subject and user (operator) from hazards like electrical shock 
(§8). Specifically, if one means of protection fails (i.e., a single-fault condition, SFC), additional means 
of protection must remain effective for the service life of the equipment, or the initial fault is detected so 
that corrective action can be taken. 

For MRI coils and their supporting electronics (e.g., PIN diode bias, preamp power supply), it is 
important to consider carefully the (air) clearances, creepage distances, outer insulation and reduced 
leakage currents or unwanted electrical discharges (see Protection from Electrostatic Discharge (ESD)).  

Outer insulation (housing, discussed in detail in Part II.A, Electrical Insulation is the most common 
method of providing protection from electrical hazards. If needed (e.g., to provide air openings for 
cooling) the standard further defines: 

· Clearance distance: The shortest distance between two contacts outside a solid insulation body. 
· Creepage distance: The shortest distance between two contacts along the surface of an insulation 

body. 
For exact values for clearance and creepage distances as means of protection, refer to the appropriate 
sections in IEC 60601-1, §8.9 Table 12 (patient protection) and Table 13 (operator protection). 

The clearance distance is intended to protect against high field strengths that can generate an electric 
arc in air between the two contacts. This can damage individual components (e.g., ICs, capacitors, 
connectors), but also endanger the well-being of patients (subjects) and operators, may cause burns, 
peripheral nerve stimulation and even cardiac arrest. 

Creepage distances protect against the tendency of insulation to deteriorate gradually due to dust or 
dirt deposits, as well as moisture which, e.g., can condense onto any component following changes in 
temperature. This can result in flow of leakage currents on the surface of the insulation or component 
body, resulting in a partial or complete loss of insulating function. The consequence may be an electric 
shock, with similar effects as mentioned above. 

1.1.1 Printed Circuit Board (PCB) designs 
Devices for MRI can include many electrical and mechanical components and modules. While IEC 
60601-1 is much broader and applies to all electrical medical devices, the IPC-2221B standard is a 
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generic standard for the design of PCBs (e.g., rigid, flexible, MCM-L), and is used for design layout, 
parts lists, materials, mechanical and physical and electrical properties, thermal management and much 
more. Clearances between electrical conductors to prevent arcing are discussed in §6.3 of IPC-2221B. 
Table 6-1 provides guidelines for the minimum spacing between electrical conductors (internal and 
external) for given DC and peak AC voltages. Bear in mind that this spacing can be closer than the 
clearance and creepage distances defined above when they are not providing a means of protection. 

Furthermore, the standard provides general assembly and placement guidelines (§8), including 
minimum clearances between component leads or components with metal cases and any other 
conductive path. 

1.1.2 Attention to Parasitic Oscillations 
During design and construction of RF hardware that includes active (amplifying) devices, it is prudent 
to search for any parasitic oscillations caused by unintended coupling between electronic components 
(e.g., input and output of preamplifiers). This can lead to loss of MR signal (degraded amplification) or 
functionality (e.g., detuning). 

Oscillations are identified using a sniffer probe connected to the input of a spectrum analyser. Because 
of intermodulation and other nonlinear effects all parasitic oscillations should be eliminated. Those 
within a few percent (e.g., 10%) of the Larmor frequency will especially affect the MR signal or saturate 
devices further down the receive chain. 

1.2 Grounding 
Most MR systems require special attention to ground connections and grounding points. Creating 
ground loops can cause severe malfunctions or harmful effects (e.g., heating, eddy currents, etc.), due 
to voltages induced in these ground loops by gradient pulses. Connections between DC and RF 
grounds, and between ground signals in connectors should therefore be avoided or engineered 
carefully. This can happen, e.g., between transmit (Tx), receive (Rx), coil ID code or PIN diode grounds 
(Figure 2). 

To measure the heating and vibration (forces) introduced in ground loops due to strong gradient pulses 
(gradient eddy currents), it is recommended to switch off the RF transmit/receive and apply a dedicated 
high-power gradient sequence, and measure the heating using an MR compatible infrared thermometer 
(see Part II.A, MR-compatible Temperature Probes). Bear in mind that gradient coil design and certain 
scan parameters (FOV, slice thickness, TR, TE, number of slices, slice orientation) have an effect on 
the induced eddy currents. 

The MRI vendor may have further advice, requirements, or recommendations. Additional information 
regarding gradient-induced heating and vibrations can be found in the active implantable medical device 
(AIMD) test standard (ISO/TS 10974, Annex A). 
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Figure 2: examples of ground loops. 

1.3 Protection from Electrostatic Discharge (ESD) 
The performance characteristics of most electronic devices are guaranteed only if the device is never 
exposed to an ESD event during its life cycle. This includes the manufacturing process as well as 
assembly and operation. Therefore, it is prudent to include ESD protection in signal-level circuits 
wherever possible to prevent damage to sensitive devices like RF preamps and logic circuits. Protection 
is recommended at all connections, especially those accessible by the operator and those used for 
routine operation and maintenance. Standard testing procedures for ESD immunity include those of 
IEC 60601-1-2 and IEC 61000-4-2. The MRI system’s manufacturer and FDA Guidance 19011 should 
be consulted for specific requirements. 

1.4 Ferro-magnetism of Components 
Many electronic devices and components are not MR-compatible since they contain ferro- or ferri-
magnetic materials. The use of ferro-magnetic material in electrical and electronic components can be 
divided into two subcategories: 

1.4.1 Magnetic materials relevant for electrical device operation 
The material is deployed due to its magnetic properties, such as for increasing inductance in ferrite 
cores; blocking (choking) high frequency signals as in ferrite beads; transformer cores for RF, power 
electronics, isolators, etc. 

Such materials cannot generally be employed close to MRI scanners. In the bore or its fringe field, the 
device would likely be operated out of its specifications (i.e., saturation of the material in the presence 
of a static field) and, generally, all labelling and specifications (e.g., permeability) from the vendor are 
invalid in this situation. 

1.4.2 Magnetic materials not relevant for electrical device operation 
This includes materials introduced as diffusion or oxidation barriers (e.g., nickel underplating) or as 
mechanical components (e.g., plated or cladded steel). The safety issues and other effects of these 
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materials are described in detail in the Magnetism section of §II.A. 

2 Protection from Electrical Shock Hazards 
2.1 Requirements 
The subject, but also MR technicians and personnel, must be protected from electrical shock hazards 
at all times. The most common scenario where this can happen is a break-through of high voltages from 
the mains by a failure in the power supply or a surge event while connecting lines to the device. The 
voltage supplies and signal lines provided by the scanner manufacturer do provide adequate protection 
and should be utilized whenever possible. However, if the experimental setup does require additional 
conductive cabling or even external power or signal sources, then those added components must be 
very carefully safety validated both against possible electrical shock hazards and RF hazards like 
common-mode currents. Specifically, it is essential that cables (including those for low-frequency or DC 
signals) be fitted with appropriate high frequency cable traps (see §II.B.5.3), particularly if they pass 
through parts of the RF body transmitter. Cables running the length of the RF transmitter should be 
avoided entirely since they pose significant risk to the subject and likely will negatively influence MR 
data stability and quality. As a general rule, direct contact of such lines with the subject must be 
prevented - i.e., by routing cables at a safe distance or by creating physical barriers. Since the inherent 
isolation of a subject’s skin in the scanner can be compromised (e.g., by ECG leads, venous or arterial 
lines, skin lesions, etc.), the discharge current must be limited when touching a connection. These 
requirements (e.g., for a ground connection) are more strict than for general consumer-grade devices. 

The design review shall document which safety features are engineered into the system and should 
demonstrate that foreseeable malfunctions do not endanger the subject or operator. 

2.2 Common Means of Protection 
Electrical shock hazards are described in detail in §8 of IEC 60601-1. In some cases, the standard 
defines different requirements for methods of operator protection (MOOP) and methods of patient 
protection (MOPP). Some specific means of protection that are often considered for coils and other RF 
devices include: 

1. The isolation barrier must exhibit a dielectric strength according to Table 6 in §8.8.3 of IEC 60601-
1. 

2. Connections to multiple reference grounds (ground loops) must be avoided at all cost (see 
Grounding). All connections to mains grounds must be isolated (potential separated). A protective 
ground connection must be provided (§8.6) to all non-energized metal parts of the housing and 
installation (metallic housing box, rack etc.) to protect from fault currents by shunting them to ground 
through a low-impedance path. 

3. If a connection to the mains and other external power sources are provided, the subject must be 
protected against discharge currents in case of an isolation breakdown to the mains voltage by at 
least two independent means of protection. Furthermore, the discharge capacitance must be 
medical grade. It is hence recommended to deploy only medical grade power supplies (see 
Requirements for medical power supplies) offering both features. 

4. Overvoltage protection (e.g., using varistors) must be provided to all parts that could be energized 
by a voltage break-through or surge. 

5. Parts of the device that the subject can touch must be fully isolated to limit currents through the 
subject. According to Table 3 in §8.7 of IEC 60601-1, the maximum allowed current discharged over 
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the subject depends on the type of device. Typical MRI scanners are classified (§8.3 of Annex A) 
as type B devices (only unintended delivery of current to the body) and BF devices if there is an 
intentional electrical connection such as ECG or EEG electrodes. 

2.3 Exposed Connectors 
Non-mated or exposed connectors can pose a potential safety hazard due to leakage currents. Even if 
the probability of touching an exposed connection is negligible, there are limits imposed on the voltage 
to earth and the stored energy, as described in IEC 60601-1, §8.4.2.  

Connectors should have two means of protection to ensure the leakage current limits of IEC 60601-1, 
§8.4 are not exceeded. These means of protection can include solid insulation, creepage distances and 
air clearances, and protective earth connections. 

2.4 Grounding and Isolation Schematic 
A grounding and isolation schematic (Figure 3) describes how the grounds are connected to the 
infrastructure and how the isolation barrier acts as a means of protection to the subject and operator. 
All electrically conductive components, cables, and surfaces are shown in the schematic with their 
connections to power supplies and signal lines, including protection components such as diodes, fuses 
and varistors. The schematic furthermore documents the isolation barriers provided by the power 
supplies, isolators and housing.  

 

Figure 3: Example of a grounding and isolation overview. 

2.5 Insulation Testing Method 
The dielectric strength of insulation that has a safety function is tested as described in §8.8.3 of IEC 
60601-1. A typical test would be performed by connecting all conducting pins of the coil connector 
(grounds, signal and metallic alignment pins) to one terminal of the high-voltage test supply. The coil is 
wrapped in aluminum foil and connected to the second terminal of the test supply. A test voltage 
according to Table 6 of §8.8.3 is applied between the connector and the aluminum foil. The insulation 
fails if there is a rapid increase of sustained uncontrolled current flow (i.e., breakdown). 
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3 Potentially Dangerous Devices and Toxic Materials 
3.1 Requirements 
Materials built into the device must be non-flammable, non-toxic and not decompose into or evaporate 
toxic products to which humans can be exposed (see §II.B). Also, potential emission of hazardous levels 
and intensities of light and sound pressure waves must be considered. 

3.1.1 Electronic Components Requiring Special Considerations Regarding Toxicity 
Components such as batteries, electrolytic, tantalum or super-capacitors contain hazardous substances 
and are prone to bursting, and therefore require separate considerations for safe operation. The 
following are typical situations that can lead to ignition or generation of toxic gases, and must be 
excluded by appropriate design strategies such as: 

1. Reverse polarity protection. 

2. Overvoltage protection. 

3. Protection from excessive charging currents. 

4. Overheating protection. 

3.1.2 Electro-optical Components 
The risk for eye damage, potential burns and ignition of fire induced by electro-optical components such 
as light bulbs, LEDs and lasers needs to be considered according to the power and wavelength emitted. 

For lasers and LEDs it is recommended to adhere to the revised classification system (ANSI Z136.1). 
Special considerations are required for laser light exceeding class 3B even if guided in an optical fiber. 
In particular the case of open optical connections and a (partially) broken fiber must be considered. 
Class 4 lasers require further safety systems such as a key switch and safety interlock. 

3.1.3 RF and HF Emitting Devices 
Devices emitting RF and HF power (besides MR transmitter coils), such as radio, WiFi, Bluetooth, 
wireless power devices etc., must be included into the SAR safety validations to avoid excessive tissue 
heating by direct emissions as well as by coupling to the RF transmission pulses of the scanner. 

3.1.4 Sound Pressure Emitting Devices 
Strong sound pressure waves can have highly adverse health effects. For temporary exposures the risk 
of damaging the auditory organs and causing tissue disruptions/cavitation or overheating needs to be 
considered. RF devices may add acoustic noise by interactions with the gradient fields, e.g., through 
ground loops and currents induced in RF shields. These interactions must also be minimized for other 
reasons like signal quality. 

Reference [22] provides an extensive, detailed review of acoustic noise exposure in MRI, as well as 
reviewing various standards and regulations applicable in numerous jurisdictions. If acoustic noise 
needs to be considered in detail (e.g., a design that enhances existing scanner noise or creates 
additional noise), IEC 60601-1 specifies a limit of 80 dBA of exposure over 24h, which is increased by 
3 dB for every halving of the exposure time. This means that for a duration of, say, 1h, the maximum 
increases to 94 dB. IEC 60601-2-33 §201.9.6 also indicates an absolute maximum unweighted sound 
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pressure of 140 dB relative to 20 mPa, measured according to NEMA MS 4. Section 201.7.9.2.101, part 
d) includes guidance on instructions for use relevant to acoustic noise, and specifically requires that 
hearing protection must be worn if sound pressures ≥99 dBA are possible. 

If considerable amounts of ultrasound waves are emitted into the body, additional considerations must 
be made regarding safety with respect to tissue heating and cavitation. Section 9.6 of IEC 60601-1-1 
covers acoustic energy and further discussion is found in [23]. 

3.2 Validation and Testing Methods 
Schematics, bill of materials and devices must be inspected for potentially dangerous components. If 
these components cannot be avoided, their safety mitigation must be documented. 

It must be verified that the components operate within their tolerances and temperature range. The 
worst-case exposure of the human subject and technical personnel to the hazards in §II.B.3.1 must be 
documented and, if potentially exceeding safety limits, validated experimentally. 

4 Voltage, Current and Power Rating Verification 
4.1 Requirements 
For a safe and long-term stable operation of the device, it is of crucial importance that all components 
in the design are operated within their specified limitations. Although the components might operate 
over their rated values in the short term, degradation over extended periods of time cannot be excluded. 
Since long term tests cannot typically be performed for research devices, staying within the specified 
limits is highly recommended. 

4.1.1 Voltage Ratings of Components 
The design must specifically ensure that all components are operated within the specified voltage 
ratings. 

In typical receive coil designs only the components in the detuning circuits are subjected to high 
voltages. For a typical LC tank circuit this includes the capacitor, the inductor, the diode/switching 
element and the feed chokes. The voltage across the RF high impedance section of the receive coil 
can be estimated via the total induced voltage at full power transmission (𝐵𝐵1,𝑚𝑚𝑚𝑚𝑚𝑚). For a loop coil of area 
𝐴𝐴 operating at frequency 𝑓𝑓 , Faraday’s law yields: 

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 = 2𝜋𝜋𝑓𝑓𝐵𝐵1,𝑚𝑚𝑚𝑚𝑚𝑚𝐴𝐴. II.1 

Note that, at resonance, the current in the inductor and capacitor is Q times the current driven by this 
voltage in the conductance of the circuit (Q is quality factor of the LC circuit). Therefore, L and C must 
be rated for this higher current. 

For transmitter and transceiver coils, every component is likely subjected to high voltages and must be 
analyzed. Voltages are best analyzed using a circuit simulation, but in some cases the peak transmit 
currents (and thus voltages) can be estimated from the expected RF B1 fields using analytical formulas 
(e.g., Biot-Savart law). 
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Furthermore, components such as capacitors, diodes, transistors and resistors employed outside the 
RF circuitry (e.g., in the biasing) must be rated at least according to the voltage applied in the worst-
case scenario. 

4.1.2 Current Ratings of Components 
Components must similarly be operated within their current ratings. In particular, power supply 
components such as regulators, current sources, etc. must be operated within their current limits. Even 
if the power can be handled, internal electro-migration effects might impair their long-term performance. 

Passive components like capacitors also have a limited current carrying capacity which is analyzed 
analogously to their voltage handling capabilities. 

4.1.3 Power Ratings of Components 
In addition to limited current and voltage capabilities, all components can only dissipate a limited amount 
of power. This amount further depends on the thermal grounding (cooling) that is provided. Typically, 
these properties are expressed in terms of a maximum operating temperature in the device and thermal 
heat conduction out of the device. In a linear approximation, the temperature of a device that is cooled 
through a heat conductor given by 

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 𝛥𝛥𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑐𝑐 = 𝛩𝛩𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑 , II.2 

where T is the temperature of the device and the cooler, P is the dissipated power in the device at the 
top of the cascade and Θ is the thermal conductance of the thermal bridge that is considered (Figure 
4). 

Using Equation (II.2), the temperature estimation can be cascaded up to device internal parts that can 
typically not be accessed using thermometers or thermographs. Note however, that the assumption is 
based on the ambient temperature of the device that is typical inside the housing. This temperature 
must ultimately be verified by measurement. 

The dissipated power in the device is generally calculated as the difference of power that goes into the 
device and the power that it re-emits. For most linear, two-terminal devices, the dissipated power can 
be estimated by the current × voltage product at its terminals. 

 

Figure 4: Thermal heat conduction diagram. 

Heat dissipation from blocking circuits and preamplifiers can produce significant heat that can increase 
the surface temperature of a coil’s housing (see Surface Temperature Limits). The estimated heat 
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dissipation in active and passive detuning circuits and other coil components (such as preamplifiers) 
can be estimated before testing a coil on the scanner [24]. 

4.2 Validation and Testing Methods 
An important concern regarding the voltage rating is the RF voltage induced by high power RF pulses 
which might induce arcing or breakdown of dielectric insulations. The resulting discharges pose risks to 
the subject and the coil as well as to other components of the system that can be irreversibly damaged. 
Therefore, the voltage handling capabilities must be tested by exposing the device (transmitter or 
receiver) to at least the maximum rated peak power or B1, respectively (Figure 5). It is advised to consult 
the vendor’s recommendations on the (excess) power for testing since this is related to available power 
and the safety measures/concept implemented on the MRI platform. In the case of a transmitter to be 
tested, the power is sent to the port; in the case of a receiver, the surrounding transmitter must be set 
to produce the maximum peak B1 possible. Ideally a triangular pulse is played out reaching to the peak 
power (Figure 6). Amplitude linearity and break-downs can then be directly assessed on the response 
curve. Alternatively, a series of block pulses with increasing amplitudes can be employed. A pick-up 
loop is placed inside the coil and its output is recorded using an oscilloscope or a spectrum analyzer 
with time domain demodulation function (Figure 5). 

 

 

Figure 5: Setups for RF power withstanding tests, a) for devices (e.g., receive-only coils) that 
are not connected to the transmit chain, and b) for devices that are. 
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To test the linearity of the system the RF pulse is recorded with an RF-capable oscilloscope or spectrum 
analyzer with time-domain demodulation function. For receiver coils and other devices the 
measurement input is captured using a pick-up loop, while for transmit coils, the measurement input is 
obtained using a directional coupler in the transmit chain (see Figure 5). The baseline linearity and 
stability of the RF transmission chain should first be measured without the device under test (DUT) 
present in the bore or the transmission chain. 

With the DUT present, the amplitude of the signal from the pick-up coil or directional coupler ideally 
follows the exact envelope of the applied test pulse without compression and remains stable over many 
repetitions. If the signal is compressed significantly, the biasing voltages of the active detuning circuits 
may be insufficient. Jagged, spiking or unstable traces are a suggestive sign for arcing or voltage 
breakthrough in the coils. The test should be aborted to avoid damaging components and the RF 
transmission chain: such a device cannot be put into service. Arcing can also be located visually by 
spotting its corona or signs of burns around or on the components following the test. It is worth noting 
that operating under such conditions can endanger the device by generating excessive voltage and 
current transients as well as heating. Furthermore, broadband signals can be produced which can 
bypass protective circuits of the system. The insulation of devices exposed to such arcing events can 
be irreversibly damaged. As a consequence, the affected device no longer meets its specifications and 
should be replaced. The test should be performed over an extended amount of time (e.g., 20 min) to 
account for thermal- and wear-induced insulation failures. 

 

Figure 6: Amplitude traces of signals acquired during a voltage handling test. Green is the ideal 
response to a high power triangular pulse. Orange shows a typical compression behavior. Red 
indicates severe arcing. 

Power rating of components and devices is typically validated by ensuring operation in a safe range of 
temperatures. For this, the device is first operated for 20 min without application of external RF pulses. 
In this time the local temperature of the critical devices is monitored (see MR-compatible Temperature 
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Probes). Thereafter, the device is exposed to full RF transmit duty cycle for another 20 min after which 
the temperature is measured again. 

The temperature can thereby be measured using thermographs if the covers can be removed quickly 
enough. Otherwise, local sensors that do not interfere with the RF fields (e.g., optical or high impedance 
thermo-probes) can be employed (see MR-compatible Temperature Probes). 

It must be emphasized that the measured surface temperature must be low enough to ensure a safe 
internal temperature of the device (see Internal Temperature Limits). 

4.3 Validation Through Electromagnetic Simulations 
Electromagnetic simulations (see §II.C) are important in the final validation of the proper operation of 
the RF coil and are used to evaluate location and tissue-specific RF power deposition. By comparing 
the simulated B1 maps - ideally under consideration of the measured losses in the cables, power 
splitters, and all the components before the coil ports in the simulations - with the experimentally 
acquired B1 maps, proper operation of all the coil components, particularly the decoupling circuits of the 
receive insert and the tuning and matching of the transmit coil as well as all the components in the 
transmit path can be assured. 

It is recommended that the comparison between simulations and experimental data be performed in a 
phantom and that the exact phantom geometry and material properties be carefully measured. Specific 
details on simulations and validation are provided in §II.C. 

4.4 Setting Safe Operational Limits: Coil Files 
Many vendors allow for coil-specific files to be created that include relevant safety information for the 
applicable coil. Once the hardware power operational limits are determined by the components of the 
coil, bench tests, and the tests in the scanner, these limits should be programmed (with conservative 
Safety Margins) into the coil files in the MRI scanner. The format of the files is vendor-specific and 
usually includes short- and long-term power limits that can be applied to the coils. These limits are 
distinct from the Online SAR Supervision thresholds and are specific to protect the hardware from high 
power exposure. Where applicable, the correct biasing scheme (polarity) of PIN diodes should also be 
included in the coil file to ensure correct operation during both transmission and reception. It should 
also be verified by a specific test that the system correctly recognizes the coil, and that appropriate 
errors are generated if an incompatible configuration (e.g., only one connector is mated in a coil that 
requires multiple connections, or incompatible coils are plugged in simultaneously) is detected. Vendor 
guidelines, when applicable, should be followed to determine required parameters for the coil file and 
other files and settings that control coil combinations and exclusions. When coil files are written, their 
correct usage should be described in the coil’s manual. 

5 SAR Exposure 
5.1 Requirements 
In no event may the subject be exposed to SAR levels that could cause tissue damage or burns. The 
global and local SAR exposure produced by transmitter coils for producing the RF excitation field is the 
topic of the RF Safety section (see also NEMA MS 10); however, in principle every conducting material 
can carry RF currents and hence must be considered (as do materials that support displacement 
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currents). A particular concern is the cabling connecting the coil and the behavior of receive arrays 
during transmit operation. This is because these components are typically not included in the field 
calculations and SAR estimations of the transmitter. The electronics must hence ensure that in no event, 
large RF currents can flow on these structures, since they could in turn alter the RF electromagnetic 
field of the transmitter and induce high SAR values in near-by tissue, including outside the volume of 
the transmitter. To counter these effects, cable currents are suppressed by RF traps and currents on 
receive coils are blocked by detuning circuits (see §II.B.5.3 below). 

These considerations apply to coils as well as other inserts and accessories that are used with 
increasing popularity, especially in research sites. Indeed, the transmit RF field is readily modified by 
the presence of devices such as high-permittivity dielectrics, metamaterials, EEG electrode caps, TMS 
coils, HIFU transducers, etc. The RF safety of operating such devices in the MR scanner can be 
analyzed by performing risk analysis, RF simulations and measurements, as well as introducing 
mitigations like RF traps where appropriate. Use tests and procedures appropriate to the specific device 
and situation. 

5.2 Coil Detuning 
Receive coils that are not active during the transmission phase must be detuned [25]–[28] by blocking 
the current on the coil conductor using a high impedance. This is typically achieved by introducing a 
parallel-resonant trap (tank circuit) in series with the current on the coil conductor [26]. This trap circuit 
can be actively switched (by controlling the DC terminal voltages of a PIN diode, transistor, or MEMS 
switch) ON (in resonance) and OFF (non-resonant). Typically, this circuit is combined with a capacitor 
on the coil (for tuning) or its matching circuit (Figure 7). Reference [29] provides guidelines on the 
required blocking impedance (at 64 MHz) as a function of the surface area enclosed by the coil element. 
The impedance required at other frequencies can be extrapolated by accounting for the frequency 
dependence of Faraday induction. 

If the circumferential length of the coil is significant with respect to a quarter of a wavelength, multiple 
traps may need to be distributed around the coil. 

Coil detuning is an important example of the need to ensure there are at least two independent 
mechanisms for detuning of the coil and that the failure of the primary must be detectable (see Single 
Fault Safety and Basic Design Considerations). 

A typical implementation (Figure 7) employs a low-voltage driven active detuning. To detect the failure 
of the primary PIN diode, the forward current and the reverse voltage are monitored. As a fallback 
measure, a passive detuning circuit is employed [26], [27]. The diode pair switches on if the voltage 
across their terminals is high enough. Relatively fast acting PIN diodes, or a combination of PIN and 
Schottky diodes, can be used here. 

Alternatively, the secondary detuning can be established by employing a fuse [30]. Since the fuse is not 
reversible, a failure of the primary circuit, leading to the destruction of the fuse, will be detected by an 
impaired coil sensitivity (low SNR and/or distorted pattern); hence, monitoring the diodes in the first 
circuit directly is not required. Note that the fuse must burn at a low enough RF current while also being 
able to withstand the voltage across its terminals (typically the same as derived in the Voltage Ratings 
of Components section above). Otherwise the fuse might not blow or be shorted again by an arc. 
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It is recommended that the tuning of both the transmit and receive coil, with and without activating the 
detuning circuits, be recorded using a network analyzer. Changes in tuning can be evaluated throughout 
the testing period of the coil to verify the integrity of the circuits. 

 

Figure 7: Two frequently employed low-voltage detuning topologies, including example 
placements of the VNA pickup probes and measured S12 response curve. The blue and green 
areas mark the circuit meshes that form a parallel resonance during transmission, whose high 
impedance blocks the current in the coil. 
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5.2.1 Validation and Testing Methods 
5.2.1.1 Bench Testing 
The effectiveness of the detuning is tested by measuring the current that can be coupled into the coil 
conductor [30]–[32]. For this, two pick-up loops are used, one to transmit and one to receive (Figure 7). 
The coupling between the two loops is measured using a VNA and it should only be minimally altered 
by the presence of the coil. Ideally, the two pick-up loops are decoupled from each other in free space, 
either by adjusting their overlap or by making them small and physically separated. Then the pick-up 
loops are brought close to the coil and the coupling is measured. A trace similar to that depicted in 
Figure 7 indicates that almost no current flows at the frequency of operation. 

Passive detuning circuits can be tested similarly by temporarily shorting the crossed diodes. 

5.2.1.2 Scanner Testing 
On the scanner the detuning is tested by validating that the distribution and uniformity of the excitation 
are not significantly altered by the receive coil. For this an image or 𝐵𝐵1

+ map of a low conductivity and 
dielectric phantom (e.g., oil) filling the subject space is acquired using the volume transmitter as a 
transceiver. This measurement is repeated with the coil under test present and compared to the 𝐵𝐵1

+ 
map obtained in absence of the coil. There should be minimal differences between the two maps (see 
[29]). In addition to altering the excitation field, ineffective detuning of the receive coil can also cause a 
large change in the RF power or voltage required to produce a given flip angle. This value should 
therefore be recorded with and without the coil under test. 

Ineffective detuning can likewise result in local heating of receive-coil components. Methods for 
determining surface temperature rises during scanning and their respective limits are described in 
Surface Temperature Limits in §II.A. Local temperatures should be measured with infrared 
thermography to ensure significant heating of components has not occurred. Thermocouples or other 
local sensors can alternatively be used to assess the temperature rise at predetermined positions. 
Detailed methods for characterizing RF coil heating are described in NEMA MS 14. 

5.3 Cable Current Protection: Padding, Cable Traps and Chokes 
Cables, coaxial RF lines, DC supply or control signal lines, can carry substantial, unwanted RF currents 
as common modes or so-called sheath waves (Figure 8) [8], [31]–[35]. Coil imbalance or exposure to 
the field of the transmitter is a typical cause of common-mode currents for single-channel transmitters. 
Common-mode coupling from another transmitter port, typically originating from potential differences 
between the grounds, as in quadrature birdcage coils and transmit arrays, can also cause common-
mode RF currents to flow on the electrical cabling. The cabling of receiver arrays can pick up high RF 
currents as a result of the high electric fields produced by the transmitter. These electric currents need 
to be suppressed to guarantee a stable and safe operation [31], [32]. Furthermore, the subject needs 
to be protected against the strong SAR and associated burns that can be caused by currents flowing 
on conductors or cables routed near to, or in contact with the subject [8], [36]. Strong capacitive coupling 
between cables and subject is a well-known cause of MRI injuries and can be avoided, e.g., by placing 
them farther than ~1 cm from the subject through appropriate routing, or by covering the cable with 
foam padding when that distance cannot be guaranteed by other means. 
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Figure 8: Schematic of common mode currents. A coaxial cable or signal lines can carry two 
spatial modes. The balanced mode in which the inflowing current on one conductor equals the 
outflowing on the other (blue arrows). There is no net current flowing through sectional planes 
of the cable (dashed rectangle). In contrast, the common mode or sheath waves (red arrows) 
have a return current path outside the cable (including through the subject). Consequently, 
there is a net current flowing through the sectional test plane and also a corresponding 
magnetic field (red circles) outside the cable. 

Common-mode currents can be suppressed by introducing high impedance sections for RF currents 
[37]. For supply and low-speed signal lines (frequency<<f0) choke inductors can be employed (e.g., 
Figure 9.5). Their inductance generates a net high impedance for high frequencies: 

|𝑍𝑍| = 𝜔𝜔𝜔𝜔. II.3 

For most efficient implementation, RF chokes are chosen that have a self-resonant frequency close to 
the RF frequency, maximizing the net impedance to RF currents. 

On high-frequency lines, the common modes are blocked by using the field external to the cable to 
induce a high impedance. These “RF traps” or “cable traps” offer narrowband blocking abilities [18], [38] 
and take advantage of the fact that the balanced modes do not have strong fields outside the cable, so 
they are essentially unaffected in contrast to the common mode currents. Cable traps are ubiquitous in 
commercial RF coils and are a necessity in most custom RF hardware, including both transmit and 
receive coils. The required inductance, 𝜔𝜔, can be created by coiling the coaxial cable, then forming a 
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parallel resonance by connecting a capacitor (Figure 9.1). The blocking impedance can be expressed 
as 

|𝑍𝑍| = 𝑄𝑄𝜔𝜔𝜔𝜔, II.4 

where Q is the quality factor of the resonance. In this type of trap the resonator is galvanically coupled 
to the cable [18], [31], [32]. Since the resonant circuit can also pick-up external fields, the coiling is often 
arranged to suppress the generation of external fields, i.e., in a figure 8 or a toroidal configuration. 
Shielding can also be employed to reduce the coupling of the trap to the transmitter field. 

Sleeve or bazooka traps (Figure 9.2) [18], [38] offer very good shielding properties. However, because 
of the low inductance and very high Q they are relatively narrow band and therefore must be tuned with 
care. 

A third type of traps relies on inductive coupling to a tank circuit. These traps are most often employed 
to block current on multi-conductor cables. These floating traps can be realized either by coiling an 
outer shield or sleeve of the cable (Figure 9.3) [39], or by surrounding the cable by a resonant cylinder 
(Figure 9.4) [39]. Note that current flowing differentially on lines within the shield are not suppressed in 
this configuration. 

Cable traps are typically placed at the connection port(s) of the coil and in regions where high shield 
currents may exist (for example, in regions exposed to high electric fields). Cable traps should be placed 
at regular intervals (typically between l/10 and l/20) along cables exposed to the transmit field. 

Another important consideration is the required voltage handling of the trap. In principle, the voltage 
across an effective trap is the line integral of the maximum electric field along the cable, which can 
exceed several kV in many cases. 

For multi-tuned coils, cable traps are required to block common-mode currents at each frequency of 
interest [40], [41]. 

Finally, it should be verified that appropriate isolation and creepage distances (see §8.9 of IEC 60601-
1) between conductors that are on opposite sides of an insulating barrier are maintained, and that no 
solder, flux, or other foreign materials can ignite or cause arcing are present. 
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Figure 9: Basic topologies of cable-current suppression units. Implementations are shown on 
the left with their schematic representation on the right. Top row shows implementations of a 
parallel-resonant circuit on a (coaxial) RF line (A). These circuits can be implemented by coiling 
the cable and resonating it with a parallel capacitor (1). Bazooka balun (2). Floating sleeve coil 
trap (3), floating pod trap (4), RF choke mainly employed for DC and low-speed signal lines 
(5). 
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5.3.1 Validation and Testing Methods 
5.3.1.1 Bench Testing 
Practical coil implementations involve many cables with unknown coupling between them and other 
structures; therefore, the placement [31], [32], [37] and tuning [42] of cable traps represents a difficult 
task. To reduce coupling of RF power to cabling, it is recommended that cables be routed in regions of 
low electric fields and cable traps be placed in cable locations that are exposed to the highest electric 
field. The tuning and efficiency of cable traps can be evaluated by using either small, well balanced 
pick-up loops to scan along the cables, or by using current probes on either side of the cable trap [31], 
[32]. The dip in transmission induced by the traps when exposing the coil to an external field or driving 
its port should be clearly visible [31], [32]. 

An indication of severe cable currents can also be gained if the scattering parameters of the coil are 
unstable with respect to touching and rearranging the cables. 

5.3.1.2 Scanner Testing 
The RF signal distortion (B1) induced by the cable is measured by placing the cables next to a phantom 
and imaging with a B1-sensitive sequence. Strong cable currents will show distortions near the location 
of the cable, while these distortions will be absent without the cables. 

Alternatively, the cables can be scanned with a highly isolated pick-up loop connected to a power meter 
while the scanner runs a low power sequence. 

Heating of cable traps may occur during the application of a high-power sequence; therefore, the 
temperature of cable traps should be measured following a 20-minute acquisition at maximum SAR 
levels, as described in §4.2. Ineffective cable traps may result in heating of cabling; therefore, the 
temperature of cabling should likewise be assessed. Additional padding may be required if there is 
heating of cables that are in close proximity to the subject. 

5.4 Disconnected Coils and Accessories 
A possible single-fault failure mode is to have unconnected or partially-connected coils or arrays 
(receive-only, as well as transmit), resulting in multiple hazards. In some cases, vendors may monitor 
for unconnected coils (e.g., by detecting conditions in the transmit chain such as detuning, high power 
reflections, etc.), but this condition can be difficult to detect with certainty. Therefore incorporation of 
fail-safe circuits such as secondary detuning (i.e., using passively switched diodes or fuses as described 
in §II.B.5.2) may help mitigate the hazard in the event of an unconnected coil. Additional measures may 
be needed. 

The system vendor’s recommendations and testing procedures should be followed to design for, and 
evaluate the safety of a disconnected coil. NEMA MS 14 also provides guidance for evaluating the 
hazards due to unconnected or partially connected coils. In addition to local heating (SAR hot spots) in 
the subject, unconnected coils can cause heating of the coil itself. Worst-case heating of the coil and, 
ideally, the subject, should be measured when driving the coil with the maximum permissible power. 
The worst-case heating may likely, but not necessarily, occur with an unloaded coil, or one loaded with 
a light load. 

Additional hazards can result from adaptor cables or boxes that are often used in research sites to 
connect site-built coils. These devices have multiple interfaces that can potentially be disconnected 
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(e.g., system connection and one or more coil connections). It is prudent to analyze and test for all 
possible combinations of connected and disconnected interfaces. 

Similar methods can also be employed to analyze the effects of other inserts and accessories described 
in §II.B.5.1. 

6 Auxiliary Device Considerations 
6.1 Requirements for Medical Power Supplies 
The standard applicable in most countries, IEC 60601-1, introduces specific requirements for power 
supplies that are deployed in medical equipment. Note that, because it is considered an integral part of 
the system, the power supply cannot individually be given IEC 60601-1 compliance. If power supplies 
are required in addition to those already available on the scanner, attention must be paid to ensure that 
compliance is maintained. Besides EMI considerations, the key requirements for power supplies are 
isolation, as well as operator and patient protection. 

Isolation, creepage and air clearances must comply with the requirements of §8 of IEC 60601-1 (briefly 
summarized here in §2.2), including values listed in Tables 6, 12, and 13. These include requirements 
for single- and double-layer protections towards the operator (MOOP) and towards the patient (MOPP). 

The power supply rails provided by the coil connector of the scanner can be assumed to fulfil these 
requirements if the scanner is a licensed medical device. 

The isolation provided by the entire device towards the operator and patient (subject) remains relevant 
(see Common Means of Protection), and choosing the right supply can only be considered the first step. 
It must be considered that additional filters (e.g., to penetrate the system’s RF cage) and inline 
components alike can significantly alter isolation and other relevant safety parameters. 

In summary, a medical grade power supply (specifically, rated for type B applied parts if there is no 
intended electrical contact with the subject) should be used for powering devices that are used in, or 
connected to, the MRI scanner if its internal supplies are not sufficient. 
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The recommendations in this chapter address hazards caused by tissue heating due to exposure to the 
radiofrequency (RF) fields used in human MR examinations. The RF fields used for spin excitation 
inevitably create RF eddy currents in the human body which dissipate energy as heat, and the 
subsequent temperature increase can cause physiological stress and ultimately result in tissue damage. 
The regulations and techniques described in this chapter were developed to assist in minimizing the 
risk of thermal injury due to RF fields used in MR scanning. Thermal injury due to contact heat sources 
is discussed in §II.A.3. 

1 Regulations 
IEC 60601-2-33 is the internationally-recognised standard for regulating the safety of commercial MR 
equipment. Among the MR device standards currently recognised by the United States Food and Drug 
Administration (FDA Guidance 340), solely IEC 60601-2-33, which the FDA recognises in near-entirety, 
delineates RF safety requirements (see FDA Recognized Consensus Standards, FDA Guidance 793). 
Similarly, European Union’s EU Directive 2013/35 largely echoes the safety limits specified by IEC 
60601-2-33. The telecommunications world uses closely-related standards such as IEEE C95.1. 

IEC 60601-2-33 defines three “operating modes” depending on the ability of the scanner’s outputs (RF, 
gradient, and B0) to cause physiological stress to patients. In the normal operating mode, none of the 
outputs have a value that can cause physiological stress for healthy subjects. In the first level controlled 
operating mode, one or more outputs can reach a value that can cause physiological stress to patients 
and thus must be administered only under medical supervision. In the second level controlled operating 
mode, one or more outputs can reach a value that may cause a significant risk to patients, and thus 
ethics approval is explicitly required. The IEC standard therefore clearly assigns an increasing risk of 
injury to increasing scanner outputs. 

1.1 Tissue Temperature Limits 
Tissue temperature is directly related to tissue damage. Temperature limits established by IEC for 
different regions and operating modes are given in Table 7. 
  



 

ISMRM RF Hardware Recommendations II.C.3 2022-03-07 

Table 7: Limits for maximum body core temperature, maximum local tissue temperature, and 
maximum body core temperature elevation (from Table 201.104 of IEC 60601-2-33). 

 Maximal body core 
temperature in °C 

Maximal local tissue 
temperature in °C 

Maximal body core 
temperature elevation 

in °C 

Normal Operating 
Mode 39 39 0.5 

1st Level Controlled 
Operating Mode 40 40 1 

2nd Level Controlled 
Operating Mode > 40 > 40 > 1 

1.2 SAR Limits 
Because temperature is challenging to measure in real time over large enough areas of the anatomy, 
IEC 60601-2-33 specifies that compliance with the temperature limits may also be reached by limiting 
the specific absorption rate (SAR). However, because of the complex relationship between SAR and 
temperature, SAR limits are typically more conservative than the temperature limits. Limits for global 
and local (10-g average) SAR in W/kg are given in Table 8 for both volume and local coils. A volume 
transmit coil is one designed to produce a homogeneous field over a specific part of the anatomy (e.g., 
body, head, joint), while all others are considered local transmit coils. The limits are defined for an 
averaging period of 6 minutes. Over any 10-s period, the limits must not exceed two times the 6-minute 
average values. 

Table 8: Limits for global and localised SAR averaged over a time of 6 min (from Tables 
201.105 and 106 of IEC 60601-2-33). 

Operating mode Normal 1st Level Controlled 2nd Level Controlled 

Global SAR (W/kg) Volume Transmit Coils 

Whole Body 2 4 > 4 

Partial Body * 2 - 10 4 - 10 > 4 - 10 

Head  3.2 3.2 > 3.2 

Local SAR (W/kg) Local Transmit Coils 

Head, Trunk  10 20 > 20 

Limbs 20 40 > 40 

* The partial body SAR limit is calculated by linearly interpolating between the maximum and minimum 
as a function of the ratio of the exposed patient mass (mass receiving 95% of the RF power) to the total 
mass (Figure AA.8 of IEC 60601-2-33). 
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1.3 Total Energy Limit 
While temperature and SAR limits are designed to prevent RF burns, the body must also dissipate the 
absorbed energy to maintain core body temperature within the normal range. Therefore, IEC 60601-2-
33 (Table 201.105) additionally specifies an upper limit of 14.4 kJ/kg (240 W∙min/kg) for the specific 
absorbed energy (SAE, also known as specific energy absorption or dose) during the whole 
examination. The SAE is obtained by integrating global SAR (i.e., for volume coils) over time for the 
duration of the whole scan session. For frequencies above 400 MHz the International Commission on 
Non-Ionizing Radiation Protection (ICNIRP) also restricts local (10-g) SAE (see ICNIRP EMF 
Guidelines). 

2 Numerical Modelling - Goals and Requirements 
The goal of numerical simulations for RF safety assessments is to predict the spatial distribution and 
temporal evolution of physical quantities like electromagnetic (EM) field amplitudes, power dissipation 
density, and temperature. Measuring such quantities in living tissue can be technically challenging, and 
therefore generating an accurate computer representation is very valuable. The results of such 
simulations can then be used to determine safe sequence parameters and Thresholds for SAR 
Supervision (i.e., RF power limits). 

To secure the predictive value of these numerical models, one evidently must include all relevant 
components and parameters of the physical configuration that affect the respective results, possibly 
accounting for residual uncertainties via Safety Margins. Most commercial simulation packages include 
CAD functionality to create accurate models of structures such as the RF probe and its surroundings, 
as well as the ability to import existing third-party 3D CAD files. Phantoms with dielectric properties 
similar to those of the body can provide a means for Experimental Validation of the numerical model of 
the RF probe through, e.g., 𝐵𝐵1

+ maps, field or temperature measurements. 

Detailed anatomical body models are then used to represent the in vivo scenario for a more realistic 
safety assessment. Based on these results, a maximum input power is then determined in case of a 
single channel system to satisfy the appropriate regulatory limits (i.e., IEC 60601-2-33). Appropriate 
settings (e.g., RF power limits and Thresholds for SAR Supervision) should then be applied on the MR 
system to ensure that SAR and temperature limits are not exceeded during in vivo scanning. 

The accuracy of the numerical results will ultimately depend on the specific properties of the simulated 
configuration, the sensitivity of the numerical result with respect to model parameters and 
simplifications, and solver settings such as resolution and convergence tolerance (see IEEE 1597.2). 
Example features incorporated in simulation models for MR-related simulations may include 

- Fine details of RF probe and mechanical housing; 

- Lumped-element circuit components, e.g., capacitors; 

- Cables, connectors, and cable traps (although in typical scenarios, when cable routing is outside 
the RF coil’s sensitive region, the inclusion of cable traps in the EM model of the RF coil is unnecessary); 

- Anatomical Body Models; 

- Large structures, e.g., the RF screen and space surrounding the magnet. 
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2.1 Electromagnetic Modelling of Hardware 
The simulation model should include a sufficiently accurate representation of the coil geometry including 
relevant conductors, lumped elements as well as feed structures and decoupling components. A 
reference plane or port(s) must be defined for all RF connections of the RF probe, from which point all 
components of the RF probe are to be included in the numerical model. Typically, the RF connection 
interface of the MR system is considered as a reference plane (which also makes the corresponding 
RF probe plug a convenient point to connect the probe to RF bench instrumentation), as most system 
manufacturers employ calibration procedures that compensate for attenuation and phase deviations 
between this point and the RF supervision hardware of the MR system. Alternatively, the attenuations 
and phase offsets can be determined experimentally, e.g., with  B1

+ Mapping measurements. 

In many cases, coaxial cables and additional hardware components that connect the RF probe to the 
RF connection interface, such as power splitters, transmit/receive switches, etc., do not need to be 
simulated in detail. However, their attenuations and phase shifts must be considered in the simulation 
model to avoid errors in the 3D field distributions. Further, the mechanical housing, patient table and 
their material properties may affect the electrical characteristics of the RF probe and may therefore 
need to be included. 

The RF field distribution may also be affected by the RF screen or shield which lines the inner surface 
of the MR bore. In particular, for ultra-high-field (UHF) configurations with radiating probe elements, 
e.g., antenna topologies, the RF wavelength becomes comparable to the dimensions of the MR bore, 
which may cause its RF screen to act as a waveguide for RF waves propagating through the bore [43]. 
Orzada et al. simulated a 32-channel body coil for 7T, where they show high E-field exposure outside 
of the region of the body coil [44]. In this case, a model which includes the full RF shield and the full 
body model is necessary to account for wave propagation. Propagating RF waves can also deposit RF 
power in areas of the anatomy remote from the coil elements [45]. 

Conversely, in many scenarios, e.g., when dealing with shielded coils or local transmit coils, it is not 
necessary to include the whole MR bore, which is desirable to limit the computational resources required 
to perform the simulation. However, the validity of such model simplifications should be demonstrated 
either through additional simulations or through other validation procedures (c.f. §II.C.4). 

A suitable reference phantom that produces electrical loading conditions similar to those imposed by 
the human body is essential to evaluate the RF probe performance. For this purpose, phantoms with 
minimal geometrical complexity but known electrical and thermal parameters can be used for validation 
steps. It is imperative that the physical spacing between the transmit coil and the dielectric load is 
modelled accurately to represent the actual set up. Detailed requirements for phantoms are presented 
in §II.C.4.1. Anatomical body models for safety assessments are presented in §II.C.2.2. 

2.1.1 Considerations for Single Channel Transmit (sTx) Systems 
sTx systems are driven by a single signal which can be modulated in amplitude. sTx RF probes can 
consist of either a single probe element or multiple probe elements driven by fixed relative phases and 
amplitudes. sTx systems can include traditional linear or quadrature probes, as well as combinations of 
multiple probe elements connected to a single excitation source through a fixed power distribution 
network. In all such cases, SAR is proportional to the total power accepted by the feed port (forward 
minus reflected power). In the quadrature and multi-element cases, the coupling, power attenuation, 
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and phase shifts between the elements should be incorporated into the model, as well as the effects of 
feeding and decoupling networks (e.g., coaxial cables, power splitters, capacitors, or inductors). 

2.1.2 Considerations for Multichannel Transmit Systems (pTx) 
Parallel transmit (pTx) systems transmit with multiple independent channels via an array of RF probes 
which allow a time-varying amplitude and phase on each channel. Thus, in multichannel transmit 
systems, SAR will be a function of the superposition of complex (real and imaginary) RF voltages, i.e., 
amplitude and phase, applied to individual array elements. In contrast to sTx probes, simulations for 
pTx probe arrays require individual excitations with multiple sources. The simulation must be carried 
out with all probe elements present. Decoupling networks need to be considered as described in 
§II.C.4.4. 

2.1.3 Considerations for Receive-only Probes 
Independent receive-only probe arrays are commonly employed instead of volume coils to improve 
image quality and shorten scan time. Although receive-only probe elements are typically detuned during 
RF transmission to electrically isolate them from the transmitting RF probe, local alterations in the 
transmit RF field and therefore local SAR can still be induced even in well-engineered implementations 
[46]. Detuning performance can be measured on the bench, e.g., with scattering parameter 
measurements on a network analyser [17], [30]; varying degrees of coupling can be added to the 
simulation model through techniques such as circuit co-simulation [47]. Because fine structures such 
as detuning circuits significantly increase the simulation effort, it is possible to replace them with an 
open-circuit [48] or high-impedance port [46]. If not including receive-only probes in the transmitting 
probe model, it should be proven experimentally that their influence is negligible, or appropriate Safety 
Margins should be incorporated to account for their omission. Global coupling effects can also be 
quantified experimentally by measuring the additional power required to achieve a nominal flip angle 
(e.g., 90°) in presence of the receive array relative to the power required with the transmit probe alone 
(see §II.B.5.2). 

2.1.4 Considerations for Multinuclear Probes 
Transmit probes that operate at two or more frequencies, known as multinuclear coils, are employed 
for non-proton MRI and MR spectroscopy (MRS) research applications, e.g., phosphorus-31 (31P) MRS, 
carbon-13 (13C) MRS, sodium (23Na) MRI, and xenon-129 (129Xe). Frequently, these coils maintain 
proton (1H) functionality as well to allow basic scout imaging and B0 shimming, and to deliver signal 
enhancement via techniques such as nuclear Overhauser effect and proton decoupling. Safety 
assessments must be performed for all frequencies utilised. Accordingly, all modelling and phantom 
experiments recommended for typical proton transmit coils must be performed for all transmit 
frequencies/nuclei. An illustrative example of modelling a dual-tuned 1H/31P 3 T TEM coil is available in 
[49]. Ultimately, the resulting SAR-limiting safety parameters for each transmit frequency must be 
entered into the scanner console software to ensure subject safety. 

Particular attention is advised for coils with considerable EM coupling between proton and multinuclear 
transmit elements. Many in-vivo multinuclear studies rely on geometric decoupling or mode 
orthogonality to isolate the proton and multinuclear probes, circumventing the need for decoupling 
circuitry (e.g., [50]); however, non-standard probe configurations may require trap circuits to be inserted 
on the lower-frequency element  [41], [51]. A representative (e.g., lumped-circuit) model of the trap can 
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be incorporated in the EM model to accurately simulate inter-frequency decoupling performance [52]. 
Additionally, dissipation within the trap circuit can produce considerable temperature increases, which 
should be characterised experimentally (see §II.B). 

2.1.5 Miscellaneous Devices 
Miscellaneous devices and accessories may be situated in the MR probe environment, particularly in 
research settings. Such devices, including dielectric pads, metamaterial structures, EEG electrode 
caps, TMS coils, HIFU transducers, etc., may alter the RF field and therefore local SAR. Owing to the 
diverse number of possible configurations, considerations specific to electromagnetic modelling of 
miscellaneous devices cannot be listed in detail here. Similar to RF devices, simulations should include 
an appropriate level of detail. Procedures and standards suitable to the specific device and situation 
may be available elsewhere (e.g., the manufacturer). 

2.2 Body Models 
A numerical body model is a critical component of the RF simulation to obtain realistic SAR and tissue 
temperature distributions. Body models are discussed in Annex D.6 of IEEE C95.3 as well as in the 
following sections. 

2.2.1 Heterogeneous Models 
At present, heterogeneous anatomical body models are available in a voxel-based and surface-based 
form. Surface-based models are free of staircasing errors intrinsic to voxelised models and can be 
converted into voxel-based representations. 

Simulations should be performed for a variety of anatomical body models covering a suitable range of 
body physiques to achieve generalizable results. A statistical assessment of the intersubject variability 
can then demonstrate safety in a sufficient variety of subjects. If several positions of the body relative 
to the coil are possible, multiple simulations can be performed to assess the sensitivity of SAR with 
respect to body position. Examples of such studies can be found in the literature [53], [54], where a 
Safety Margins of 1.5 was suggested to account for local SAR intersubject variability in pTx head 
imaging at 7T. 

The resolution required for spatial discretisation of the body model depends on the frequency of 
operation and a higher spatial resolution can be required for higher frequencies, to account for 
interaction of fine anatomical structures with the RF field at shorter wavelengths. For field strengths up 
to 3 T, a spatial resolution of 5 mm has been shown to be suitable for local SAR assessments [55], [56], 
whereas for higher field strengths a higher spatial resolution is generally recommended. The frequency 
dependence of electrical material parameters (dispersion) should also be taken into consideration by 
selecting the parameters appropriate for the RF frequency [57], or frequencies, in the case of 
multinuclear probes (see §II.C.2.1.4). 

Heterogeneous body models are widely available through various resources, such as, the Virtual Family 
dataset [58] and the Visible Human Project [59] from which the AustinMan and AustinWoman Models 
were developed [60]. Typically, these models have been constructed in supine body position. Some 
software tools allow modifying the body posture to match the actual situation better, which can also 
serve to assess SAR variability with respect to body posture  [54]. Further customisation may involve 
including configuration-specific and even subject-specific anatomical features [61]–[63]. Fully 
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customised body models can be generated from segmented MR images acquired at 1.5 or 3 T for the 
large usable FOV, optionally including the mechanical housing of the RF probe for better 
correspondence of the anatomical geometry. A suitable MR protocol for whole-body models is 
presented in [58] and [56] and a protocol specifically for head models with high tissue count in the brain 
in [64]. 

2.2.2 Simplified Models 
Including the entire anatomical body model into the computational domain is not always necessary, and 
a truncated version of the body model can substantially reduce the computational cost of the analysis. 
As a general “rule of thumb”, the body model should extend sufficiently beyond the active region of the 
RF probe to prevent truncation effects on the RF field distribution (e.g., for a head coil at 7 T, a model 
that consists of only the head and shoulders can provide sufficiently accurate results [65]). Furthermore, 
a coarser spatial resolution may be considered in remote areas of the body outside the active region of 
the RF probe. However, as with the aforementioned computational domain considerations, best 
practices recommend demonstrating that the results are not affected by modelling simplifications, e.g., 
by performing a separate convergence analysis [66]. For example, one may examine the effects of 
modelling simplifications using the flowchart illustrated in Figure 10. 

 

Figure 10: Example flowchart illustrating RF coil simulation strategy for analysing validity of 
common modelling simplifications. 



 

ISMRM RF Hardware Recommendations II.C.9 2022-03-07 

For simulations that focus on a specific body part only (for example head-only), it can be computationally 
more efficient to simulate a truncated body model which includes only the region of interest. However, 
if the truncation is done at locations where strong RF fields are present, the EM-field distribution can be 
distorted. Wolf et al. compared simulations for a head-only coil using a full body model, a model 
truncated below the shoulders and a model truncated above the shoulders [65]. They demonstrated 
that for head-only coils, the neck and shoulders need to be included in the model to retain the same 
EM-distributions as for the full body model. Based on these results, they conclude that how far the 
model needs to be extended beyond the coil depends on the size of the coil and its radiation behaviour 
(which also depends on frequency). Additionally, a criterion is suggested to ensure that global SAR of 
the full and the truncated model are within a given difference or ratio. 

The calculation accuracy depends on several factors, e.g., the frequency, the transmit excitation mode, 
the model’s resolution, and the number of tissue classes. No one set of factors will be sufficient for all 
cases. As an example, Homann et al. found that a resolution of 5 mm and a distinction between fatty 
tissues, water-rich tissue and the lungs are sufficient for 3T body imaging. A comparison of fully-detailed 
body models with simplified muscle-lung-fat versions resulted in peak local SAR values that were within 
8% agreement for an 8-channel transmit array driven in quadrature mode [56]. Yet in another study, 
Yetişir et al. found that reducing pregnant body models from 25 to 8 tissues (muscle, fat, lung, placenta, 
amniotic fluid, umbilical cord, foetal brain, and foetal body) caused a change in peak local SAR of 23% 
for pTx and 12% for birdcage mode excitation (Figure 11), and the location of peak local SAR across 
models changed more often for pTx [67]. These examples highlight that body model detail should be 
analysed and adapted for each study, and necessary Safety Margins to account for any simplifications 
should be incorporated into the overall safety margin. 

 

Figure 11: Location of maternal peak local SAR for 30 random RF shim settings for which 
muscle-lung-fat (MLF) models underestimated the SAR of fully detailed models (blue dots) 
overlaid on top of the maximum intensity projection of the local SAR map for birdcage mode 
excitation (peak local SAR of birdcage mode: black +). For BCH1, BCH2 and BCH4; 30, 16(all) 
and 30 random RF shim settings for which MLF models overestimated SAR are also included 
(blue triangles). In BCH4, overestimation usually occurs when peak local SAR is in the arms. 

Homogeneous body models and phantoms do not provide realistic information and are typically not 
reliable for local SAR calculations. Nevertheless, homogeneous models could be utilised in cases where 



 

ISMRM RF Hardware Recommendations II.C.10 2022-03-07 

only global SAR is of interest, by ensuring that the total power deposited in the homogeneous model is 
equal to the power deposited in a corresponding anatomical model. Simplified homogeneous phantoms 
may also be applicable in well-defined scenarios of local exposure such as near implants (see ASTM 
F2182), or at the body surface near local transmit coils, which typically produce the highest SAR in 
superficial tissues. 

3 Computation of RF Field and Temperature Distribution 
Numerical solvers are applied to calculate field distributions, specific absorption rate (SAR), tissue 
temperature and thermal dose from a numerical model representing the physical set up. At present, 
these quantities cannot be measured non-invasively and accurately in vivo. Thus, numerical simulations 
are the only means to estimate field and temperature distributions in the anatomy to allow for an RF 
safety assessment. 

The following section explains the key requirements on the functionality of numerical simulation tools in 
the area of RF safety in MRI. These functions can be achieved by both commercial and self-developed 
software packages. An overview of commercially available implementations is given in [2], [68]. In case 
of self-developed software, additional verification and validation steps are recommended to ensure 
accuracy. 

3.1 Electromagnetic Field Solver 
Electromagnetic field solvers are applied to solve the full set of Maxwell equations in a 3D numerical 
domain. Various types of EM solvers can be used to calculate the 3D field distribution in the simulation 
domain. At present, the most commonly used numerical solvers in the field of simulations for MR use 
are the finite-difference time-domain (FDTD) method [69], [70], finite integration technique (FIT) [71] or 
the finite element method (FEM) [72].Please note that this section does not aim to provide a 
comprehensive, detailed discussion and comparison of computational techniques; for more information, 
refer to the references provided, Annex B of IEEE 1597.2, Annex D.6 of IEEE C95.3, or others in the 
extensive computational electromagnetics literature. 

To solve Maxwell’s equations, a discretisation of the simulation domain is necessary, which requires a 
trade-off between accuracy and computational cost. FDTD and FIT are typically used with regular 
hexahedral, rectangular meshes that discretise the entire domain into volume elements (voxels). In the 
simplest implementation, the discretisation assigns a single material to each voxel, which for curved or 
angled structures results in a staircase approximation of the geometry and corresponding errors in the 
EM field solution. Increasing the spatial resolution can reduce such errors at the cost of a larger the 
number of voxels and, thus, memory demand and computation time. State-of-the-art FDTD and FIT 
software employs rectangular meshes with anisotropic spatial resolution as well as conformal meshes. 
The spatial discretisation chosen for a given problem must allow the inclusion of the geometrical details 
necessary to achieve the desired solution accuracy. When the accuracy is dominated by wavelength 
effects, such as modal distributions, it is generally considered sufficient to limit the maximum length of 
the voxel edges to one tenth of the smallest wavelength of interest [73]. In local SAR assessments 
involving anatomical structures, however, less than one twentieth of the wavelength is more 
appropriate. Specific rationale may depend on the body region and can be established by performing a 
stability analysis. FDTD and FIT are defined in the time domain and therefore excitation signals can be 
arbitrary. Frequency-domain results, useful to identify the resonant modes and coil tuning, are obtained 
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by applying a discrete Fourier transform to the time-domain signal. The memory demand of FDTD and 
FIT scales approximately linearly with the number of mesh cells, and simulation execution can often be 
performed by GPU resources, facilitating their use for large-scale problems [66]. 

FEM is commonly used with an irregular tetrahedral mesh, which offers greater flexibility and accuracy 
to model curved structures and fine details compared to the rectangular meshes used in FDTD and FIT. 
As with FDTD and FIT, the entire computational domain needs to be discretised, but, because the cell 
size is readily adapted to the dimensions of the features in the model, FEM typically requires a smaller 
number of tetrahedral cells compared to the number of FDTD voxels for the same structure. The FEM 
algorithm is also well-suited for resonant structures because it is formulated in the frequency domain. 
However, memory usage of FEM is significantly higher compared to FDTD when incorporating detailed 
human models, restricting FEM to problems of smaller dimensions or reduced details [66]. 

Other solvers can be used only to a limited extent. E.g., surface-based methods such as those based 
on the method-of-moments can be used for homogeneous phantoms but suffer from prohibitive 
computational costs when heterogeneous body models are considered. Nonetheless, surface-based 
solvers can prove useful to model and validate an RF probe model adjacent to a homogeneous 
phantom, and results from surface-based solvers can also be used to corroborate those of FDTD, FIT, 
and FEM [74]. 

Numerical accuracy requires an appropriate choice of simulation parameters, including mesh density, 
convergence criteria and boundary conditions [75], [76]. Simulation stability and accuracy can be 
checked by performing a power budget, i.e.,  comparing the total power entering the computational 
domain (forward minus reflected power) to the sum of the dissipated and radiated power. 

3.1.1 Boundaries 
RF simulations done with the FDTD or FEM method can require large amounts of memory to calculate 
the electromagnetic field at all points in the domain. To reduce the amount of memory needed, both the 
domain in which the model is simulated as well as the Body Models can be truncated (see also 
§II.C.2.2.2). 

Appropriate boundary conditions must be set at the surfaces surrounding the simulation domain (e.g., 
the scanner bore and two openings). Absorbing boundary conditions (ABCs) [77] are used to model 
free space behaviour. An implementation of ABCs that is often used in MRI is the perfectly matched 
layer [78], [79] in which incoming waves are fully absorbed at the boundaries. To model a domain that 
is surrounded by conducting materials, perfectly conducting boundary conditions can be set. Collins et 
al. used perfectly conducting boundary conditions to model the RF screen and cryostat for a 1.5T MRI 
system, and showed significant effects on SNR compared to a situation without RF screen and magnet 
casing present [80]. Then again, Collins et al. also showed the local coil RF shield meshing and design 
can significantly alter SAR distribution while only marginally affecting magnetic field amplitude within 
the coil [81], suggesting greater importance of the coil shield compared to the bore shield for inclusion 
in the simulation mesh. Supporting this conclusion, Wolf et al. included a large RF-shield (64 cm 
diameter) in a simulation model of a head-only coil with a local RF shield [65]; they showed that the 
presence of the large RF-shield had minor effects on the SAR distribution in the body and none on the 
field distribution inside the head coil. 



 

ISMRM RF Hardware Recommendations II.C.12 2022-03-07 

3.1.2 Essential Simulation Data and Post-processing 
Simulation tools should be able to determine, evaluate or export different parameters and quantities 
that are necessary for experimental validation steps. For example: 
● The component values (e.g., capacitances) necessary to tune the loaded coil to the Larmor 

frequency 
● Scattering parameters and frequency response 
● distributions of electric and magnetic fields, 𝐵𝐵1

+
, SAR, and temperature 

● For 𝐵𝐵1
+: note the circular polarisation for 𝐵𝐵1

+ and 𝐵𝐵1
− is dependent on the orientation of the static 

magnetic field. Both polarisations must be considered if the static field direction is unknown or if 
the coil is intended to be used in both head-first and feet-first scenarios 

● For Q-Matrix and VOP compression: electric field distributions produced by each transmit element 
in an array, as well as material properties within the body model 

3.2 Post-processing: SAR Averaging 
IEC 60601-2-33 defines local SAR as that “averaged over any 10 g of tissue of the body”. Simulations 
typically have a much finer spatial resolution and therefore post-processing (spatial averaging) is 
required to calculate this quantity to compare with the limits in Table 8. Spatial averaging of SAR has 
the purpose of approximating the effect of thermal diffusion, which in tissue is a complex function of 
thermal conductivity, tissue heterogeneity and perfusion. Various biophysical modelling studies have 
aimed to optimise the correlation between spatially averaged SAR and temperature distributions under 
steady-state exposure, effectively aiming to reproduce the relevant thermal diffusion length by a 
localised heat source in tissue [82]–[84]. Further rationale for the use of 10 g as an averaging mass was 
given by ICNIRP in 1996 [85] and IEEE C95.1, 2005 edition, in view of specific concerns about localised 
heating of the eye and other body parts with a similar mass. 

IEC/IEEE 62704-1 prescribes the algorithm that should be used to grow a cubic averaging volume 
containing the required tissue mass at each location within the body model, taking special care of 
locations where the averaging volume extends beyond the exterior surface of the body. At these 
locations, maximum averaged SAR values from nearby locations are propagated outwards instead of 
performing an average over a smaller mass of tissue. Although this approach can introduce errors, 
notably SAR overestimation at surfaces, which are less likely to correlate with temperature, it is 
considered a conservative approach for frequencies below 3 GHz (see IEEE C95.1). Since 
establishment of the IEC/IEEE 62704-1 standard, various research efforts have explored alternative 
procedures to further improve the spatial correlation between a SAR-derived metric and the temperature 
increase [86]–[90]. 

3.3 Thermal Simulations 
Thermal solvers aim to calculate temperature by solving the pertinent heat transfer equation in 3D with 
the non-averaged voxel-based SAR distribution as the heat-source. One advantage of temperature data 
is that it allows the application of Tissue Temperature Limits, which have direct physiological meaning, 
instead of the limits on applied SAR, which have an indirect effect. For head exposure, heating of the 
eyes is of particular importance (see [91]–[93] for details) because of the absence of blood flow in the 
vitreous humor. The second advantage of temperature is that unlike SAR, it can be measured directly, 
and therefore is very useful for Experimental Validation. 
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The solution of the heat transfer equation in combination with a homogeneous phantom can be used 
for model validation steps. For in-vivo safety assessments, the RF-induced temperature increase must 
also account for bio-heat transfer mechanisms such as thermoregulation. The most widely used bio-
heat transfer equation was proposed by Pennes [94]. This is an area of active research where it is 
challenging to provide specific recommendations [95]. The following sections introduce the basic 
concepts and some representative results. 

3.3.1 Diffusion Equation 
In presence of only diffusion, the increase in temperature, 𝛥𝛥 (𝑐𝑐), in a phantom is obtained by solving the 
heat diffusion equation with spatial power deposition, SAR(r), as the input, 

𝜌𝜌𝐶𝐶𝑑𝑑
𝜕𝜕𝛥𝛥
𝜕𝜕𝑑𝑑

= 𝛻𝛻 ∙ (𝑘𝑘𝛻𝛻𝛥𝛥 ) + 𝜌𝜌𝜌𝜌𝐴𝐴𝜌𝜌, II.5 

where 𝜌𝜌 is the mass density (kg/m3), 𝐶𝐶𝑑𝑑 is the specific heat capacity (J/kg/°C) and k the thermal 
conductivity (W/m/°C). During an MR imaging sequence, short RF pulses are typically pulsed 
periodically ) with inter-pulse intervals on the time scale of tens of milliseconds (see Appendix C.3). 
Because of the much longer thermal transfer times and low heat diffusivity, the SAR during a sequence 
can be conveniently averaged over the sequence repetition time and applied as a constant input in the 
thermal simulations [96], [97]. 

By including appropriate boundary conditions (e.g., Dirichlet, Neumann) and initial conditions, the heat 
diffusion equation can be solved analytically for simple geometries, while for complex geometries 
numerical solutions are required. Commercial software packages are available to solve this equation, 
as well as more complex versions like the Pennes’ Bioheat Equation. 

Different numerical methods exist to solve such problems but, given the low thermal diffusivity in tissues 
𝛼𝛼 = 𝑘𝑘/(𝜌𝜌𝐶𝐶𝑑𝑑), the Euler method has proved effective and simple. If 𝛥𝛥𝑛𝑛 is the absolute temperature at 
instant 𝑛𝑛, at the next instant it is: 

𝛥𝛥𝑛𝑛+1 = 𝛥𝛥𝑛𝑛 + 𝛼𝛼∆𝛥𝛥𝑛𝑛𝑑𝑑𝑑𝑑 + 𝜌𝜌𝐴𝐴𝜌𝜌
𝐶𝐶𝑑𝑑

𝑑𝑑𝑑𝑑, II.6 

where 𝑑𝑑𝑑𝑑 is the discretisation time step. The latter should be small enough given the spatial resolution 
to ensure numerical stability [98]. When a SAR calculation is to be validated, the initial slope of the 
measured temperature yields the SAR: 

𝜕𝜕𝛥𝛥
𝜕𝜕𝑑𝑑 �𝑑𝑑=0

= 𝜌𝜌𝐴𝐴𝜌𝜌
𝐶𝐶𝑑𝑑

. II.7 

Although the details of implementation of the boundary conditions do not play a significant role given 
the low diffusivity in tissues, it can still affect quantitatively the results near the boundaries.  

Figure 12 below presents an in vitro comparison of simulated temperature versus measured 
temperature with MR thermometry for an 8-channel pTx probe array, for 2 excitation modes at 7 T. The 
results highlight that SAR and heating patterns are highly dependent on excitation phases, and it is 
recommended that at least two such complementary patterns be implemented for validation. 
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Figure 12: Comparisons of simulated versus measured temperature rises in vitro at 7 T for an 
8-channel RF probe array. Two modes of excitation are presented. 

3.3.2 Pennes’ Bioheat Equation 
To simulate the evolution of tissue temperature for in vivo studies, the gold standard today remains 
Pennes’ bioheat transfer equation [94], ubiquitously used in the mobile phone industry [98]. In addition 
to diffusion (Eq. (II.5)), the bioheat equation incorporates additional terms for perfusion and metabolism: 

𝜌𝜌(𝑐𝑐)𝐶𝐶𝑑𝑑(𝑐𝑐) 𝜕𝜕𝛥𝛥 (𝑐𝑐)
𝜕𝜕𝑑𝑑

= 𝛻𝛻 ∙ �𝑘𝑘(𝑐𝑐)𝛻𝛻𝛥𝛥 (𝑐𝑐)� + 𝜌𝜌(𝑐𝑐)𝜌𝜌𝐴𝐴𝜌𝜌(𝑐𝑐) + 𝑄𝑄(𝑐𝑐) − 𝑃𝑃 (𝑐𝑐)(𝛥𝛥 (𝑐𝑐) − 𝛥𝛥𝑏𝑏), II.8 

where 𝑄𝑄 is the metabolic rate (W/m3), 𝑃𝑃  is the perfusion coefficient (W/m3/°C), while 𝛥𝛥𝑏𝑏 is the blood 
temperature. Considering exam or sequence durations, worst-case values can be determined by 
solving the above equation in the steady-state regime, i.e., when the left hand-side is equal to 0. In 
practice, this can be achieved for instance by setting a homogeneous initial temperature and integrating 
the equation for a sufficiently long RF exposure time (~1 hour) to reach equilibrium. In this model, the 
blood temperature 𝛥𝛥𝑏𝑏(𝑐𝑐) is typically assumed to be spatially and temporally constant and equal to the 
body core temperature (37 °C); this allows the (𝛥𝛥 (𝑐𝑐) − 𝛥𝛥𝑏𝑏) term in Eq. (II.8) to be recast as temperature 
rise (∆𝛥𝛥 (𝑐𝑐)). 

Equation (II.8) can also be solved by using Euler’s method. Example results of such simulations can be 
found in [88], [99]–[101], [93], [102]–[104]. Losses from heat convection, sweat, clothing etc. can also 
be added to the model [99]. 
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For the small core temperature rises compliant with IEC 60601-2-33 guidelines (1°C, see §II.C.1.1), 
thermal tissue parameters can be considered constant over the RF heating period. They can, however, 
change when undergoing sufficient heat stress as the result of a thermoregulatory response, leading 
for instance to an exponential increase of skin perfusion with temperature, although with a more than 
two-fold variability in the exponent across literature [99], [105]. Pennes’ model continues to be debated 
also because blood temperature is assumed invariant, and thus refinements have been proposed [106], 
[107]. In [108], it was shown that Pennes’ model slightly overestimated the temperature compared to a 
more advanced model that included temperature variations through discrete vasculature. In that 
particular example, the simpler Pennes’ model constituted a more conservative scenario. Furthermore, 
a study on mesh resolution by Wang et al. suggests coarse resolution results in a more conservative 
temperature rise scenario, when compared to temperature rise results with finer mesh resolution [109]. 

A generic bioheat transfer thermal model by Shrivastava et al. [107] was also proposed with a two-pool 
description (blood and tissues) to take into account variations of blood temperature. Experiments 
performed on anesthetised swine yielded good agreement with the theory [110], notably with the 
disappearance of a plateau predicted by Pennes’ model, even after hours of RF heating. Interestingly, 
other measurements also on anesthetised swine suggest the appearance of a plateau at some probe 
locations after around 10 minutes [104]. The effect of anaesthesia (known to affect thermoregulation) 
remains to be investigated. 

4 Experimental Validation 
The experimental validation of a simulation model is a basic component of any RF safety assessment, 
and hence, it should be performed on one or more test setups prior to the final calculation of the RF 
field exposure in heterogeneous body models. To ensure repeatability, the validation is carried out using 
an experimental setup with a phantom model. General practices for validation of EM simulations are 
described in IEEE 1597.2. 

4.1 Phantoms 
The most common and straightforward validation approach is to use a phantom with a simple geometry 
that approximates the body region exposed by the RF probe and presents a typical body load to the RF 
probe. More complex phantoms such as an anthropomorphic phantoms with multiple compartments 
with different dielectric properties can also be constructed, in which case the phantom casing can be 
3D-printed, for example. In both cases the geometry must be well known (e.g., CAD model) so that it 
can be reproduced accurately in the model. In addition, the phantom needs to be relatively similar in its 
dielectric and, possibly, thermal properties compared to the concerned body part. In general, it is 
desirable to be as accurate as possible with respect to the target tissue region; however, for validation 
purposes a reasonable deviation may be considered if this results in improved measurement properties 
(stability, sensitivity, etc.). Furthermore, the phantom material should be MR visible with adequate SNR 
for MR based validation techniques (i.e., B1

+ mapping, MR Thermometry) and, preferably, a single 
resonance line. Hence, water-based phantoms are typically preferred. In case of validation techniques 
that rely on measurements with near-field or temperature probes, accessibility to the interior of the 
phantom is an additional consideration. 

Filling materials include tissue-simulating liquids and gels (TSL) that can be mixed to produce the 
desired dielectric properties (IEC/IEEE 62209-1528 specifies target dielectric properties in Table 2 and 
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recipes in Annex F). Common TSLs for MRI are provided in standards such as AAPM Report No. 
100and ACR Large Phantom. Other solutions include water, sugar and sodium chloride (NaCl) [111]; 
water, Polyvinylpyrolidone (PVP) and NaCl [112], [113] (see also the NIH Dielectric Phantom Recipe 
Generator); or water, denatured ethanol (C2H6O) and NaCl [114]. While the amount of sugar, PVP or 
ethanol defines the permittivity, NaCl is added to adjust the conductivity. It is highly recommended to 
measure both material properties at the operating frequency, for example using an open-ended coaxial 
dielectric probe. Using measured values will facilitate achieving a proper match between measured 
fields and simulation. To improve MR visibility, a relaxation agent such as cupric sulphate (CuSO4), 
nickel chloride (NiCl2), gadolinium, etc. can be considered to modify its T1 (and T2), bearing in mind that 
ionic compounds will also modify the conductivity. Moreover, sodium azide (NaN3) can be added as an 
antiseptic to improve shelf life and robustness over time (see the Martinos Center Anthropomorphic 
Phantoms page), but require special care in terms of handling and disposal. 

To avoid flow and thermal convection that influences MR measurement and thermal modelling 
accuracies, a high viscosity of the medium is desirable. Gelling agents include agar, agarose, porcine 
gelatine, hydrophilic organic polymers (e.g., TX-150 and TX-151 from Oil Center Research, USA), and 
carbomers (e.g., Carbopol® 980, and Carbopol® 974P from Lubrizol, USA), among others [115] (see 
also NEMA MS 10). It should be noted that these materials also affect the MR relaxation times. 

When performing MR thermometry, both a short T1 relaxation time and minimum spectral side peaks 
are desirable. For more realistic MR thermometry measurements and thermal distributions, oil-in-gelatin 
dispersion phantoms show some promising results for multicomponent phantoms [116], [117]. Bear in 
mind that using fat in your thermal phantoms poses additional challenges for PRF thermometry that 
might affect measurement accuracy [118]. To increase the temperature sensitivity of the phantom for 
higher accuracy temperature measurements, the phantom can be doped with TmDOTMA- [119], [120]. 
Additional details on MR thermometry are presented in §II.C.4.6. 

4.2 Bench Measurements 
Bench measurements can be employed to validate quantities accessible using a vector network 
analyser (VNA). These measurements include connecting one or more ports of the RF probe directly to 
the VNA to measure and validate the impedance spectrum of the RF probe. Additionally, basic near-
field probes (E or H) can also be connected to the VNA, obtaining qualitative measurements proportional 
to the corresponding field. These probe measurements can identify resonance frequencies and provide 
basic information on relative distributions of fields and currents (see §II.B for additional measurements 
that can be performed with a VNA on the bench). 

The comparison between measured and simulated RF probe characteristics allows a first consistency 
check to ensure that simulated loading, tuning, and coupling conditions are consistent with the physical 
setup. When the values for lumped elements (capacitances, inductances) needed to tune the numerical 
model show a substantial deviation from their physical values, it is recommended to review the 
numerical setup and to address the cause of such deviations. In case of RF probe arrays, diagonal (Sii) 
and off-diagonal scattering parameters (Sij) should also be evaluated and compared with simulated 
characteristics. It is best practice, especially for unshielded coils operating in weak loading conditions, 
to perform bench measurements with the test setup inserted within a conducting cylindrical bore to fully 
mimic the MR scanner environment. Similar to the comparison of the lumped element values, the line 
width of the resonances (i.e., quality factor (Q)) should be similar between measurement and simulation. 
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All bench measurements must be documented and may be needed in the subsequent validation steps 
(e.g., to allow a proper power normalisation). 

4.3 𝑩𝑩𝑩𝑩
+ Mapping 

Comparing the simulated excitation profiles of a transmit probe with measured 𝐵𝐵1
+ maps is a direct 

validation of the simulations and allows to identify a wide variety of discrepancies. Besides a qualitative 
agreement of the �𝐵𝐵1

+
� distribution, a quantitative comparison can be achieved by comparing the 

average and maximum B1+ sensitivity for a given input power. Various 𝐵𝐵1
+ mapping techniques exist, 

and their availability will depend on the specific MR system and field strength considered [121]. In sTx 
and quadrature cases, the absolute 𝐵𝐵1

+ phase can be approximated as half of the transceive phase as 
obtained from a spin echo phase image, after removing residual phase components from gradient-field-
induced eddy currents [122], [123]. Common 𝐵𝐵1

+ mapping techniques include the Actual Flip angle 
Imaging (AFI) method [124] and the Bloch-Siegert approach [125]. 

Additional levels of validation in transmit arrays can be obtained by performing comparisons of different 
excitation patterns, and by evaluating the excitation profiles within different slices (e.g., close to the coil 
element, deep within the phantom) [126]. Methods to estimate the absolute transmit phase include 
those described in [127] and [128]. In [129] the AFI method [124] was applied for the validation of a 
surface transmit/receive coil array, while in [130] the Bloch-Siegert approach [125] was used for a 16-
channel cardiac array and a torso phantom. Another popular method is the dual refocusing angle 
acquisition mode (DREAM) [131] applied for the validation of an 8-channel Tx/Rx dipole array in [132], 
for example. For the validation of high transmit channel counts and in large body phantoms, 𝐵𝐵1

+ mapping 
based on the TIAMO technique seems advantageous [133]. 

A proper power calibration (e.g., 𝐵𝐵1
+/√𝑑𝑑𝑐𝑐𝑝𝑝𝑑𝑑𝑐𝑐) performed at a suitable reference plane within the RF 

transmit chain is required for a quantitative comparison of the measured and simulated transmit 
sensitivity. Note, that for 𝐵𝐵1

+ measurements the reference plane is typically the probe plug, whereas for 
simulations it is typically the feeding point. Hence, attenuation and insertion losses in cables and 
transmit/receive switches or any kind of RF components between the probe plug and feeding point must 
be measured and accounted for. 

4.4 Validation Using S-parameters and 𝑩𝑩𝑩𝑩
+ Fields 

In addition to the diagonal scattering parameters (Sii) for all channels in an array, coupling coefficients 
(Sij) between channels should also be compared between the simulation and the measurements to 
ensure faithful representation of the coupling mechanisms. Moreover, in addition to comparing the 
amplitude of the 𝐵𝐵1

+ field maps for all channels, the phase maps between channels should also be 
compared (Figure 13). For RF pulse design and SAR evaluations, verifying the relative phases with 
respect to a reference channel is enough and thus spares the user from reconstructing absolute phases 
[134]. 
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Figure 13: Simulated and experimental transmit field maps of an 8-ch transmit head array inside 
a homogeneous spherical phantom. Top row: magnitude, bottom row: phase. 

If a calibration step is employed to match simulated and measured S-parameters and 𝐵𝐵1
+ fields as 

described above, it is good practice to experimentally validate the simulated 𝐵𝐵1
+ fields using two different 

phantoms with different shapes, sizes and/or dielectric properties [135]. This ensures that the simulation 
captures the load sensitivity of the coil and the fitting of the simulation data is not specifically optimised 
for a single scenario. 

It may be challenging and time-consuming to match the S-parameters and 𝐵𝐵1
+ fields closely between 

measurement and simulation, because of inaccuracies in coil modelling, existence of additional 
hardware such as Tx-Rx switch boxes that are difficult to model, or under strong inter-element coupling. 
In this case, co-simulation [47], fitting [136], [137], and/or optimization [138] approaches can be 
implemented to decrease the discrepancy between the simulated and measured S-parameters and 𝐵𝐵1

+ 
fields in a practical way. In the co-simulation approach, lumped elements in the coil are treated as virtual 
ports during the 3D EM simulation. Then, the values of the lumped elements are optimised in an RF 
circuit simulation environment to match the simulated S-parameters to the measured S-parameters.  
Several studies combined co-simulation and active decoupling [136], [137], [139] by simulating ideal 
decoupling, i.e., simulating each channel of the coil while isolated, matched, and tuned; subsequently, 
a linear combination of the simulated fields may be calculated to match S-parameters or measured 𝐵𝐵1

+ 
fields. In case of residual mismatch in 𝐵𝐵1

+ fields due to cable losses, and phase shifts in the additional 
hardware between the coil and the scanner, optimised global scale factors and global phase offsets can 
be applied to each channel [140], [141]. Finally, the decoupling circuits themselves may be included in 
a hybrid circuit-spatial domain simulation model, and results optimised for agreement with measured 
𝐵𝐵1

+ fields, S-parameters, and physical coil components [142]. 

For both single channel and parallel transmission cases, the residual mismatch between the simulated 
and measured 𝐵𝐵1

+ fields should be accounted for via Safety Margins. The difference for pTx coils is that 
several RF pulse configurations should be considered when calculating such a Safety Margins. 
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Assuming the worst-case scenario can lead to an overly conservative safety margin. Ferrand et al. 
[135], [140] describes an approach to calculate a safety margin based on a given error in the simulated 
electric fields, deduced from the root mean square error between measured and simulated 𝐵𝐵1

+ fields 
while assuming Gaussian errors. They showed that using a probabilistic approach prevents an overly 
conservative safety margin while still ensuring, with a specified probability (e.g., 99.9%), that SAR limits 
will not be exceeded for an 8 channel transmit array for head imaging. 

4.5 Near-field Probes 
Spatial information about the RF field of the transmit probe can also be obtained through direct 
measurements using near-field probes during pulsed or continuous wave excitation. These 
measurements can be performed either within the MR magnet or outside in an external setup (e.g., 
anechoic chamber). Near-field probes can either measure the magnetic (|𝐻𝐻|) field inside or outside the 
TSL, or perform dosimetric (SAR, or rather |𝐸𝐸| field) measurements inside the TSL (see IEC/IEEE 
62209-1528). As illustrated by Collins et al., two coil simulations can result in similar |𝐵𝐵1| distributions 
but with striking differences in SAR distributions [81]. Accordingly, validation using both |𝐻𝐻| and |𝐸𝐸| 
field probes can impart greater confidence in experimental validation [90]. 

Existing technologies permit measuring either the field magnitude of all three field components 
simultaneously, or the magnitude and phase of one particular component. Overall, this approach allows 
a high accuracy and dynamic range but requires a dedicated test setup including a computer-controlled 
probe positioning system [143], probes calibrated to the TSL and frequency range of interest, (MR 
conditional) data acquisition systems, as well as a signal generator and power amplifier when 

considering an external measurement setup. Again, a proper power normalisation (e.g., 𝐵𝐵1
+

√𝑃𝑃
), referring 

to a suitable reference plane within the RF transmit chain, is a requirement for a quantitative comparison 
between measurement and simulations. 

4.6 MR Thermometry 
MR thermometry may serve as a useful tool for experimental validation of modelling results. There are 
various types of MR thermometry techniques that use different temperature-sensitive MR parameters 
to quantify either relative or absolute temperatures [118], [144]. For the purpose of this work, we will 
focus on the gradient-echo (GRE) based proton resonance frequency (PRF) shift method, which has a 
fast acquisition, high resolution, and relatively high accuracy (< ±0.5 °C) that can be readily implemented 
on most MR systems. 

The PRF method is based on a linear increase in electron shielding of water, which decreases the 
chemical shift. Consequently, temperature changes can be deduced from changes in the phase of basic 
gradient-echo (GRE) images, which is in particular advantageous for high field MRI, since the GRE 
phase signal is relatively immune to 𝐵𝐵1

+ and 𝐵𝐵1
− inhomogeneities. As the PRF method measures relative 

temperature changes (not absolute temperatures), at least two time points are needed, i.e., prior to RF 
heating and after RF heating. The simplest way to calculate the temperature change is using the 
following equation based on a single echo GRE sequence and these two time points: 

∆𝛥𝛥 =
∆𝜑𝜑

𝛼𝛼𝛾𝛾𝐵𝐵0𝛥𝛥𝐸𝐸
=

𝜑𝜑𝑓𝑓 − 𝜑𝜑𝑑𝑑

𝛼𝛼𝛾𝛾𝐵𝐵0𝛥𝛥𝐸𝐸
, II.9 
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where variables are denoted as: gyromagnetic ratio 𝛾𝛾 , PRF coefficient 𝛼𝛼, static magnetic field strength 
𝐵𝐵0, echo time 𝛥𝛥𝐸𝐸, final phase 𝜑𝜑𝑓𝑓 , and initial phase 𝜑𝜑𝑑𝑑. 

The PRF coefficient 𝛼𝛼 can be considered constant in the temperature range relevant for RF validation 
and has the value of -0.01 ppm/°C for pure water [145]. Published PRF coefficients for phantom 
materials show a wider variety depending on the doping agent used for adjustment of the dielectric 
properties. If literature values are not available, or must be verified, it is possible to experimentally 
determine α for the constructed phantom by using Fluoroptic® probes (see §II.A.3.1 and NEMA MS 10) 
positioned inside the phantom [146], [147]. 

A few bias mechanisms may deteriorate the measurement accuracy of the PRF method. As the method 
is based on the phase of the MR signal, other sources of phase change such as drift of the main 
magnetic field B0 will also influence the results. A typical drift of 0.02 ppm/h may already introduce a 
temperature bias of 2°C after one hour. Additional spatial terms in the static field drift may also be 
present due to hardware instabilities in the gradient and/or shim system. These terms can be corrected 
by using, e.g., reference oil samples around the phantom [148]. If the field drift is repeatable, the 
accuracy of the background field drift correction can be assessed by simply performing an additional 
experiment without RF heating. Other sources of phase bias include temperature-induced changes in 
electrical conductivity, which can lead to changes in the phase of the GRE signal independent of TE 
(because conductivity affects RF phase). When needed, these effects can be corrected by applying a 
dual echo technique [118], [149]. Typically, however, they are negligible, and a single-echo technique 
can provide sufficient accuracy for RF probe validation. Generally, MR thermometry measurement is 
less sensitive to bias mechanisms when applied heating exceeds 3 °C [150]. 

5 Online SAR Supervision 
Most modern MRI systems are capable of producing SAR and temperatures in the subject that exceed 
the IEC limits. The scanner can typically estimate the SAR for each sequence depending on timing 
parameters, RF calibrations, etc., but safety must be ensured even if the estimate is incorrect or if there 
is a failure during the scan (i.e., Single Fault Safety). It is prudent to perform regular quality assurance 
(QA) to ensure that the components of the transmit chain (including RF amplifiers and coils) behave 
properly. 

The SAR supervisor or monitor is a device that uses the principle of energy conservation to measure, 
in real time, the time-averaged power dissipated in the subject. These measurements are compared to 
the SAR Limits, and the scan is stopped immediately if those limits are exceeded (both the 6-minute 
and 10-second averages). Certain manufacturers have also implemented the Total Energy Limit 
(specific absorbed energy—SAE, or specific energy dose—SED; see §II.C.1.3) [151]. 

Because the SAR monitor can only measure power, a conversion must be made between power and 
corresponding SAR for each experimental setup. The conversion allows the relevant IEC SAR Limits 
(both local and global) to be converted to the required power thresholds (see Appendix C for detailed 
calculations). Simulations are especially relevant to determine the power limits for local SAR, which is 
usually expressed through the ratio of 10-g SAR to global SAR. The two modes of transmission are 
discussed separately below because of their different complexity levels. 
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5.1 Single-channel Transmission 
In single-channel transmission, one operates with a volume or surface probe with a single RF channel 
and therefore pulse shape. The calculation begins with the definition of SAR at location 𝑐𝑐 for 100% duty 
cycle at unit waveform amplitude is given by: 

𝜌𝜌𝐴𝐴𝜌𝜌(𝑐𝑐) = 𝜎𝜎
2𝜌𝜌

‖𝐸𝐸�⃗ (𝑐𝑐)‖2, II.10 

where σ is the electrical conductivity in S/m, ρ is the mass density in kg/m3, 𝐸𝐸�⃗  is the time-harmonic 
electric field vector peak amplitude (with components along the x, y and z axis) corresponding to a 
unitary input in V/m. When the electric field is modulated by an input RF waveform, the previous formula 
becomes: 

𝜌𝜌𝐴𝐴𝜌𝜌(𝑐𝑐) = 𝜎𝜎
2𝜌𝜌 ‖𝐸𝐸�⃗ (𝑐𝑐)‖2 1

𝛥𝛥 ∫ 𝑑𝑑(𝑑𝑑)2𝛥𝛥
0 𝑑𝑑𝑑𝑑, 

II.11 

where 𝛥𝛥  is the averaging time window and 𝑑𝑑(𝑑𝑑) is the complex-valued RF waveform. Conveniently, the 
outcome is that the SAR for a given body load is directly proportional to the time-averaged power of the 
RF pulse. This greatly simplifies exam supervision, as a conservative estimate of the average power is 
already established by monitoring the forward power, e.g., by using a directional coupler and power 
meter. Another approach is to determine the accepted power by monitoring both the forward and 
reflected powers. 

Although analytical models have been employed to model local SAR at low fields [152], full-wave 
numerical simulations are required at higher fields to establish a relation between input power and peak 
10-g SAR, incorporating additional Safety Margins to account for various uncertainties (dielectric 
properties, position in the coil, intersubject variability, etc.). 

Finally, one should observe that these equations assume that all power is dissipated in the subject, 
ignoring losses in the RF probe, RF chain and radiation. This assumption may be improved through 
simulations and validation measurements (for instance bench measurements or 𝐵𝐵1

+ mapping) to 
characterise these losses. 

5.2 Parallel Transmission 
Parallel transmission (§II.C.2.1.2) makes use of an array of RF transmitters independently controllable 
in amplitude and phase over time. The previous SAR formula now becomes: 

𝜌𝜌𝐴𝐴𝜌𝜌(𝑐𝑐) = 𝜎𝜎
2𝜌𝜌

1
𝛥𝛥 � �� 𝑑𝑑𝑘𝑘(𝑑𝑑)𝐸𝐸�⃗ 𝑘𝑘(𝑐𝑐)

𝑁𝑁

𝑘𝑘=1 �

2𝛥𝛥

0
𝑑𝑑𝑑𝑑, II.12 

where 𝑁𝑁 denotes the number of transmit channels and 𝑑𝑑𝑘𝑘(𝑑𝑑) denotes the complex-valued RF waveform 
on the kth channel. Unlike the single channel mode, the superposition of the time-dependent amplitudes 
and phases of the different waveforms play an important role. This formula can be recast using quadratic 
forms leading to SAR or Q matrices [153]: 
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𝜌𝜌𝐴𝐴𝜌𝜌(𝑐𝑐) = 1
𝑛𝑛 � 𝜌𝜌𝑗𝑗

†
�

𝜎𝜎
2𝜌𝜌 ��𝐸𝐸𝑋𝑋,1

∗  ⋮  𝐸𝐸𝑋𝑋,𝑁𝑁
∗  ��𝐸𝐸𝑋𝑋,1  ⋯  𝐸𝐸𝑋𝑋,𝑁𝑁  �

𝑛𝑛

𝑗𝑗=1

+ �𝐸𝐸𝑌𝑌 ,1
∗  ⋮  𝐸𝐸𝑌𝑌 ,𝑁𝑁

∗  ��𝐸𝐸𝑌𝑌 ,1  ⋯  𝐸𝐸𝑌𝑌 ,𝑁𝑁  �

+ �𝐸𝐸𝑍𝑍,1
∗  ⋮  𝐸𝐸𝑍𝑍,𝑁𝑁

∗  ��𝐸𝐸𝑍𝑍,1  ⋯  𝐸𝐸𝑍𝑍,𝑁𝑁  ��� 𝜌𝜌𝑗𝑗 = 1
𝑛𝑛 � 𝜌𝜌𝑗𝑗

†𝑄𝑄(𝑐𝑐)𝜌𝜌𝑗𝑗

𝑛𝑛

𝑗𝑗=1
, 

II.13 

where 𝜌𝜌𝑗𝑗  is the column vector containing the complex values corresponding to the different channels at 
the jth time step. Global SAR can again be assessed by invoking energy conservation, similar to the 
case of single-channel transmission. By measuring forward (𝑃𝑃𝑓𝑓𝑐𝑐𝑐𝑐𝑝𝑝𝑚𝑚𝑐𝑐𝑑𝑑 ) and reflected powers (𝑃𝑃𝑐𝑐𝑑𝑑𝑓𝑓 ) on 
all channels, the dissipated power is 

� 𝑃𝑃𝑓𝑓𝑐𝑐𝑐𝑐𝑝𝑝𝑚𝑚𝑐𝑐𝑑𝑑,𝑘𝑘

𝑁𝑁

𝑘𝑘=1
− � 𝑃𝑃𝑐𝑐𝑑𝑑𝑓𝑓 ,𝑘𝑘

𝑁𝑁

𝑘𝑘=1
, II.14 

which yields an upper-bound of the global SAR after division by the exposed mass [154]. Despite the 
merit of such an approach in terms of estimating global SAR, estimating the corresponding local SAR 
here would require assuming worst-case constructive interference conditions, which would be very 
restrictive. Numerical simulations have, for instance, reported worst-case peak 10-g SAR over global 
SAR ratios on the order of 20 to 60 [93], [155] depending on the RF probe array and excitation 
conditions. If minimum supervision of the experiment is pursued, safe usage may still be established by 
incorporating very conservative Safety Margins [156], [157]. The more information about the actual 
experiment that can be incorporated into the local SAR estimate, the less conservative these margins 
need to be; highly conservative margins lead to a drastic underexploitation of parallel transmission 
technology. 

Additional information about the actual experiment can be obtained by real-time monitoring of the 
amplitudes and phases, e.g., with directional couplers, and to relate this information to local SAR based 
on a pre-calculated set of numerical body models [156]. Monitoring local SAR this way was a challenge 
initially due to the high number of Q matrices involved. This number can range from tens of thousands 
to a few million per body model depending on the size of the body exposed and the resolution of the 
simulations. Virtual Observation Points (VOPs) [158] were proposed to drastically compress the number 
of Q matrices at the cost of an overestimation factor, making this approach tractable. Some variants are 
able to reach higher levels of compression [159], [160]. Some MR vendors allow incorporating these 
VOPs into the scanner’s safety monitoring system to enable local SAR supervision. Within this 
framework, it is therefore advised to keep the number of VOPs reasonable (~1000 or less) to allow for 
SAR computation in real-time in high-duty-cycle sequences. The higher the number of transmit 
channels, the higher the overestimation factor in general needs to be, to reach this target due to the 
higher spatial diversity in the RF transmit fields. The directional couplers also introduce additional 
uncertainties (typically ±10% in power, ±5° in phase) leading to additional Safety Margins that should 
be taken into account [161], [162]. An alternative to directional couplers is to use pick-up loops in close 
proximity to the RF transmit coils [137], [139], [156], which can be furthermore exploited to perform 
active decoupling (through feedback) and leads to better match with the simulated conditions [137], 
[139]. One additional advantage of using pick-up loops is that the physical field values are being 
monitored, as opposed to the transmitted RF signals, which avoids uncertainties due to instabilities in 
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the RF probe and its feed circuit. When using directional couplers, it is implicitly assumed that the RF 
probe array is functioning properly and without drift, which needs to be confirmed by regular quality 
control checks but cannot be guaranteed in real time. Some information can be gained by measuring 
reflected powers and thus detect potential faults [154], [163]. 

For simplicity, supervision can also be performed on powers only, ignoring phase and amplitude 
information. We provide here some guiding principles on how to calculate the thresholds. From a 
numerical set of Q matrices, it is possible to determine the worst-case scenario based on the largest 
eigenvalue. By denoting this eigenvalue λmax (in kg-1), then the maximum total power limit allowed is 
10/λmax and 20/λmax for the 6-min time-average normal and first level IEC modes of operation, 
respectively [164]. Relying on this principle assumes that the total power is monitored. It can be also 
quite conservative as it is very unlikely that the worst-case waveform, i.e., the eigenvector 
corresponding to the largest eigenvalue, is played during the whole RF pulse and sequence. Power 
limits on each individual channel can also be enforced. Dividing the total power derived above by the 
number of channels ensures compliance but it is even more conservative, since the worst-case scenario 
given a total power can be all the energy going in a couple of channels. One possibility is to perform a 
numerical search of the worst-case scenario given a set of equal power limits among channels [164]. 

 

Figure 14: SAR online values calculated by the scanner based on measured waveforms versus 
SAR offline values calculated based on the model. Results were obtained on a Siemens 
scanner (Siemens Healthcare, Erlangen, Germany) equipped with a Nova 8Tx-32Rx coil (Nova 
Medical, Wilmington, MA, USA). 

Regardless of the origin of the local SAR model, i.e., provided by the probe manufacturer or created in-
house for home-made probes, its validation and application in the MR system remains the responsibility 
of the user. This requires a thorough understanding of the VOP format needed for the scanner (channel 
ordering, phase conventions etc.) and post-processing steps required, for instance when incorporating 
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possible safety factors. In Figure 14, the offline and online (returned by the scanner) values for each 
VOP are plotted against each other for a random waveform [162]. The two can differ slightly, for instance 
due to system instabilities and imperfections. Instead, the online computation performed by the scanner 
measures the waveforms in real-time and performs the 6-min and 10-s sliding window integrations, 
thereby taking into account possible non-ideal behaviours of the RF amplifiers. 

Finally, it should be noted that, although the tools presented here involved SAR monitoring, temperature 
remains more important biologically than SAR. Using the same formalism as above, temperature VOPs, 
thus compatible with the same monitoring tools, have also been proposed [165]. 

6 Safety Margins 
Establishing appropriate safety margins is necessary to account for inevitable discrepancies between 
calculated SAR values and those occurring in reality. Discrepancies can occur for a variety of reasons, 
including 

· variation in the anatomy between subjects and within the same subject at different points in time; 
· measurement uncertainty of various quantities (e.g., RF power, physical dimensions, permittivity 

and conductivity, etc.); 
· modelling approximations; 
· construction tolerances and component drift (thermal as well as due to ageing). 

Appropriate safety margins can be determined from a detailed analysis of the scanning scenario. Note 
that the margins are not necessarily constant when important variables such as the Larmor frequency, 
transmission scheme, or anatomical region are changed. Consequently, it is difficult to provide safety 
margin values that can be applied generally. 

One area of particular interest is the simulated local SAR distribution, which can be used to predict peak 
local SAR at the scanner. Peak local SAR prediction can be based on VOPs (for pTx systems) and/or 
the average power input at the scanner (for single channel systems). However, the simulated peak local 
SAR is not necessarily identical to the peak local SAR in the scanner. This can result in an 
underestimation of peak local SAR during the MRI exam, which is an unsafe situation. To prevent 
underestimation of peak local SAR, the simulated SAR can be multiplied by a safety margin to give a 
corrected peak SAR value to be used for peak local SAR assessment at the scanner: 

𝑑𝑑𝜌𝜌𝐴𝐴𝜌𝜌𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑑𝑑𝜌𝜌𝐴𝐴𝜌𝜌𝑑𝑑𝑑𝑑𝑚𝑚 ∗ 𝜌𝜌𝑚𝑚𝑓𝑓𝑑𝑑𝑑𝑑𝑆𝑆 𝑚𝑚𝑚𝑚𝑐𝑐𝑚𝑚𝑑𝑑𝑛𝑛. II.15 

If the relative uncertainty in peak SAR estimation Δp𝜌𝜌𝐴𝐴𝜌𝜌
𝑑𝑑𝜌𝜌𝐴𝐴𝜌𝜌𝑑𝑑𝑑𝑑𝑚𝑚

 is known, the safety margin can be calculated 

as follows and vice-versa [166]: 

𝜌𝜌𝑚𝑚𝑓𝑓𝑑𝑑𝑑𝑑𝑆𝑆 𝑚𝑚𝑚𝑚𝑐𝑐𝑚𝑚𝑑𝑑𝑛𝑛 = 1 +
Δp𝜌𝜌𝐴𝐴𝜌𝜌
𝑑𝑑𝜌𝜌𝐴𝐴𝜌𝜌𝑑𝑑𝑑𝑑𝑚𝑚

. II.16 

Three separate sources of error can be identified between simulations and measurements, resulting in 
a Safety Margin for Inter-subject Variability, a Safety Margin for RF System Imperfections, and a Safety 
Margin for Modelling Errors [162]. These errors may be assessed by separate procedures, as outlined 
in the sections below. When the inaccuracies from different error sources are known, they can be 
combined into a total safety margin obtained by multiplication (i.e., error propagation): 
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𝜌𝜌𝑚𝑚𝑓𝑓𝑑𝑑𝑑𝑑𝑆𝑆 𝑚𝑚𝑚𝑚𝑐𝑐𝑚𝑚𝑑𝑑𝑛𝑛 = �1 +
Δp𝜌𝜌𝐴𝐴𝜌𝜌𝑑𝑑𝑛𝑛𝑑𝑑𝑑𝑑𝑐𝑐𝑑𝑑𝑖𝑖𝑏𝑏𝑗𝑗.𝑑𝑑𝑚𝑚𝑐𝑐

𝑑𝑑𝜌𝜌𝐴𝐴𝜌𝜌𝑑𝑑𝑑𝑑𝑚𝑚 � ∗ �1 +
Δp𝜌𝜌𝐴𝐴𝜌𝜌𝜌𝜌𝑅𝑅𝑑𝑑𝑆𝑆𝑑𝑑.𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑𝑐𝑐𝑓𝑓

𝑑𝑑𝜌𝜌𝐴𝐴𝜌𝜌𝑑𝑑𝑑𝑑𝑚𝑚 �

∗ �1 +
Δp𝜌𝜌𝐴𝐴𝜌𝜌𝑚𝑚𝑐𝑐𝑑𝑑𝑑𝑑𝑐𝑐.𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑑𝑑𝜌𝜌𝐴𝐴𝜌𝜌𝑑𝑑𝑑𝑑𝑚𝑚 �. 

II.17 

However, if we assume that the errors are randomly distributed (e.g., according to a normal distribution) 
and uncorrelated, the total relative uncertainty can be calculated by adding the different uncertainties in 
quadrature (root sum-of-squares) [166]: 

Δp𝜌𝜌𝐴𝐴𝜌𝜌
𝑑𝑑𝜌𝜌𝐴𝐴𝜌𝜌𝑑𝑑𝑑𝑑𝑚𝑚

= ��
Δp𝜌𝜌𝐴𝐴𝜌𝜌𝑑𝑑𝑛𝑛𝑑𝑑𝑑𝑑𝑐𝑐𝑑𝑑𝑖𝑖𝑏𝑏𝑗𝑗.𝑑𝑑𝑚𝑚𝑐𝑐

𝑑𝑑𝜌𝜌𝐴𝐴𝜌𝜌𝑑𝑑𝑑𝑑𝑚𝑚 �

2
+ �

Δp𝜌𝜌𝐴𝐴𝜌𝜌𝜌𝜌𝑅𝑅𝑑𝑑𝑆𝑆𝑑𝑑.𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑𝑐𝑐𝑓𝑓

𝑑𝑑𝜌𝜌𝐴𝐴𝜌𝜌𝑑𝑑𝑑𝑑𝑚𝑚 �

2
+ �

Δp𝜌𝜌𝐴𝐴𝜌𝜌𝑚𝑚𝑐𝑐𝑑𝑑𝑑𝑑𝑐𝑐.𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑑𝑑𝜌𝜌𝐴𝐴𝜌𝜌𝑑𝑑𝑑𝑑𝑚𝑚 �

2
. II.18 

The final safety margin can then be calculated. The probabilistic approach of propagating error into a 
safety margin is, in general, less conservative than multiplying individual safety factors because the 
latter assumes that the errors cannot compensate for one another. 

6.1 Safety Margin for Inter-subject Variability 
The effect of inter-subject variability, i.e., the mismatch between the subject in the scanner and the body 
model used to predict SAR or temperature, might be different for single channel and parallel 
transmission. The safety margin needed to take inter-subject variability into account is more complex 
to calculate for pTx excitations because of the necessity to consider several RF pulse configurations. 
To assess inter-subject variability of local SAR, simulations can be done on multiple human models 
[167]. For pTx systems, the difference in inter-subject variability for different RF shims or waveforms 
also must be considered. 

De Greef et al. [53] analysed the SAR created at 7T by an 8 channel stripline volume coil in 6 different 
prevalent head models and found that, by assigning the Ella model from the Virtual Family as a so-
called generic head model, optimisation of RF shimming excitation modes using the generic model SAR 
combined with a safety factor of 1.4 is sufficient to account for variation across the remaining 5 head 
models. Le Garrec et al. [54] carried out a probabilistic analysis of the intersubject variability of SAR 
due to changes in head length, head breadth and translations in Z and Y dimensions. They found that 
a safety margin of 1.5 was enough at 7T to ensure <1% probability of exceeding SAR limits in the 
Caucasian adult population. Sadeghi-Tarakameh et al. assessed the four different shimming scenarios 
of an 8-channel transmit/receive head coil for 10.5T and, rather than establishing a multiplicative safety 
factor based on intersubject variability, determined the measured RF cable loss of 3.9 dB between the 
amplifiers and coil feeds was sufficient on its own to safely limit power [168]. 

For body imaging, because the body shape and dimensions are more variable than those of the head, 
larger safety margins are typically required. Both Ipek et al. [169] and Meliado et al. [63] found safety 
margins >1.8 are needed to account for the large variation of SAR in prostate imaging at 7T using 8-
channel surface transmit arrays driven in RF phase- shimmed conditions. 
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Figure 15: Estimation error for when a non-pregnant female body model (Ella) is used to 
estimate the peak local SAR of various pregnant “virtual subjects” (horizontal axis) for various 
RF excitation modes (BC: birdcage-standard, pTx: parallel transmission). 

For pregnant body imaging, where the body shape and posture vary arguably the most among all 
imaging scenarios, Yetişir et al. (Figure 15) reported a maximum peak local SAR estimation error of 
153% (corresponding to a safety margin of 2.5) at 3T due to the mismatch between the subject and the 
SAR body model for a 2-port 32-rung birdcage body coil [170]. They also compared quadrature 
operation, RF shimming and 2-spoke RF excitation modes and found that for more than half of the body 
models, the maximum SAR estimation errors were higher for the quadrature mode compared to pTx 
modes. 

In summary, the safety margin for inter-subject variability depends on the excitation mode (single 
channel vs. parallel transmission, RF shimming vs full pTx, etc.), imaging site (head, prostate, knee, 
etc.) as well as the RF probe configuration (volume vs surface, number of channels, loop vs dipole etc.). 
Hence, a separate safety margin should be determined for each specific scenario. 

6.2 Safety Margin for RF System Imperfections 
Imperfections in the hardware of the RF transmit chain and Online SAR Supervision system can be 
accounted for by additional safety margins. On the scanner, RF waveforms measured in real time (e.g., 
using directional couplers or pickup loops) are used to estimate the actual SAR. The first margin 
accounts for these RF power measurement uncertainties, which translate directly into uncertainties in 
measured SAR. For sTx systems the safety margin for measurement uncertainty is readily calculated 
using Eq. (II.17) above. 

For pTx systems, VOPs [158] are used to monitor local SAR in real time on the scanner and/or during 
RF pulse design. Due to intrinsic measurement uncertainties (e.g., 10% power, 5° phase), an additional 
safety factor should be adopted by multiplying the VOPs, as in Eq. (II.13) above. 

The difference between designed and measured RF waveforms is a second system imperfection, 
although it does not typically impact subject safety. These differences can accounted for by a safety 
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margin calculated by playing several different RF pulses on the scanner and quantifying the maximum 
difference between the peak local SAR measured online by the SAR supervisor and that calculated 
offline using the designed RF waveforms (Figure 16). 

 

Figure 16: Discrepancy between the peak local SAR values calculated by one scanner using 
measured RF waveforms, calculated offline using measured RF waveforms, and calculated 
offline with designed RF waveforms, for 18 different RF pulses. <2% difference between read 
and blue is due to short test RF pulses played by the scanner before each sequence. 

6.3 Safety Margin for Modelling Errors 
In addition to inter-subject variability and RF system imperfections, there can be imperfections in the 
RF simulation model. After carefully matching the simulations and measurements, the modelling error 
can be assessed by quantifying the remaining error. From the remaining absolute discrepancies in B1 
magnitude, Boulant et al. calculated a peak local SAR relative error of 0.25 for an 8-channel head coil 
at 7T [162]. Similarly, when both B1 and temperature maps are available, the larger error of the two may 
be set as the modelling inaccuracy; in this manner, Steensma et al. determined a relative modelling 
error of 0.52, given the greater SAR error from experimental MR thermometry for an 8-channel prostate 
array at 7T [166]. 

7 Documentation of Simulations and Validations  
Following successful modelling and RF safety assessment, it is necessary to clearly document all 
completed procedures and analyses. Should modelling studies need to be completed in the future, 
owing either to a coil modification or a subject’s unique anatomy, it is necessary to include all relevant 
simulation and validation details as well as initial results so that new personnel may reproduce the 
procedures. Example simulation details (see also ) and software files that should be recorded and 
archived include: 

 
● Model for RF and thermal simulations in combination with imported 3D structures 
● Specific version of the simulation software 
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● Simulation settings and parameters (e.g., details of mesh generation or discretization grid, solver 
parameters) 

● Human model version, grid size, and tissue properties database 
● Data file format, e.g., HDF5, ASCII, DICOM 

 

Example validation data to be documented include: 

 
· For B1 maps: imaging data in a standard format (e.g., DICOM), RF power logs, MR-System data 
· Field probes: type, vendor, calibration certificate, measurement parameters 
· Phantom information including dimensions, material, dielectric and relaxation properties  

 

Some relevant information can also be found in FDA Guidance 1807. 
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Medical Device; International Organization for Standardization: Geneva, Switzerland, 2018. 

ISO 10993-1 
Biological Evaluation of Medical Devices — Part 1: Evaluation and Testing within a Risk Management 
Process; International Organization for Standardization: Geneva, Switzerland, 2018. 

ISO 10993-10 
Biological Evaluation of Medical Devices — Part 10: Tests for Irritation and Skin Sensitization; 
International Organization for Standardization: Geneva, Switzerland, 2010. 

ISO 14971 
Medical Devices — Application of Risk Management to Medical Devices; International Organization for 
Standardization: Geneva, Switzerland, 2019. 

ISO 15223-1 
Medical Devices — Symbols to Be Used with Medical Device Labels, Labelling and Information to Be 
Supplied — Part 1: General Requirements; International Organization for Standardization, 2016. 

ISO 31000 
Risk Management — Guidelines; International Organization for Standardization: Geneva, Switzerland, 
2018. 

NASA – GSFC S-311-P-10 
Connectors, Electrical, Rectangular, Miniature, Polarized Shell, Rack and Panel, for Space Flight Use; 
NASA Electronic Parts and Packaging (NEPP) Program, Goddard Space Flight Center. National 
Aeronautics and Space Administration, 1992. 
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NEMA MS 2 
Determination of Two-Dimensional Geometric Distortion in Diagnostic Magnetic Resonance Images; 
NEMA MS 2-2008 (R2014); National Electrical Manufacturers Association: Rosslyn, Virginia, 2008. 

NEMA MS 4 
Acoustic Noise Measurement Procedure for Diagnostic Magnetic Resonance Imaging Devices; NEMA 
MS 4-2010; National Electrical Manufacturers Association: Rosslyn, Virginia, 2010. 

NEMA MS 8 
Characterization of the Specific Absorption Rate (SAR) for Magnetic Resonance Imaging Systems; 
NEMA MS 8-2016; National Electrical Manufacturers Association: Rosslyn, Virginia, 2016. 

NEMA MS 10 
Determination of Local Specific Absorption Rate (SAR) in Diagnostic Magnetic Resonance Imaging; 
NEMA MS 10-2010; National Electrical Manufacturers Association: Rosslyn, Virginia, 2010. 

NEMA MS 14 
Characterization of Radiofrequency (RF) Coil Heating in Magnetic Resonance Imaging Systems; NEMA 
MS 14-2019; National Electrical Manufacturers Association: Rosslyn, Virginia, 2019. 

UL 94 
Standard for Tests for Flammability of Plastic Materials for Parts in Devices and Appliances; American 
National Standards Institute; Underwriters’ Laboratories: Northbrook, Ill., 2013. 
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Online Resources 
The following web sites and online resources are cited in this document; they are current and accessible 
at the time of writing. This list is by no means exhaustive and additional relevant information is, and will 
likely become, available online. 

CC-BY-ND 4.0 
https://creativecommons.org/licenses/by-nd/4.0 

ISMRM 
https://www.ismrm.org/ 

ASQ Quality Glossary 
https://asq.org/quality-resources/quality-glossary/f# 

Opensourceimaging Wiki 
https://wiki.opensourceimaging.org/Hardware 

Ma-Com MA4P7461F-1072T 
https://cdn.macom.com/datasheets/MA4P7461F-1072T.pdf 

FDA Recognized Consensus Standards 
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfStandards/detail.cfm?standard__identification_n
o=37168  

Martinos Center Anthropomorphic Phantoms 
https://phantoms.martinos.org/Main_Page 

NIH Dielectric Phantom Recipe Generator 
https://amri.ninds.nih.gov/cgi-bin/phantomrecipe 

AustinMan and AustinWoman Models 
https://sites.utexas.edu/austinmanaustinwomanmodels 

AC6LA 
https://www.ac6la.com/swrloss.html 
  

https://creativecommons.org/licenses/by-nd/4.0
https://www.ismrm.org/
https://asq.org/quality-resources/quality-glossary/f
https://wiki.opensourceimaging.org/Hardware
https://cdn.macom.com/datasheets/MA4P7461F-1072T.pdf
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfStandards/detail.cfm?standard__identification_no=37168
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfStandards/detail.cfm?standard__identification_no=37168
https://phantoms.martinos.org/Main_Page
https://amri.ninds.nih.gov/cgi-bin/phantomrecipe
https://sites.utexas.edu/austinmanaustinwomanmodels
https://www.ac6la.com/swrloss.html
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Appendices 
A. Common Failure Modes for RF Coils 
For MRI, most threats to human safety come from very high peak and longer term averaged powers 
from the transmit coils used during excitation. Most of the danger is in the RF heating of tissues induced 
by fields of the transmit coils. Under normal operation, this heating (SAR) is controlled by the RF 
monitoring and SAR supervision of the MRI console. However, because of the proximity of receive-only 
coils to the human body, other pathways for tissue heating can be established in the event of coil failure. 
These and some other common failure modes are listed below. 

Localized RF Burns 
i. Hazard:  Looping of the coil system cable inside the body coil 

Effect:  A large RF potential is induced on the shield of the cable from dB1/dt 

Mitigation:  Reduce the cable length so that it cannot loop. 

ii. Hazard:  The coil system cable runs close to the body coil 

Effect:  A large RF voltage is induced on the shield of the cable from the Tx E-field 

Mitigation:  Situate the cable away from the body coil, cable traps around the cable shield provide high 
impedances to shield potentials, the cable is insulated with non-conductive foam 

iii. Hazard:  High E-fields in the vicinity of coil components  

Effect:  High current induced in tissue near the component 

Mitigation:  All coil components housed within an insulating plastic former, capacitors of the coil are 
distributed to reduce RF potentials 

Overheating of Coil Parts, Fire 
i. Hazard:  Coil not plugged in 

Effect:  Active control of blocking circuits in receive elements is disabled 

Mitigation:  System cannot scan if the coil cannot be identified, passive blocking circuits have been 
incorporated into receive-only elements, Operator warning to verify connection of coil 

ii. Hazard:  Coil component failure in a receive element 

Effect:  Local heating of the failed circuit 

Mitigation:  Multiple blocking circuits incorporated to the element to minimize induced currents 

iii. Hazard:  Coil component failure in a receive element  

Effect:  Local heating of the failed circuit causes sparks or expelled hot particles 

Mitigation:  All coil elements have been constructed within a coil housing, and the coil housing has been 
constructed with fire-rated materials (UL 94-V0) 

Electrical Shock 
i. Hazard:  Large potentials (DC and AC) from control and other circuits within the coil 

Effect:  Leakage currents through former can cause shock 
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Mitigation:  Coil former should meet the IEC 60601-1 (§8.9) requirements for “creepage” distances (see 
§II.B.1.1) 

ii. Hazard:  Contact with high potentials (DC and AC) within the coil 

Effect:  Shock from direct contact with a conductor 

Mitigation:  All conductors are housed within an insulating coil former, no exposed conductors 

iii. Hazard:  Broken coil housing exposes internal conductor(s) 

Effect:  Shock from direct contact with a conductor 

Mitigation:  Operator warning: no coil should be used if damaged, seek repair 

Mechanical Hazards 
i. Hazard:  Broken coil housing involving a human contact surface 

Effect:  Sharp edges can cause injury 

Mitigation:  Operator warning: no coil should be used if damaged, seek repair 

 

B. Example of Risk Analysis 
 

Failure Modes and Effects Analysis       
Coil Identifier:        

Report by:        
Date:        

Part and 
Function 

Potential 
Failure 
Mode 

Cause Local Effect 

Li
ke

lih
oo

d 
   

 
(1

 - 
5)

 

Patient Effect 

Se
ve

rit
y 

 
(1

 - 
5)

 

Means of Control 
(Mitigation) Detectable 

Circuit Boards, Elements  (Schematic:  SK1001-01)   

Capacitors C1-C6 
Components 
Opened or 
Shorted 

Component failure, 
broken leads, 
improper mounting 

Array Element 
detuned    Noisy Image   

Active/Passive 
Blocking Circuits will 
prevent high current 

Yes 

Inductor L1 Inductor 
open 

Component failure, 
improper mounting 

Input blocking 
circuit failure    Noisy Image   

QA Test on assembly, 
or secondary blocking 
circuit required for 
protection 

Yes 

Inductor L1 Inductor 
shorted 

Component failure, 
improper mounting 

Input blocking 
circuit failure, poor 
connection 

  Low image SNR   

QA Test on assembly, 
or secondary blocking 
circuit required for 
protection 

Yes 

Inductors L2,L3 Inductor 
open 

Component failure, 
improper mounting 

Blocking circuit 
failure   

Possible tissue 
heating, image 
acquired 

  

QA Test on assembly, 
or secondary blocking 
circuit required for 
protection 

No 

Inductors L2,L3 Inductor 
shorted 

Component failure, 
improper mounting 

Blocking circuit 
failure   

Coil detuned 
during transmit, 
possible high SAR 

  

QA Test on assembly, 
or secondary blocking 
circuit required for 
protection 

Yes 
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PIN Diodes, D1 Diode 
Shorted 

Component failure, 
improper mounting 

Array Element 
continuously 
detuned, input 
shorted 

  No signal, noisy 
Image   Blocking Circuit active 

continuously Yes 

PIN Diodes, D1 Diode Open 
Component failure, 
broken leads, 
improper mounting 

Active circuit 
failure, passive 
diodes activate 

  No effect, normal 
image acquired   

Passive Blocking 
Circuit detunes 
element during 
transmit 

No, unless 
current of 
control line is 
monitored 

PIN Diodes, D2 Diode 
Shorted 

Component failure, 
improper mounting 

Array Element 
continuously 
detuned 

  No signal, noisy 
Image   Blocking Circuit active 

continuously Yes 

PIN Diodes, D2 Diode Open 
Component failure, 
broken leads, 
improper mounting 

Active circuit 
failure, no blocking 
impedance 

  
Potential high SAR 
from element, local 
heating 

  
Secondary blocking 
circuit with passive 
diodes active 

No, unless 
current of 
control line is 
monitored 

Diodes, D3,D4 Diodes 
Shorted 

Component failure, 
improper mounting 

Array Element 
continuously 
detuned, input 
shorted 

  No signal, noisy 
Image   Blocking Circuit active 

continuously Yes 

Diodes, D3,D4 Diodes 
Open 

Component failure, 
broken leads, 
improper mounting 

Failure of backup 
diodes, blocking 
circuit under active 
control 

  No effect, normal 
image acquired   

Passive diode blocking 
circuit tested on 
assembly 

No 

Diodes, D5,D6 Diodes 
Shorted 

Component failure, 
improper mounting 

Array Element 
continuously 
detuned, input 
shorted 

  No signal, noisy 
Image   Blocking Circuit active 

continuously Yes 

Diodes, D5,D6 Diodes 
Open 

Component failure, 
broken leads, 
improper mounting 

Passive circuit 
failure, no blocking 
impedance 

  No effect, normal 
image acquired   

Passive diode blocking 
circuit tested on 
assembly 

No 

                  

Coil Former Assembly (Drawing:   ME1001-01)  
Coil Mechanical 
Housing 

Contact with 
accessible 
live parts 

Exposed 
conductors, broken 
former 

High voltage 
induced by body 
coil 

  Potential shock   

No exposed 
conductors, Operator 
instructions to inspect 
coil for damage 

Yes 
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C. Calculation of Sequence SAR and Supervision Thresholds 
This appendix describes how to determine both the prospective local and average SAR for a given coil, 
load and sequence, as well as the power limits (trip levels) to be entered for real-time SAR supervision 
hardware to ensure that the SAR limits are not exceeded during actual scanning. Some calculations 
similar to these can be found in Varian’s User Guide: Whole-Body Imaging [171], and in the NEMA MS 
8 standard. Further calculations below refer to Pozar’s Microwave Engineering [172]. 

Please note that this analysis applies exclusively to single-channel excitation (not array or pTx 
excitation). 

C.1 Coil Sensitivity and Loading 
C.1.1 Coil Sensitivity and Efficiency 
We define coil sensitivity (in transmit mode) as the magnitude of rotating-frame B1 (𝐵𝐵1

+) achieved by a 
unit of input power (1 W) entering the coil ports [173] 

𝜓𝜓 = �𝐵𝐵1
+

�

√𝑃𝑃𝑑𝑑𝑐𝑐𝑑𝑑𝑐𝑐
. (III.1) 

A realistic RF coil has losses in its components (e.g., capacitors, conductors, etc.), and can also radiate 
power into free space, thus preventing all of the coil power from being dissipated in the exposed tissue 
(this is the power responsible for creating useful B1 fields in the tissue). We define the coil’s efficiency 
as 

𝜂𝜂 =
𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑
𝑃𝑃𝑑𝑑𝑐𝑐𝑑𝑑𝑐𝑐

. (III.2) 

Efficiency is related to the coil’s SNR in reception as well as to the loaded and unloaded quality factors 
(Q) which are readily measured on the RF workbench [174] 

𝜂𝜂 = 1 −
𝑄𝑄𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

𝑄𝑄𝑖𝑖𝑛𝑛𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
= �

𝜓𝜓
𝜓𝜓0�

2
, (III.3) 

where 𝜓𝜓0 is the intrinsic sensitivity or SNR, i.e., that achieved by that coil if all internal losses and 
radiation were eliminated. 

C.1.2 Coil Loading 
The sensitivity of a loaded coil is lower than that of the empty coil because of the effect of the additional 
losses. If we assume that the effect of the load on the B1 pattern is negligible (i.e., minimal skin effect 
and interference patterns in the load), we can write this reduction in sensitivity in terms of the loading 
factor [175] 

�
𝜓𝜓𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

𝜓𝜓𝑖𝑖𝑛𝑛𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑�

2
=

𝑄𝑄𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
𝑄𝑄𝑖𝑖𝑛𝑛𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

≤ 1, (III.4) 

and thus the change in Q can be used to estimate the change in sensitivity due to the load (including 
the sensitivity under different loads). In some scanners the 𝜓𝜓𝑖𝑖𝑛𝑛𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑  is a constant known from 
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measurements at the factory and the load factor of Eq. (III.4) is a variable determined at scan time to 
determine the actual power needed to achieve a given tip angle (c.f. Eq. (15)). 

C.2 Reflections and Transmission Line Losses 
The SAR supervision or monitoring system of an MR scanner typically samples the RF power output 
(see Figs. 2.1 and 2.2 of NEMA MS 8) at the power amplifier (RFPA), which can be separated from the 
coil by some times 10 m or more of transmission line (coaxial cable) plus other circuits such as power 
splitters and T/R switches. Over such lengths it is not uncommon to lose half the RF power to multiple 
losses, therefore it is important to account for them to determine the actual power delivered to the coil 
and subject. The following equations are for the simplest situation in which the RFPA is connected to 
the coil by a single section of transmission line. More complex situations that include multiple sections 
of transmission line separated by other circuits will require a more detailed network calculation, e.g., 
using network simulation tools. 

C.2.1 Reflections 
Power incident at the coil port, 𝑃𝑃𝑑𝑑𝑐𝑐𝑐𝑐𝑑𝑑, can be reflected, in part or totally, back to the RFPA. The amount 
of reflection is determined by how well the coil’s input impedance, 𝑍𝑍𝑑𝑑𝑐𝑐𝑑𝑑𝑐𝑐, is matched to the transmission 
line’s characteristic impedance, 𝑍𝑍0. A mismatched coil is characterized by a reflection coefficient, Γ =
(𝑍𝑍𝑑𝑑𝑐𝑐𝑑𝑑𝑐𝑐−𝑍𝑍0)
(𝑍𝑍𝑑𝑑𝑐𝑐𝑑𝑑𝑐𝑐+𝑍𝑍0) = 𝜌𝜌11 ≠ 0. The power entering the coil is thus 

𝑃𝑃𝑑𝑑𝑐𝑐𝑑𝑑𝑐𝑐 = 𝑃𝑃𝑑𝑑𝑐𝑐𝑐𝑐𝑑𝑑�1 − |Γ|2�. (III.5) 

A matched coil (𝑍𝑍𝑑𝑑𝑐𝑐𝑑𝑑𝑐𝑐 = 𝑍𝑍0) accepts all incident power and therefore 𝑃𝑃𝑑𝑑𝑐𝑐𝑑𝑑𝑐𝑐 = 𝑃𝑃𝑑𝑑𝑐𝑐𝑐𝑐𝑑𝑑. 

C.2.2 Transmission Line Losses 
Attenuation along the transmission line is an important contribution to the losses that diminish the power 
incident at the coil port. In the case where the coil is matched, the line losses are expressed simply as 
the ratio of power entering the transmission line, 𝑃𝑃𝑑𝑑𝑛𝑛, and power entering the coil 

𝑃𝑃𝑑𝑑𝑛𝑛
𝑃𝑃𝑑𝑑𝑐𝑐𝑑𝑑𝑐𝑐

= 𝑚𝑚, (III.6) 

where 𝑚𝑚 = 𝑑𝑑2𝛼𝛼𝑐𝑐 is the matched-line loss, l is the physical length of the line, and 𝛼𝛼 = ℜ{𝛾𝛾} is the 
attenuation constant of the transmission line (g is the complex propagation constant, not to be confused 
with gyromagnetic ratio below). 

In the case where the load is mismatched, line losses are usually higher than matched-line losses 
because the resulting standing wave pattern creates current and voltage maxima that enhance power 
dissipation. A commonly-used approximation for mismatched-line losses is (see [172], Eqs. 2.92 and 
2.93) 

𝑃𝑃𝑑𝑑𝑛𝑛
𝑃𝑃𝑑𝑑𝑐𝑐𝑐𝑐𝑑𝑑

=
𝑚𝑚 − |Γ|2/𝑚𝑚
1 − |Γ|2 , (III.7) 

which is valid under the assumption that the line’s characteristic impedance, 𝑍𝑍0, is real (in general for 
a lossy line it is complex). Note that the corresponding formula (2.3-4) provided in the 2008 version of 
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NEMA MS 8 is not a reliable approximation. The exact formula for mismatched-line losses is (see 
AC6LA) 

𝑃𝑃𝑑𝑑𝑛𝑛
𝑃𝑃𝑑𝑑𝑐𝑐𝑐𝑐𝑑𝑑

=
ℜ{𝑍𝑍𝑑𝑑𝑛𝑛}

ℜ{𝑍𝑍𝑑𝑑𝑐𝑐𝑑𝑑𝑐𝑐} �cosh 𝛾𝛾𝑐𝑐 +
𝑍𝑍𝑑𝑑𝑐𝑐𝑑𝑑𝑐𝑐
𝑍𝑍𝜔𝜔

sinh 𝛾𝛾𝑐𝑐�

2
, (III.8) 

where 𝑍𝑍𝑑𝑑𝑛𝑛 is the impedance seen by the RFPA at the input of the line (Eq. 2.91 in [172]). 

Similarly to Eq. (III.5), the power entering the transmission line is 

𝑃𝑃𝑑𝑑𝑛𝑛 = 𝑃𝑃𝜌𝜌𝑅𝑅𝑃𝑃𝐴𝐴�1 − |Γ𝑑𝑑𝑛𝑛|2�, (III.9) 

where Γ𝑑𝑑𝑛𝑛 = Γ𝑑𝑑−2𝛾𝛾𝑐𝑐 = (𝑍𝑍𝑑𝑑𝑛𝑛−𝑍𝑍0)
(𝑍𝑍𝑑𝑑𝑛𝑛+𝑍𝑍0) is the reflection coefficient seen at the input of the transmission line and 

𝑃𝑃𝜌𝜌𝑅𝑅𝑃𝑃𝐴𝐴 is the incident power from the RFPA (assumed to have an internal impedance = 𝑍𝑍0). 

C.3 Pulse Sequence Power 
The following expressions relate the parameters of the pulse sequence, including those of the RF 
pulses, to the time-averaged power delivered by the sequence (which is proportional to the time-
averaged SAR limited by IEC 60601-2-33). Here, power is measured at the coil ports because it is the 
power that is directly related to SAR in the subject, irrespective of losses and reflections upstream. 

C.3.1 RF Pulse Energy 
The RF pulse energy delivered to a resonant coil with input resistance 𝑍𝑍𝑑𝑑𝑐𝑐𝑑𝑑𝑐𝑐 = 𝜌𝜌 by a pulse of duration 
𝜏𝜏 is 

𝐸𝐸𝑑𝑑𝑖𝑖𝑐𝑐𝑑𝑑𝑑𝑑 = 1
𝜌𝜌 � 𝑉𝑉 2(𝑑𝑑)𝑑𝑑𝑑𝑑,

𝜏𝜏

0
 (III.10) 

where 𝑉𝑉 (𝑑𝑑) is the voltage waveform of the pulse. 

By substituting for 𝑃𝑃𝑑𝑑𝑐𝑐𝑑𝑑𝑐𝑐 = 𝑉𝑉 2/𝜌𝜌 in Eq. (III.1) the pulse energy then becomes 

𝐸𝐸𝑑𝑑𝑖𝑖𝑐𝑐𝑑𝑑𝑑𝑑 = 1
𝜓𝜓2 � �𝐵𝐵1

+(𝑑𝑑)�
2𝑑𝑑𝑑𝑑,

𝜏𝜏

0
 (III.11) 

which allows the RF pulse energy to be separated into a term defined by a coil parameter (𝜓𝜓) and one 
by a pulse parameter (𝐵𝐵1𝜌𝜌𝑅𝑅𝜌𝜌

+  below). This convenient mathematical separation is used in some system 
vendors’ software to simplify prospective sequence SAR calculations. 

The average8 power of the pulse is then 

𝑃𝑃𝑑𝑑𝑖𝑖𝑐𝑐𝑑𝑑𝑑𝑑� =
𝐸𝐸𝑑𝑑𝑖𝑖𝑐𝑐𝑑𝑑𝑑𝑑

𝜏𝜏
= 1

𝜏𝜏𝜓𝜓2 � �𝐵𝐵1
+

�
2𝑑𝑑𝑑𝑑

𝜏𝜏

0
= �

𝐵𝐵1𝜌𝜌𝑅𝑅𝜌𝜌
+

𝜓𝜓 �

2

, (III.12) 

where we have applied the definition of RMS of the B1 waveform over its duration. 

                                                 
8 overline is used to indicate quantities averaged over time 
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C.3.2 Tip Angle and Form Factor 
If the excitation frequency is resonant with the Larmor frequency the tip angle 𝜃𝜃 is 

𝜃𝜃 = 𝛾𝛾 � �𝐵𝐵1
+(𝑑𝑑)�𝑑𝑑𝑑𝑑

𝜏𝜏

0
= 𝛾𝛾𝐵𝐵1

+� 𝜏𝜏, (III.13) 

where the second equality defines the average rotating frame B1 and 𝛾𝛾 is the gyromagnetic ratio. 

The tip angle is typically calibrated relative to a known value that we define the reference tip angle, 𝜃𝜃𝑐𝑐𝑑𝑑𝑓𝑓  
(e.g., 90°), and is associated with a reference average 𝐵𝐵1

+, 

𝜃𝜃𝑐𝑐𝑑𝑑𝑓𝑓 = 𝛾𝛾𝐵𝐵1𝑐𝑐𝑑𝑑𝑓𝑓
+�𝜏𝜏. (III.14) 

The relative amplitude of the desired and reference tip angles defines the drive scale 𝜆𝜆 = 𝜃𝜃/𝜃𝜃𝑐𝑐𝑑𝑑𝑓𝑓 . The 

reference pulse amplitude is associated with a reference power, 𝑃𝑃𝑐𝑐𝑑𝑑𝑓𝑓� , which is related to that of the 
desired tip angle by 

𝑃𝑃𝑑𝑑𝑖𝑖𝑐𝑐𝑑𝑑𝑑𝑑� = 𝜆𝜆2𝑃𝑃𝑐𝑐𝑑𝑑𝑓𝑓� . (III.15) 

Finally, the average and RMS of the B1 waveform are related by the form factor [176] 

𝜑𝜑 =
𝐵𝐵1𝜌𝜌𝑅𝑅𝜌𝜌

+

𝐵𝐵1
+�

≥ 1, (III.16) 

which is independent of any scaling applied to the waveform, and the equality holds for hard pulses. 
The form factor is thus a convenient pulse parameter (constant) used to relate the RMS field and thus 
pulse power (Eq. (III.12)) to the tip angle (Eq. (III.13)), 

𝜓𝜓�𝑃𝑃𝑑𝑑𝑖𝑖𝑐𝑐𝑑𝑑𝑑𝑑� = 𝐵𝐵1𝜌𝜌𝑅𝑅𝜌𝜌
+ =

𝜃𝜃𝜑𝜑
𝛾𝛾𝜏𝜏

. (III.17) 

C.3.3 Average Sequence Power 
For a sequence containing only one type (shape, magnitude and duration) of RF pulse repeated at 
every TR (e.g., gradient echo) the average sequence power, 

𝑃𝑃𝑑𝑑𝑑𝑑𝑚𝑚𝑛𝑛� = 𝛿𝛿𝑃𝑃𝑑𝑑𝑖𝑖𝑐𝑐𝑑𝑑𝑑𝑑� , (III.18) 

is calculated by knowing the duty cycle of the RF pulse, 

𝛿𝛿 = 𝜏𝜏
𝛥𝛥𝜌𝜌

. (III.19) 

For sequences without repetitions (i.e., single shot) the TR is replaced with the total duration of the scan 
(sequence). 

If the sequence contains K > 1 type and/or magnitude of RF pulse (e.g., spin echo) in each TR, the 
average sequence power is obtained by adding the pulse energies of each pulse 
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𝑃𝑃𝑑𝑑𝑑𝑑𝑚𝑚𝑛𝑛� = 1
𝛥𝛥𝜌𝜌 � 𝐸𝐸𝑑𝑑𝑖𝑖𝑐𝑐𝑑𝑑𝑑𝑑,𝑘𝑘

𝐾𝐾

𝑘𝑘=1
. (III.20) 

Finally, it is instructive to combine the equations above to express how sequence power changes as its 
parameters are changed. In the case of a sequence with only one type of RF pulse 

𝑃𝑃𝑑𝑑𝑑𝑑𝑚𝑚𝑛𝑛� = 𝛿𝛿 �
𝜃𝜃𝜑𝜑
𝛾𝛾𝜏𝜏𝜓𝜓�

2
= 1

𝜏𝜏𝛥𝛥𝜌𝜌 �
𝜃𝜃𝜑𝜑
𝛾𝛾𝜓𝜓�

2
, (III.21) 

which is a useful scaling relationship found in various forms throughout the literature (e.g., Schaefer’s 
Eq. 3.10 [177]). 

C.4 Prospective SAR Calculation 
The objective of a prospective SAR calculation is to estimate the time-averaged SAR values in a specific 
experimental setup (sequence, coil and subject). Parameter combinations that are likely to exceed the 
SAR limits can therefore be excluded before the sequence is run. 

C.4.1 Exposed Tissue Power and Average SAR 
With the same assumptions of Appendix C.3 (no transmission line losses and reflections (Appendix 
C.2)) we can set 𝑃𝑃𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐� = 𝑃𝑃𝑑𝑑𝑑𝑑𝑚𝑚𝑛𝑛� . For a sequence with only one type of pulse we then combine Equations 
(III.2), (III.3), (III.4), and (III.21) to give the exposed tissue power 

𝑃𝑃𝑑𝑑𝑐𝑐𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑� = 𝜂𝜂𝑃𝑃𝑑𝑑𝑑𝑑𝑚𝑚𝑛𝑛� = 1
𝜏𝜏𝛥𝛥𝜌𝜌 �1 −

𝑄𝑄𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
𝑄𝑄𝑖𝑖𝑛𝑛𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑�

𝑄𝑄𝑖𝑖𝑛𝑛𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
𝑄𝑄𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑 �

𝜃𝜃𝜑𝜑
𝛾𝛾𝜓𝜓𝑖𝑖𝑛𝑛𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑�

2
 

=  1
𝜏𝜏𝛥𝛥𝜌𝜌 �

𝑄𝑄𝑖𝑖𝑛𝑛𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
𝑄𝑄𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

− 1� �
𝜃𝜃𝜑𝜑

𝛾𝛾𝜓𝜓𝑖𝑖𝑛𝑛𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑�

2
. 

(III.22) 

The exposed tissue power is used to define the average SAR over that tissue 

𝜌𝜌𝐴𝐴𝜌𝜌𝑚𝑚𝑑𝑑𝑚𝑚 =
𝑃𝑃𝑑𝑑𝑐𝑐𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑�

𝑚𝑚𝑑𝑑𝑚𝑚𝑑𝑑𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑
, (III.23) 

where 𝑚𝑚𝑑𝑑𝑚𝑚𝑑𝑑𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑  is the mass of the subject that is exposed to at most 95% of the RF power dissipation. 
This mass may need to be estimated on a case-by-case basis depending on the coil and dimensions 
of the subject. The average SAR is then compared to the limits in IEC 60601-2-33 and if needed the 
sequence parameters are adjusted. 

C.4.2 Local SAR 
Local, or hot spot SAR is the maximum of the spatial distribution of SAR (averaged over any 10 g of 
tissue in the case of IEC) which can lead to local tissue burns. Because the spatial distribution of the 
electric fields that give rise to SAR cannot be measured using MRI, a prospective calculation of local 
SAR typically requires input from simulations (see §II.C). The simulations must provide either a subject-
specific or worst-case ratio of local to average SAR, x, so that local SAR can be obtained from the 
average SAR of Eq. (III.23) according to 
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𝜌𝜌𝐴𝐴𝜌𝜌𝑐𝑐𝑐𝑐𝑑𝑑𝑚𝑚𝑐𝑐 = 𝜉𝜉 ∙ 𝜌𝜌𝐴𝐴𝜌𝜌𝑚𝑚𝑑𝑑𝑚𝑚. (III.24) 

This value is then compared to the corresponding IEC limits and if needed the sequence parameters 
are adjusted. 

C.4.3 Loading Factor Measurement 
In the expression for exposed tissue power the combined effect of efficiency and loading factor (first 
term in parentheses in the 2nd line of Eq. (III.22)) is not strictly a sequence parameter because it depends 
on the coil and subject, as well as their mutual interaction. Moreover, that term does not achieve a 
maximum as a function of 𝑄𝑄𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑 , and therefore an upper bound on 𝑃𝑃𝑑𝑑𝑐𝑐𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑�  is not readily obtained (e.g., 
to estimate the maximum tissue power over all subjects in a study). However, the loading factor can be 
measured on the bench for a variety of subjects and the minimum obtained can be used to estimate a 
maximum value (including an appropriate safety factor) for the first term in parentheses in Eq. (III.22). 

Alternatively, the loading factor can be measured at scan time relative to a reference value obtained 
using a reference phantom (corresponding to a sensitivity 𝜓𝜓𝑐𝑐𝑑𝑑𝑓𝑓 ). This is achieved by adjusting the 
transmit power of a tip angle calibration sequence to obtain a reference tip angle (e.g., 90°). Eq. (III.4) 
can be written as 

𝑄𝑄𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
𝑄𝑄𝑖𝑖𝑛𝑛𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

= �
𝜓𝜓𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

𝜓𝜓𝑖𝑖𝑛𝑛𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑�

2
= �

𝜓𝜓𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
𝜓𝜓𝑐𝑐𝑑𝑑𝑓𝑓 �

2

�
𝜓𝜓𝑐𝑐𝑑𝑑𝑓𝑓

𝜓𝜓𝑖𝑖𝑛𝑛𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑�

2
, (III.25) 

where the 2nd term is a calibration constant determined either using the reference phantom on the bench 
or by the same tip angle calibration sequence (to measure 𝜓𝜓𝑖𝑖𝑛𝑛𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑  a small low-loss phantom is used). 
If only the amplitude of the RF pulse in the calibration sequence is varied, using Eq. (III.12) the first term 
of Eq. (III.25) can be written as 

�
𝜓𝜓𝑐𝑐𝑐𝑐𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
𝜓𝜓𝑐𝑐𝑑𝑑𝑓𝑓 �

2
=

�
𝐵𝐵1𝜌𝜌𝑅𝑅𝜌𝜌

+

𝐵𝐵1𝜌𝜌𝑅𝑅𝜌𝜌
+ �

2 𝑃𝑃𝑐𝑐𝑑𝑑𝑓𝑓�

𝑃𝑃𝑑𝑑𝑖𝑖𝑐𝑐𝑑𝑑𝑑𝑑�
, (III.26) 

because to achieve the same tip angle the B1 must be the same for both phantoms. The ratio of transmit 
powers (2nd term of Eq. (III.26)) therefore allows a subject-specific measurement of the loading factor 
for use in Eq. (III.22). 

C.5 Thresholds for SAR Supervision 
The objective here is to determine the average power thresholds above which the SAR monitoring 
system will intervene to halt the scan. The equations below are provided for systems (typically 
experimental systems) where the thresholds can be entered directly by the operator. In other systems 
the parameters to manipulate must be determined by consulting the scanner manufacturer’s software 
and hardware documentation. Typically, information such as coil parameters (sensitivity), body mass 
seen, etc. can be entered in specific files (e.g., the coil files), and the scanner’s existing software will 
set the power limits accordingly. 
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C.5.1 Calculating Power Thresholds 
The IEC SAR Limits depend on what body part is exposed and how much of it, on local and volume 
averages, and on the averaging time. The limits for short-term (10 s) and long-term (6 min) averaging 
are related simply by a constant factor and thus should not require separate entries. 

Once the SAR limits for the specific experimental situation are determined from the standard, we need 
to calculate the corresponding powers at the location along the transmit chain where they are sampled. 
Conversely, most of the expressions above refer to power into the coil ports (𝑃𝑃𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐� = 𝑃𝑃𝑑𝑑𝑑𝑑𝑚𝑚𝑛𝑛� ), therefore 
reflections and transmission line losses (Appendix C.2) must be included. 

Consider as an example the common setups of Figs. 2.1a and 2.2 of NEMA MS 8, where the power is 
sampled at the RFPA’s output. Assuming that the SAR monitoring system already includes calibrations 
for the coupling constants of the directional coupler, and using the approximate expression for 
mismatched line loss, Equations (III.2), (III.5), (III.7) and (III.9) can be rearranged to give 

𝑃𝑃𝜌𝜌𝑅𝑅𝑃𝑃𝐴𝐴� = 𝑃𝑃𝑑𝑑𝑐𝑐𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑� 𝑚𝑚 − |Γ|2/𝑚𝑚
𝜂𝜂(1 − |Γ𝑑𝑑𝑛𝑛|2)(1 − |Γ|2)

. (III.27) 

The RFPA power threshold for average SAR then becomes (Eq. (III.23)) 

𝑃𝑃𝜌𝜌𝑅𝑅𝑃𝑃𝐴𝐴� =
𝑚𝑚𝑑𝑑𝑚𝑚𝑑𝑑𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑�𝑚𝑚 − |Γ|2/𝑚𝑚�

𝜂𝜂(1 − |Γ𝑑𝑑𝑛𝑛|2)(1 − |Γ|2)
𝜌𝜌𝐴𝐴𝜌𝜌𝑚𝑚𝑑𝑑𝑚𝑚, (III.28) 

and for local SAR (Eq. (III.24)) 

𝑃𝑃𝜌𝜌𝑅𝑅𝑃𝑃𝐴𝐴� =
𝑚𝑚𝑑𝑑𝑚𝑚𝑑𝑑𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑�𝑚𝑚 − |Γ|2/𝑚𝑚�

𝜉𝜉𝜂𝜂(1 − |Γ𝑑𝑑𝑛𝑛|2)(1 − |Γ|2)
𝜌𝜌𝐴𝐴𝜌𝜌𝑐𝑐𝑐𝑐𝑑𝑑𝑚𝑚𝑐𝑐. 

(III.29) 

To satisfy both limits the smaller of the two powers must be chosen and entered into the SAR 
supervision system. 

Note that, in principle, it is possible to measure the net power into the coil by monitoring the power it 
reflects (thereby avoiding the corrections for reflections and transmission line losses). However, 
reflected power may need to be monitored in multiple places (Fig. 2-1a of NEMA MS 8), and reflected 
power is also subject to attenuation which must be accounted for. 

The terms for line attenuation and reflections are also challenging or time-consuming to measure for 
each experimental situation. Therefore it may be preferable to use a previously-measured line loss (𝑚𝑚) 
and assume a worst-case reflection coefficient (|Γ|), which could be quite small if the coil is matched 
for each load. The reflected power measurement could then be used to halt the scan if a higher-than-
expected reflection is detected. 
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D. Summary of Relevant Standards, Government and Industry 
Publications 

Below is a list of active standards, as well as publications from governments and industry, that are 
relevant and cited in these recommendations. Applicable legislation varies depending on the 
jurisdiction, and those listed are provided only as examples. Versions are up-to-date as of time of 
writing.

 

Publication ID Year Title Topic Section 

AAPM (American Association of Physicists in Medicine) 

AAPM Report No. 
100 

2010 Acceptance Testing 
and Quality Assurance 
Procedures for 
Magnetic Resonance 
Imaging Facilities 

B0 magnetic field 
homogeneity 
measurement 

II.A.4.4.1 

II.C.4.1 

ACR (American College of Radiology) 

ACR MRI QC 
Manual 

2015 ACR Magnetic 
Resonance Imaging 
Quality Control Manual 

B0 magnetic field 
homogeneity 
measurement 

II.A.4.4.1 

ACR Large 
Phantom 

2018 Phantom Test 
Guidance for Use of 
the Large MRI 
Phantom 

phantom design and use II.C.4.1 

ACR MR Safety 
Manual 

2020 ACR Manual on MR 
Safety 

general MRI safety 
practices 

I.2.1.2 

II.A.4.4.1 

ANSI (American National Standards Institute) 

ANSI Z136.1 2014 Safe Use of Lasers laser radiation safety II.B.3.1.2 

ASTM International (formerly American Society for Testing and Materials) 

ASTM D149 2020 Standard Test Method 
for Dielectric 
Breakdown Voltage 
and Dielectric Strength 
of Solid Electrical 
Insulating Materials at 
Commercial Power 
Frequencies 

dielectric insulating 
materials 

II.A.1.1 
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ASTM D648 2018 Standard Test Method 
for Deflection 
Temperature of 
Plastics Under Flexural 
Load in the Edgewise 
Position 

mechanical stability of 
plastics 

II.A.4.1 

ASTM D1929 2019 Standard Test Method 
for Determining Ignition 
Temperature of 
Plastics 

flammability of plastics II.A.4.2 

ASTM E595 2015 Standard Test Method 
for Total Mass Loss 
and Collected Volatile 
Condensable Materials 
from Outgassing in a 
Vacuum Environment 

out-gassing II.A.1.3.1 

ASTM F2052 2015 Standard Test Method 
for Measurement of 
Magnetically Induced 
Displacement Force on 
Medical Devices in the 
Magnetic Resonance 
Environment 

ferromagnetic materials II.A.4.4.1 

ASTM F2182 2019 Standard Test Method 
for Measurement of 
Radio Frequency 
Induced Heating On or 
Near Passive Implants 
During Magnetic 
Resonance Imaging 

SAR measurement II.C.2.2.2 

ASTM F2213 2017 Standard Test Method 
for Measurement of 
Magnetically Induced 
Torque on Medical 
Devices in the 
Magnetic Resonance 
Environment 

ferromagnetic materials II.A.4.4.1 



Publication ID Year Title Topic Section 
 

ISMRM RF Hardware Recommendations III.34 2022-03-07 

ASTM D4565 2015 Standard Test 
Methods for Physical 
and Environmental 
Performance 
Properties of 
Insulations and 
Jackets for 
Telecommunications 
Wire and Cable 

cable bending test II.A.2.5 

EIA (Electronic Industries Alliance, now Electronic Components Industry Association) 

EIA-364 series various Electrical Connector 
Performance Test 
Standards 

connector reliability (TP-
09), ferromagnetism 
(TP-54A and 88), etc. 

II.A.2.5 

II.A.4.4.1 

EU (European Union) 

EU Directive 
2013/35 

2013 Minimum health and 
safety requirements 
regarding the exposure 
of workers to the risks 
arising from physical 
agents 
(electromagnetic fields) 

Electromagnetic Field 
(RF) safety 

II.C.1 

EU Medical 
Device Regulation 

2017/745 

2017 Medical Devices 
Directive 

safety requirements for 
medical devices 

II.A.1.3 

II.A.2.2 

II.A.5 

FDA (Food and Drug Administration, USA) 

FDA Guidance 
340 

2016 Submission of 
Premarket 
Notifications for 
Magnetic Resonance 
Diagnostic Devices 

General MRI and RF coil 
safety 

I.2.1.2 

I.2.5 

II.C.1 

FDA Guidance 
793 

2014 Criteria for Significant 
Risk Investigations of 
Magnetic Resonance 
Diagnostic Devices - 
Guidance for Industry 
and Food and Drug 
Administration Staff 

MRI safety II.C.1 
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FDA Guidance 
1807 

2016 Reporting of 
Computational 
Modeling Studies in 
Medical Device 
Submissions - 
Guidance for Industry 
and Food and Drug 
Administration Staff 

Computational EM 
(simulations) 

II.C.7 

FDA Guidance 
19011 

2020 Magnetic Resonance 
(MR) Receive-only Coil 
– Performance Criteria 
for Safety and 
Performance Based 
Pathway 

RF coil safety I.2.1.2 

II.B.1.3 

ICNIRP (International Commission on Non-Ionizing Radiation Protection) 

ICNIRP EMF 
Guidelines 

2020 Guidelines for Limiting 
Exposure to 
Electromagnetic Fields 
(100 kHz to 300 GHz) 

RF safety II.C.1.3 

IEC (International Electrotechnical Commission) 

IEC 60050-192 2015 International 
electrotechnical 
vocabulary – Part 192: 
Dependability 

definitions I.1 

IEC 60060 series 2010 High-voltage test 
techniques 

dielectric insulating 
materials 

II.A.1.1 

IEC 60243 series 2013 Electric strength of 
insulating materials - 
Test methods 

dielectric insulating 
materials 

II.A.1.1 

IEC 60417 2002 Graphical symbols for 
use on equipment 

labelling II.A.5 

IEC 60512-24 2010 Connectors for 
electronic equipment - 
Tests and 
measurements - Part 
24-1: Magnetic 
interference tests 

connector magnetism II.A.4.4.1 
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IEC 60529 2013 Degrees of protection 
provided by 
enclosures (IP Code) 

ingress protection II.A.1.2 

IEC 60601-1 Ed. 3.2: 
2020 

Medical electrical 
equipment – Part 1: 
General requirements 
for basic safety and 
essential performance 

safety requirements for 
medical devices 

throughout 

IEC 60601-1-2 2014 Medical electrical 
equipment - Part 1-2: 
General requirements 
for basic safety and 
essential performance 
- Collateral Standard: 
Electromagnetic 
disturbances - 
Requirements and 
tests 

electromagnetic 
compatibility for medical 
devices 

II.B.1.3 

IEC 60601-2-33 2010/ 

AMD2: 

2015 

Medical electrical 
equipment – Part 2-33: 
Particular 
requirements for the 
basic safety and 
essential performance 
of magnetic resonance 
equipment for medical 
diagnosis 

requirements specific to 
MRI scanners; some 
sections supersede 
those in 60601-1 

throughout 

IEC 60695-2-13 2014 Fire hazard testing - 
Part 2-13: 
Glowing/hot-wire 
based test methods 

flammability of materials II.A.4.2 

IEC 60695-11-10 2013 Fire hazard testing - 
Part 11-10: Test 
flames - 50 W 
horizontal and vertical 
flame test methods 

flammability of materials II.A.4.2 

IEC 60812 2018 Failure modes and 
effects analysis 
(FMEA and FMECA) 

risk management I.2.1.3 
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IEC 60878 2015 Graphical symbols for 
electrical equipment in 
medical practice 

labelling II.A.5 

IEC 61000-4-2 2008 Electromagnetic 
compatibility (EMC) - 
Part 4-2: Testing and 
measurement 
techniques - 
Electrostatic discharge 
immunity test 

ESD immunity II.B.1.3 

IEC 61025 2006 Fault tree analysis 
(FTA) 

risk management I.2.1.4 

IEC 62366-1 2015 Medical devices - Part 
1: Application of 
usability engineering 
to medical devices 

usability II.A.5 

IEC 62366-2 2016 Medical devices - Part 
2: Guidance on the 
application of usability 
engineering to medical 
devices 

usability II.A.5 

IEC/IEEE 62209-
1528 

2020 Measurement 
procedure for the 
assessment of specific 
absorption rate of 
human exposure to 
radio frequency fields 
from hand-held and 
body-mounted 
wireless 
communication 
devices – Part 1528: 
Human models, 
instrumentation, and 
procedures 
(Frequency range of 4 
MHz to 10 GHz). 

SAR measurements II.C.4.1 

II.C.4.5 
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IEC/IEEE 62704-
1 

2017 Determining the peak 
spatial-average 
specific absorption 
rate (SAR) in the 
human body from 
wireless 
communications 
devices, 30 MHz to 6 
GHz - Part 1: General 
requirements for using 
the finite difference 
time-domain (FDTD) 
method for SAR 
calculations 

RF/SAR simulations II.C.3.2 

IEEE (Institute of Electrical and Electronics Engineers) 

IEEE C95.1 2019 IEEE Standard for 
Safety Levels with 
Respect to Human 
Exposure to Electric, 
Magnetic, and 
Electromagnetic 
Fields, 0 Hz to 
300 GHz 

RF safety II.C.3.2 

IEEE C95.3 2021 IEEE Recommended 
Practice for 
Measurements and 
Computations of 
Electric, Magnetic, and 
Electromagnetic Fields 
with Respect to Human 
Exposure to Such 
Fields, 0 Hz to 
300 GHz 

RF/SAR simulations II.C.2.2 

II.C. 3.1 

IEEE 1597.2 2011 IEEE Recommended 
Practice for Validation 
of Computational 
Electromagnetics 
Computer Modeling 
and Simulations 

RF/SAR simulations II.C.2 

II.C.3.1 

II.C.4 
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IPC International (formerly Institute of Printed Circuits) 

IPC-2221B 2012 Generic Standard on 
Printed Board Design 

PCB design guidelines II.B.1.1.1 

ISO (International Organization for Standardization) 

ISO 75 2013 Plastics – 
Determination of 
temperature of 
deflection under load 

mechanical stability of 
plastics 

II.A.4.1 

ISO 871 2006 Plastics – 
Determination of 
ignition temperature 
using a hot-air furnace 

flammability of materials II.A.4.2 

ISO 7010 2019 Graphical symbols – 
Safety colours and 
safety signs – 
Registered safety 
signs 

labelling II.A.5 

ISO 9772 2012 Cellular plastics – 
Determination of 
horizontal burning 
characteristics of small 
specimens subjected 
to a small flame 

flammability of materials II.A.4.2 

ISO 9773 1998 Plastics – 
Determination of 
burning behaviour of 
thin flexible vertical 
specimens in contact 
with a small-flame 
ignition source 

flammability of materials II.A.4.2 

ISO/TS 10974 2018 Assessment of the 
safety of magnetic 
resonance imaging for 
patients with an active 
implantable medical 
device 

AIMD test procedures 
(e.g., effects induced by 
gradient switching) 

II.B.1.2 

ISO 10993-1 2018 Biological evaluation of 
medical devices – Part 
1: Evaluation and 

biocompatibility II.A.1.3 
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testing within a risk 
management process 

ISO 10993-10 2010 Biological evaluation of 
medical devices – Part 
10: Tests for irritation 
and skin sensitization 

biocompatibility II.A.1.3 

ISO 14971 2019 Medical devices – 
Application of risk 
management to 
medical devices 

risk management; see 
also ISO/TR 24971:2020 

I.1 

I.2.1 

I.2.2.1 

ISO 15223-1 2016 Medical devices – 
Symbols to be used 
with medical device 
labels, labelling and 
information to be 
supplied – Part 1: 
General requirements 

labelling II.A.5 

ISO 31000 2018 Risk management — 
Guidelines 

risk management I 

NASA (National Aeronautics and Space Administration) 

NASA – GSFC S-
311-P-10 

1992 Connectors, Electrical, 
Rectangular, Miniature, 
Polarized Shell, Rack 
and Panel, for Space 
Flight Use 

connector magnetism II.A.4.4.1 

NEMA (National Electrical Manufacturers Association) 

NEMA MS 2 2008 

R2014 

Determination of Two-
Dimensional 
Geometric Distortion in 
Diagnostic Magnetic 
Resonance Images 

B0 magnetic field 
homogeneity 
measurement 

II.A.4.4 

NEMA MS 4 2010 Acoustic Noise 
Measurement 
Procedure for 
Diagnostic Magnetic 
Resonance Imaging 
(MRI) Devices 

sound pressure II.B.3.1.4 

NEMA MS 8 2016 Characterization of the 
Specific Absorption 

SAR measurement III.C 
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ISMRM RF Hardware Recommendations III.41 2022-03-07 

Rate (SAR) for 
Magnetic Resonance 
Imaging Systems 

NEMA MS 10 2010 Determination of Local 
Specific Absorption 
Rate (SAR) in 
Diagnostic Magnetic 
Resonance Imaging 
(MRI) 

phantoms 

SAR measurement 

II.B.5.1 

II.C.4.1 

II.C.4.6 

NEMA MS 14 2019 Characterization of 
Radiofrequency (RF) 
Coil Heating in 
Magnetic Resonance 
Imaging Systems 

RF coil heating II.B.5.2.1.2 

II.B.5.4 

UL (Underwriters Laboratories) 

UL 94 2013 Standard for Tests for 
Flammability of Plastic 
Materials for Parts in 
Devices and 
Appliances 

flammability of materials II.A.4.2 
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