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REVIEW

An Invited Review for the Special 20th Anniversary Issue of MRMS
New Insights into MR Safety for Implantable Medical Devices

Kagayaki Kuroda' and Satoshi Yatsushiro'?

Over the last two decades, the status of MR safety has dramatically changed. In particular, ever since the
MR-conditional cardiac device was approved by the Food and Drug Administration (FDA) in 2008 and by
the Pharmaceuticals and Medical Devices Agency (PMDA) in 2012, the safety of patients with an
implantable medical device (IMD) has been one of the most important issues in terms of MR use. In
conjunction with the regulatory approvals for various IMDs, standards, technical specifications, and
guidelines have also been rapidly created and developed. Many invaluable papers investigating and
reviewing the history and status of MR use in the presence of IMDs already exist. As such, this review
paper seeks to bridge the gap between clinical practice and the information that is obtained by standard-
based tests and provided by an IMD’s package insert or instructions for use. Interpretation of the gradient
of the magnetic flux density intensity of the static magnetic field with respect to the magnetic displacement
force is discussed, along with the physical background of RF field. The relationship between specific
absorption rate (SAR) and By, rs, and their effects on image quality are described. In addition, insofar as
providing new directions for future research and practice, the feasibility of safety test methods for RF-
induced heating of IMDs using MR thermometry, evaluation of tissue heat damage, and challenges in

cardiac IMDs will be discussed.
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Introduction

Until the early 1990s, the most feared danger associated with
MRI was the projectile effect resulting from a static magnetic
field. MRI has been regarded as a non-invasive imaging
method insofar, as it does not expose patients to ionizing
radiation. However, the researchers who developed the MR
scanners in the early 1980s questioned whether the static
magnetic field, oscillating gradient magnetic field, and RF
magnetic field used in MR scanners had significant effects
on the human body. In Japan, Tateno, Kamei et al. estab-
lished the Committee on Recent Knowledge of Magnetic
Field Effects and Safety in NMR Images at the Nuclear

'Department of Human and Information Sciences, School of Information Science
and Technology, Tokai University, Hiratsuka, Kanagawa, Japan

‘Biosim Laboratory, Bioview, Inc., Tokyo, Japan

*Corresponding author: Department of Human and Information Sciences, School
of Information Science and Technology, Tokai University, 4-1-1 Kitakaname,
Hiratsuka, Kanagawa 259-1292, Japan. Phone: +81-463-63-4178 (Laboratory),
+81-463-63-4211 (Office), E-mail: kagayaki@keyaki.cc.u-tokai.ac.jp

This work is licensed under a Creative Commons

@ ® @ @ Attribution-NonCommercial-NoDerivatives
YA NI International License.

©2022 Japanese Society for Magnetic Resonance in Medicine

Received: December 11, 2021 | Accepted: January 8, 2022

110

Magnetic Resonance Medicine Study Group, and initiated
an industry-academia collaborative study on the safety of the
three kinds of magnetic fields in 1982.' In 1983,
Nakatsugawa Municipal Hospital, which is the first clinical
facility that introduced an MR system in Japan, published a
survey report on the effects of MR examination on humans at
0.04 Tesla.” In 1984, the results of a “Questionnaire survey
on changes in the physical condition and morbidity of
researchers using high magnetic field devices” were pub-
lished by the Effects and Safety of Magnetic Fields
Committee in Japan.®

Since safety standards became indispensable during the
spread of clinical MR scanners, the Food and Drug
Administration (FDA) in the United States established an
MR safety guideline in 1982.* The FDA’s guideline was
established by the International Electrotechnical Commission
(IEC) as the medical electrical equipment standard IEC60601-
2-33.° The revision of the FDA’s guideline in 1988 set limits
for static magnetic field strength, magnetic field change rate,
RF heating, and noise level, eliminating the need for premar-
ket authorization (PMA) or premarket notification 510(k) for
MR scanners of 2 T or less.® In parallel, the National Electrical
Manufacturers Association (NEMA) established several
important procedures including those for measuring time-
varying gradient fields (dB/dt)” and specific absorption rate
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(SAR).® At that time, The Japan Radiological Equipment
Manufacturers Association (currently known as the Japan
Medical Imaging and Radiological Systems Industries
Association [JIRA]) also standardized the “Guidelines for
attraction of magnetic materials by magnetic fields”." The
history of MR safety in these early days is detailed further
across many sources.” >

In 2010, the IEC standards for MR scanner safety were
revised,"® with the latest amendment having been published
in 2015."* This standard systematically describes the limit
values for the static magnetic field, gradient field, and RF
field based on the concept of operation modes—that is nor-
mal mode, first-order controlled operation mode, and sec-
ond-order controlled operation mode. When examining a
human body, all outputs of the magnetic fields are controlled
to be within the allowable range. Figure 1 shows an overview
of the elements and technologies to ensure patient safety and
comfort in MR examination.'

In parallel to the development of MR technology, implan-
table medical devices (IMD) have also been developed with
the trend of minimally invasive treatment for various dis-
cases. Nowadays, there are many opportunities for patients
with devices in their body to undergo MR examination. With
the spread of high field scanners and the increasing impor-
tance of MR examinations, the demand to inspect a patient
with an IMD has rapidly increased. The human body is
diamagnetic and does not feel magnetic displacement force
or torque due to the static magnetic field and/or spatial field
gradient. Indeed, a person may feel nerve stimulation includ-
ing vertigo, nausea and dysgeusia due to eddy currents gen-
erated in the body when the patient moves in the static
magnetic field,'>'® vibration due to gradient magnetic field
switching, or increase in body temperature due to the RF
magnetic field. However, these phenomena do not reach a
dangerous level so long as the clinical scanners are set to the
appropriate imaging condition by IEC standard.'* This
makes it difficult to perceive the interaction between the
magnetic fields and IMDs in a patient’s body. To predict
the interaction of the magnetic fields with IMDs containing
magnetic or conductive materials, it is necessary to know the
physics behind them.'® Armed with the knowledge of safety
standards that have been precisely constructed based on such
physics, it is then possible to decipher the MR-conditional
information described in the package insert of an IMD.
Moreover, there are already several excellent reviews asso-
ciated with the development and progress of standards. For
example, the situation in the dawn of MR safety for IMDs is
described by Davis.?° The history of IMD-related standards
is well covered by Woods.?' There are also several papers
describing RF heating of various passive IMDs (PIMD).***
For the MR conditionality of active IMD (AIMD), including
cardiac devices like pacemakers (PM), implantable cardio-
verter defibrillators (ICD), and cardiac resynchronization
therapy defibrillators (CRT-D), a large number of review
papers have been published.?>>*
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Thus, this paper will focus on carefully selected topics to
bridge the gap between clinical practice and the information
obtained by standard-based tests and provided by an IMD’s
package insert or manual. First, we will conduct a brief review
of MR safety for IMDs and clarify the current issues with
which we are facing. Second, as issues are common to both
active and passive implants, we will examine the physical
background of the displacement force and RF heat generation,
which are sometimes difficult to understand in the form sup-
plied in standards. Third, the gap between the console-dis-
played SAR/B;rms of the device and the measured SAR will
be elucidated. Furthermore, to clarify how the RF power
condition has a practical effect on clinical output, the condi-
tions of SAR and Biirmgs in the routine examination condi-
tions for various body parts will be discussed. In terms of
suggesting future directions for maintaining MR safety for
IMDs, the feasibility of RF heating assessment based on MR
thermometry will be discussed. Moreover, New MR safety
issues for cardiac AIMD will be discussed.

Brief Historical Review of MR Safety for
IMDs

In response to the rapid and widespread employment of
clinical MR examinations across the world, the Center for
Devices and Radiological Health (CDRH) of the FDA started
to prepare appropriate standards to address the safety of
using MR in the presence of implantable and other medical
devices.?' It is known that the CDRH requested that the
American Society for Testing and Materials (ASTM)
develop test methods and guidance for IMDs to maintain
MR safety. Based on the request, ASTM formed a task group
called F04.15.11 that was responsible for developing the test
methods for evaluating MR safety for passive IMDs. Here,
passive means that the device does not have an electrical
source. After the first standard for magnetically induced
force, F2052, was published in 2000,*> the task group pub-
lished and revised the standards for magnetically induced
force, F2052; torque, F2213; and RF field-induced heating,
F2182. The standards for image artifact, F2119, as well as
marking practice, F2503, for MR conditionality were also
developed and revised. Note that only the latest versions,
F2052-15,% F2213-17,>7 F2182-19¢2,*® F2119-07 (reap-
proved in 2013),* and F2503-20,* are the active standards
that currently apply. The version history of these standards is
fully viewable at the ASTM website.*'

In Japan, the 2003 Ministry of Health, Labor and Welfare
notification includes the following description about IMD
effects on MRI: “Evaluate the effect of implanted stents on
heat generation, artifacts (magnetic field interference), etc.
during MRI examination.” This is the ministry’s first men-
tion of MR safety for IMDs in Japan. In a 2008 notice, the
ASTM standard was first referred to as a valid test method by
the ministry, described as “the test of hanging a clip with a
thin wire in a magnetic field environment will be conducted
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Fig. 1 MR Safety elements and technologies to ensure patient safety and comfort. The viewpoints of MR safety are roughly divided into the
safety of MR system, safety for IMDs and intraoperative equipment around MR system, safety management in daily clinical practice, and the
safety of MR workers. IMD, implantable medical devices. (Translated and modified from reference #1)

based on the ASTM F2052 test method.” In response to these
notifications, the momentum for MR safety assessment for
IMDs has rapidly increased in Japan.

One of the greatest advances in improving upon MR safety
for IMDs was the approval of the MR-conditional cardiac
pacemaker by the FDA in 2008 and Pharmaceuticals and
Medical Device Agency (PMDA) in 2012. Prior to this, cardiac
pacemakers categorized as active, that is, IMDs with an elec-
trical power source, had been basically contraindicated for MR
examination. MR safety for AIMDs was not completely cov-
ered by the existing ASTM standard, however. When the car-
diac device was approved as an MR-conditional device, MR
safety assessment technology for AIMDs made great progress
and led to joint work carried out by the International
Organization for Standardization (ISO) and the IEC. In June
2014, this work yielded the technical specification ISO
TS10974, “Assessment of the safety of magnetic resonance
imaging for patients with an active implantable medical
device”.** The ASTM standards are fully referenced in this
ISO specification. Furthermore, the second edition of these
ISO specifications was published in 2018.* In this edition, 12
types of hazards that can be caused by the 3 kinds of MR
magnetic fields were identified, as shown in Fig. 2. Currently,
this technical specification is an evaluation guideline to be
applied to all AIMDs, including pacemaker (PM), implantable
cardiac defibrillator (ICD), CRT-D and cardiac resynchroniza-
tion therapy-pacemaker (CRT-P), leadless pacemaker, deep
brain stimulator (DBS), spinal code stimulator (SCS), vagal
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nerve stimulator (VNS), artificial auditory devices, and others.
In the naming convention of ISO, TS stands for technical
specification, and normally, the third revision of TS will pro-
mote the technical specification as an international standard, IS.
In addition to such a horizontal standard, where necessary,
individual classes of AIMDs (e.g. PM) have their own vertical
standard (e.g. PC76 from Association for the Advancement of
Medical Instrumentation [AAMI]).

The imaging conditions for these AIMDs improved
rapidly after the publication of TS-10974 with the continuous
effort of the joint working group (JWG) of ISO/TC 150/SC
6/JWG2* and IEC/SC 62B/JWG 1.** The conditions are
specified in a device’s instructions for use (IFU) or package
insert. For cardiac devices used in Japanese hospitals, the
conditions for safe MR imaging can also be researched in the
Japan Arrhythmia Device Industry Association (JADIA)
database. In contrast to the database provided by individual
manufacturers, the JADIA is unique in that users can look up
MR safety information for different manufactures in a cross-
sectional manner. In addition, the MR conditionality lists for
cardiac devices, cochlear implants, and vagal nerve stimula-
tors are provided on the homepage of the Japanese Society
for Magnetic Resonance in Medicine (JSMRM).*¢

On the other hand, insufficient information, that is non-
labeling or MR conditional labels of poor quality, provided in
the package inserts for passive IMDs often poses problems at
clinical sites. There are several databases containing MR safety
information.”** A comprehensive MR safety database
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Fig. 2 Relationships between the magnetic fields used in the MR scanner (Static, gradient, and RF) and hazards for the implantable medical

device. (Modified from reference #43)

provided free of charge by a Japanese company revealed that
MR safety information is provided in package inserts for less
than half of all existing IMD products at the time of writing, and
even when provided, it is sometimes extremely insufficient. In
2014, Japan’s Ministry of Health, Labor, and Welfare (MHLW)
conducted a research project entitled “Research on evaluation
of the effects of MR imaging on medical devices and how
safety information should be provided.” In the final report of
this project, recommendations and guidance for labeling and
describing MR safety information were provided. Furthermore,
in response to this report, a document entitled “Measures for
MR safety for IMD” was issued in August 2019. This document
required that, 3 years after its publication, manufacturers of
metal-containing IMDs (including temporalily indwelled
devices) attach the results of safety evaluations for new medical
devices, class IV medical devices, and class III active medical
devices when applying for new manufacturing and marketing
approval. Note that the classification system described here is
the Japanese system. The correspondence of the classification
systems in different country area is summarized elsewhere.”
Existing approved products are also required to be accompanied
by MR safety information within 3 years of the document’s
release for Class IV and Class III equipment and within 5 years
for Class II and I equipment. As a result of these requirements,
the inclusion of MR safety descriptions in package inserts is
currently advancing in Japan.

Tips for Understanding MR Conditionality

In this section, important tips for understanding the physical
meanings of MR conditionality are described. Unlike the
detailed testing procedures described in standards and text-
books, only main topics are described here.

Vol. 21, No. 1

Magnetically induced displacement force

Attraction due to magnetic displacement force on a magnetic
material has been the most common hazard associated with
MR>®' and has caused serious accidents including a recent
fatal one.>* The magnetically induced displacement force acting
on the subject can be measured by taking the tangent of the
deflection angle with respect to gravity while suspended from a
string. The spatial position where this force is maximized is at
the position where the gradient of the magnitude of the mag-
netic flux density of the static magnetic field (spatial field
gradient for short) |VB,|™"* is the maximum, when the ferro-
magnetic material is magnetically saturated. For example, in
iron or steel, the saturation will occur when the applied mag-
netic field intensity is 3000-5000 [A/m53]), which is corre-
sponding to 3.8-6.3 (mT) in the void. Since this value is easily
attainable near the gantry of clinical scanners, the displacement
force is determined only by the spatial field gradient. In the case
of a diamagnetic, paramagnetic, or unsaturated ferromagnetic
material, the force is maximized at the position where the
product of By and |VBy| is the maximum. In a 1.5-T and 3-T
superconducting and horizontal magnet, the largest value of the
product is near the entrance of the gantry, as shown in Fig. 3.
Although in the previous ASTM F2503-06 standard, such a
position had to be found to measure the maximum displacement
force, it is difficult to accurately find the position. Therefore, in
the current standard F2503-15,%° the maximum value of the
allowable static magnetic field strength gradient is obtained by

*1Vis called nabla and is a differential operator (vector) that expresses the
spatial gradient. The description VB, shows the spatial gradient of the
magnitude (scalar) of the magnetic flux density of the static magnetic field.

"2Note that the bold italic font By represents a vector, while the fine and
italic font By represents a scalar, and thus the magnitude of a vector B.
Such electromagnetic convention is applied throughout the entire text.
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Fig. 3 Typical example of distribution of intensity of magnetic flux density (a) and its gradient (b) measured along the z-axis of a horizontal
1.5-T scanner. The product of the flux density intensity and the gradient is shown in (c). Thin red ellipses show the peak regions of the spatial
field gradient or the product, where the magnetically induced displacement force to an IMD becomes strongest on the z-axis. Note that the
measurements were made only on the z-axis. The position where the strongest displacement force acts on an IMD is located near the edge
of the gantry as indicated by thick red ellipses on the schematically illustrated coronal view of the gantry (d).

measuring on the z-axis and giving the target static magnetic
field strength and the deflection angle. That is, when the deflec-
tion angle is oy [deg] at a position where the magnitude of the
magnetic flux density is By, (T), and the absolute value of the
gradient of the magnitude of the magnetic flux density is |VBy |,
(T/m), we may assume certain target values of the deflection
angle a¢ (deg) and the magnitude of the magnetic flux density
Boc (T). Then, the allowable gradient |VBy|- (T/m) can be
calculated using the following equation:

By; tana
VBo| = [VBo|, - 2O

().

By, tanog

If this value is greater than the maximum gradient of the
magnetic flux density intensity of the static magnetic field in
the MRI system used for inspection, the magnetic displace-
ment force is at an allowable level. For example, suppose
that the measured value of the deflection angle for a certain
sample a; is 10 degrees, the magnetic flux density intensity
of the static magnetic field By, is 1.1T and its gradient is
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|VBg.| is 25T/m, as shown in Fig. 3. If the deflection angle
oc is assumed to be 45 degrees aiming for a magnetic dis-
placement force equal to or less than gravity, and the target
magnetic flux density Boc is 1.5T, the allowable gradient
|[VBy|- becomes 104 T/m. Since the typical maximum
value of the gradient of the magnitude of the magnetic flux
density of the static magnetic field in a common clinical 1.5T
MRI device is 19 T/m,*¢ the allowable value well exceeds
this. In this case, the sample should be safe in terms of
displacement force. As a side note, the typical maximum
gradient in the 3T is 17 T/m.*® It should be noted that a
weak static magnetic field does not necessarily mean that the
gradient is small.

The Physics behind RF Heating

The RF magnetic field (64 MHz at 1.5T and 128 MHz at 3T)
generated by a whole-body coil rotates in the xy (axial) plane
shown in Fig. 4a. This magnetic field induces an electric
field in the subject in the form of swirling in the zx (coronal)
plane as shown in Fig. 4b, which induces an electric current

Magnetic Resonance in Medical Sciences




generating heat with the resistance of phantom material or
tissue. When a metal rod is placed at the lateral region to be
parallel to this electric field, a heat distribution occurs as
shown in Fig. 4b. If a bare conductive rod is in place, SAR
distributes over the length of the rod as shown in the bottom
right of the figure with a color scale bar. If the metal rod is
insulated leaving both ends exposed, the SAR will be con-
centrated on the exposed parts at both ends. When the E-field
is tangential to the conductor, heating potential is highest. In
this way, the heat generated by metal objects changes sig-
nificantly depending on the angle with respect to the E-field
direction as depicted in the figure with different angles.

There are two basic mechanisms for such heat generation.
One is the current concentration and the other is the induc-
tion. As shown in Fig. 5a, the current distributed at a density
around the metal rod concentrates into the exposed end of the
rod because the conductivity of the metal is higher than that
of the surrounding tissue. After flowing through the conduc-
tor, the current flows out and spreads rapidly, when it reaches
the opposite exposed end. For example, when the radius R; of
the metal rod is 1 mm and the length / is 50 mm, the current
density in the hemispherical region, where the radius R, of
the exposed end is 5 mm, is calculated as about 30 times the
surrounding current density.>* Since SAR is determined by
the square of the current density, it reaches about 900 times
the surrounding current density.

On the other hand, even if the metal rod is insulated
leaving only one side exposed, heat is generated at the
exposed end. As shown in Fig. 5b, the tangential component
E2n(7) of the surrounding electric field couples with a small
segment Az of the conductor at a distance 7 from the tip
inducing electric current in the conductor. Such an electric
current flows out of the exposed end, causing electric field
AEg(t, P) at a spatial point P near the tip. The total electric
field will be the sum of the field caused by the tangential
component at every segment of the lead. Such a total electric
field causes high SAR in the tissue around the tip.>’

In addition, when the length of a conductive material is
close to the half wavelength of the electromagnetic field,
there will be a standing wave. It is well known that the
SAR around a bare or insulated wire is maximized when
the length of the wire is half the length of the ambient
electromagnetic field because the standing wave is generated
on the wire, making the electric charge density at both ends
of the wire highest.'” This mechanism is analogous with a
dipole antenna whose electric length is taken to be the same
with the half wavelength. The wavelength A is determined by
the following equation:

LG
\/grlur f

2,

where Cj is speed of electromagnet wave propagation in
vacuum (= 3.0 x 10°m/s), f is frequency, ¢, is relative
permittivity, and g is relative permeability. The
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wavelength in the phantom material or tissue is in inverse
proportion to the square root of the relative permittivity of
a media, assuming that the permeability is equivalent to
that in vacuum. As ¢, is around 80 in ASTM Phantom or
equivalent in a human body, the wavelength is about 1/9
of that in vacuum. The length is around 52 cm at 1.5T
(64 MHz) and 26 cm at 3T. Thus, the half of wavelength
of 26 cm at 1.5T or 13 cm at 3T can be the resonant length
for inducing the standing wave. With such a standing wave
formation, the dissipation of the electrical power at the tip
of a conductor becomes larger than in the instance without
a standing wave.’® The extent of the increase is based on
the difference in the impedance between the tissue and the
IMD material. When the impedance of the IMD material is
more conductive than the surrounding tissue, the concen-
tration of the electric current, and thus the standing wave
amplitude, becomes larger, resulting in higher SAR con-
centration induced by electric charge dissipation at the
boundary between the material and tissue.

These are the basic reasons why SAR is concentrated at
the tip of the lead wire of the cardiac device.”’

However, it is not easy to predict the contribution to RF-
induced heat from each of the above-mentioned mechanisms.
Thus, simple numerical simulations of a lead’s heat genera-
tion properties were conducted to elucidate this issue, as
follows.”® An insulated lead with either both ends or one
end of the core wire left bare was modeled as depicted in
Fig. 6a. The core wire was assumed to be a perfect conductor
(infinite conductivity with no resistance) with a diameter of
1.6 mm. The length of the bare part(s) was 20 mm. The other
part of the wire was covered with a dielectric material with a
thickness of 0.4 mm. This lead model was placed in the
lateral side of an ASTM phantom material, depicted by a
black bar in Fig. 6b. The phantom was then placed in an 8-leg
lowpass birdcage type body coil so that the gravity center of
the trunk was aligned at the center of the RF body coil. The
overall length of the conductive wire and the relative permit-
tivity of the dielectric material were systematically changed
to observe changes in SAR based on those variables. The
simulation was performed using a finite difference time
domain (FDTD) method on commercial software
(Sim4Life, Zurich Med Tech AG, Zurich, Switzerland).
The RF magnetic field was created by a continuous sinusoi-
dal electric current source on each of the birdcage legs with
1-A amplitude.

The resultant maximum local SARs for both-end and
one-end cases at 3T are shown in Fig. 6¢c and 6d. In the
both-end exposed case (c), changes in length and permittiv-
ity changed SAR modestly compared with the one-end
exposed case (d) because the contribution of the electric
current inflow and outflow at the open ends was dominant,
and thus less affected by the property of the insulation
material. A vague peak was recognized at around / = 125
~ 130 mm, which corresponds to half of wavelength A of the
128 MHz electromagnetic field in the phantom material,
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insulated bare

Fig. 4 Coronal view of the behavior of RF magnetic field, B; (a), and electric field, £ (b) numerically simulated on the z-x (y = 0) plane of the
ASTM phantom in a horizontal 1.5-T scanner. The static magnetic field was assumed to be parallel to z-axis (blue arrow). Around the
isocenter (yellow cross), the B;-field rotates in the axial plane. The E-field, induced by the B;-field, whirls in the coronal plane. In (b), SAR
distribution patterns generated around a conductive bare or insulated wire are shown as inlets. See the text for detail.
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Fig. 5 Mechanism of RF-induced heating around an insulated conductive material. Two ends open (a) and one end open (b) cases are
shown. In (a), the inflow and outflow of the conductive current are shown, for an example, of straight conductor rod covered with a thin
insulation material. The measurements of the radius, R; and length, / of the rod, as well as the radius of the half-spherical observation region,
Ro, are shown in the figure. In (b), a lead conductor with its tip exposed to the surrounding tissue is shown. The tangential component of the
electric field, Ei,n(t) at a small segment Az of the lead contributes to the electric field AEs(z, P) at an arbitrary point P at the lead tip. (Reprinted

from reference #54 [a] and reference #55 [b])

regardless of the relative permittivity of the insulation. This
insensitivity to the insulation material suggests that the heat
in this case is dominated by the inflow of the electric current
from the bare ends. On the other hand, in the one-end
exposed case, the SAR property strongly depended on the
conductor length and insulator permittivity. At a greater
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relative permittivity like . = 10, the SAR peak appeared
at the wire length / = 130 mm, close to the half wavelength
in the surrounding material, but shifted to the longer side
of the wire length as relative permittivity became smaller;
&=1,7/=210 mm gave the highest SAR. This is because the
wavelength of the 128 MHz electromagnetic field is more
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Fig. 6 Heat generation property of a lead insulated with both ends or one end left exposed. Overview of the lead model (a). The core is a
perfect conductor with a diameter of 1.6 mm, and 20 mm at the end exposed. The other parts are insulated with a dielectric material with a
thickness of 0.4 mm. The lead was placed in a lateral side of an ASTM phantom with its middle point at the z and y coordinates of the
isocenter as depicted by a black bar in (b). Overall length and relative permittivity of the dielectric material were changed to obtain the SAR.
The local SAR here was defined as the average in 1-mm? cubic region. Resultant local maximum SAR for both ends (c) and one end (d)
exposed in a 3-T scanner. Similar results in a 1.5-T scanner for both ends (e) and one end (f) exposed. ASTM, American Society for Testing
and Materials; SAR, specific absorption rate.

affected and lengthened by the permittivity of the insulation  the single end exposed case was highly sensitive to the
material, which is thin but in the vicinity of the conductive  permittivity of the insulation material and the length of
wire. Consequently, the longer wire, which may have hada  the conductor. At the relative permittivity & = 3, which is
more tangential component of an electric field, induced a  often used in the insulator of AIMD leads, and with the wire
higher SAR than the shorter one. These are the reason why  length equal to the half wavelength (/ = 130 mm) in the
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phantom material, the local maximum SAR at the tip of the
wire value was 600 W/kg. This value was almost twice that
obtained with the case in which both ends were exposed.
Similar results at 1.5T are shown in Fig 6e and 6f. Although
the resonance length in the phantom material at 64 MHz is
/=260 mm, the SAR peak appeared to be larger at / = 300
mm because of the effect of the insulation material. When
& = 3 and [/ = 260 mm, the highest SAR was about 450
W/kg in the both-end exposed case, while it was about
900 W/kg in the one-end exposed case. These results tell
us that the one-end exposed case yielded a much higher
SAR because the entire electrical energy induced along
the wire length is dissipated at the single, exposed end. In
the both-end exposed case, the dissipation is somewhat
diluted.

It is also known that in metal objects, sharp parts gen-
erate heat more than blunt parts. This is explained in
Fig. 7.°° That is, first, a metal object having the shape
shown in Fig. 7a is approximated by a model in which a
small sphere corresponding to the sharp part and a large
sphere corresponding to the other part are connected by a
conductive wire as depicted in Fig. 7b. Since the inside of
the conductor is equipotential, all the induced charges are
distributed on the surface of the conductor. Assuming that
the amount of charge induced in both large and small
spheres is Q and ¢, and the radii of both spheres are R and
r, the following relationship holds because both spheres are
connected by a conductor, and thus the potential ¢ is the
same.

q
b (3).

Based on the Gauss’s law, the electric field on the surface of a
spherical conductor can be obtained by dividing the surface
potential by the radius of the sphere. Thus, the ratio of the
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Fig. 7 Electric field distribution
around a conductor with blunt
and sharp parts (@) and a simple
model to explain the reason for
the distribution (b). In (b), two con-
ductor spheres with different radii,
R and r, are connected by a wire
conductor. Q and q are the electric
charges on the spheres. (Modified
from reference #59)

electric fields £, and Fy, generated on the surfaces of both
spheres can be derived as follows using the relationship in

Eq. (3):
Ep q 0 a
E, (b2> / <a2> b @

From this, we see that the ratio of the strength of the electric
field is proportional to the reverse ratio of the radii. That is,
the smaller the size of the sharp part is in relation to the blunt
part, the stronger the electric field, and the SAR increases in
proportion to the square. This is the reason why the tip of the
stem driven into the femur generates heat in the artificial hip
joint, for example.®

Relationships of SAR and By.rms

The degree of heat generation as described above can be
evaluated by the amount of heat per unit time and unit
mass, that is, the SAR (W/kg)’:

DC DC DCJ?
SAR=——FE-J =——0F* =—— (5),
2p 2p 2p o
J =oE (6),

where o is conductivity of the tissue (ease of current flow)
(S/m), p is density of the tissue (kg/m>), E is electric field
(V/m), J is current density (A/m?), and DC is the abbrevia-
tion for duty cycle, which is the ratio of the RF magnetic
field application time per unit time. The reason for dividing
by 2 is to obtain the average value (effective value) of
alternate current phenomena. Equation (6) expresses the
relationship between the electric field and the current den-
sity, and gives the relationship of the third and fourth terms
of Eq. (5).
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Since direct measurement of the absorbed power in the
human body is not possible, the whole-body average SAR is
calculated or predicted in advance on the MR system and
displayed on the console. Since the manufacturer decides this
calculation/prediction method independently, there might be
a difference in the effective SAR value among different MR
systems, even when those systems displayed the same SAR
values on the consoles.®' %3

Since the SAR is used for purposes of controlling
patient heating, but implants interact with the B; field,
it is required to display the 10-s mean square (By+rms) Of
the component (B;.) that contributes to the excitation of
the signal in the RF magnetic field (B,) generated from
the coil."

Jo (B1.(1))%dt

. ™.

Biirus =

where T is the integration time, which shall be any 10-s
period over the duration of the entire sequence that produces
the maximum B rpms-

To compare the console-displayed SAR against Bjirws,
whole-body averaged SAR was measured using the calori-
metry method specified in ASTM F2182-11a% and NEMA
8%° in two different 1.5-T and in one 3-T clinical scanners.®'
Figure 8 shows the experimental setup. An ASTM F2182
phantom containing saline solution (0.9 weight%) was cov-
ered with a styrofoam thermal insulator as shown in (a). Four
channels of fiberoptic thermometer probes were placed
inside and outside of the phantom as shown in (b).
Channels 1 and 2 were immersed in the solution at the
isocenter position and the lateral side of the phantom.
Channels 3 and 4 were used to monitor the ambient tempera-
ture in the gantry.

RF irradiation was achieved using a conventional fast
spin echo. The imaging conditions were set as listed in
Table 1 to have a console-reported whole-body averaged
SAR (hereafter, Console SAR) as 2.0 W/kg, 1.0 W/kg, or a
console-reported Biirms (hereafter, Console Bjirms) as
3.2 uT. The SAR value of 2.0 W/kg was chosen as the
maximum whole-body average SAR in the normal operat-
ing mode as specified in the IEC standard.'® The value
1.0 W/kg was simply chosen as a half of the maximum
value. The Birms value of 3.2uT was chosen as the max-
imum value of the fixed parameter option: basic (FPO:B)
specified in the standard.'* When these conditions were not
exactly achievable, closest conditions were set. The calori-
metric measurements were performed along with the
method specified in ASTM F2182-11a°® and NEMA
MS-8.%7 Before scanning, the phantom temperature was
measured after equilibration with the ambient temperature.
After scanning, the phantom temperature was measured
after the filler was stirred sufficiently to have a uniform
temperature. The total energy deposition was obtained by
the following equation:
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mphantomc(Tf - Tz)
Pave =

(),
T

where mphantom 15 the phantom filler mass (= 25 kg), c is the
heat capacity of the saline solution (= 4150 J/[kg-°C]), T; is
the initial temperature (°C), T is the final temperature (°C),
and 7 is the scan duration (= 30 min). The SAR was estimated
by dividing the power deposition with a phantom’s equiva-
lent mass, myo4y, by Which the substantial difference between
the solution phantom and a human subject, such as difference
of heat conductivity and presence or absence of blood perfu-
sion, is considered.®’

SAR = i 9).
Mpody

The range of my,.q, can be set to 70-90 kg.®’

The results are shown in Fig. 9.°' The console SAR and
console B rms were plotted against the measured SAR
estimated with the equivalent mass my.qy equal to 70 kg,
which is the input weight for the sequence setup shown in
Table 1. In order to match to the dimension of power, the
console Bjirms values were squared and expressed in a unit
of (u T?). In one 1.5-T scanner result shown in Fig. 9a, the
console SAR was almost doubled compared with the mea-
sured SAR. Console SAR of 2.0W/kg corresponded to a
measured SAR of 1.0 W/kg. This means that the console
SAR was overestimating the measured SAR with enough
margins. In another 1.5-T result shown in Fig. 9b, the console
SAR agreed well with the measured value with the phan-
tom’s equivalent mass setting used here. In the 3-T scanner
shown in Fig. 9c, the console SAR was almost three times
larger than the measured value. These results demonstrate
that the console SAR values in all the scanners used in this
study were conservative and on the safe side.

However, these results also tell us that the actual power
deposition varies largely among different scanners. In fact,
the maximum SAR value attainable in the second 1.5-T
scanner or the 3-T scanner was 1.4W/kg. If the two 1.5-T
scanners are compared, the console SAR value of 1.0 W/kg
was the result of a measured SAR of 0.55 W/kg in one
scanner (Fig. 9a) but was 1.0 W/kg in another (Fig. 9b). In
the 3T scanner, the same console SAR corresponded to 0.4
W/kg (Fig. 9¢) according to the first-order regression line.
Therefore, attention should be given to the fact that the actual
power deposited into a patient body or into an IMD is not the
same from one scanner to the other, even if an identical SAR
value is displayed on the scanner console.

On the other hand, the relationships of the console
squared B|.rms Values with the measured SAR values were
more consistent than those of the console SAR. Compared
with the ratios between the console and measured SAR
values, that is the slopes of the regression lines (0.91-2.8),
those between the console B rpms and the measured SAR
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i

Styrofoam thermal
insulator

Fig. 8 An ASTM F2182 phantom
containing saline solution covered
with polystyrene foam thermal
insulator. The outside view of the
phantom in a scanner gantry (a).
The inside view with the position
of isocenter indicated by a yellow
dot. (b). Red arrow heads with
numbers denote the positions of
4-channel fiberoptic thermometer
probes. ASTM, American Society
for Testing and Materials. |, infer-
ior; S, superior.

Table 1 Typical conditions of long echo train FSE sequences used for calorimetry based on ASTM F2182-11a and NEMA

MS 8-2016

Irradiation 1 Irradiation 2 Irradiation 3
Body weight (kg) 70 " "
Console SAR (W/kg) 2% 1 1.4
Biirms (UT) 3.72 2.64 3.2
Sequence FSE " ”
TR (ms) 3275 4 4425
TE (ms) 63 63 63
Echo train length 14 7 14
Echo spacing (ms) 8.4 " "
FOV (cm) 42 " P
Acquisition matrix 512 x 416 ” "
Number of slices 15 ” ”
Slice thickness (mm) 4 " "
Band width (Hz) 393.8 " "
Averaging 19 10 14
Scan duration 30m8s 32m16s 30m1s

*When this SAR condition was not reachable with the imaging parameters specified here, the closest highest SAR condition was
adopted. FSE, fast spin echo; NEMA, National Electrical Manufacturers Association; SAR, specific absorption rate.

was somewhat smaller (8.6—13.3). This means that B rms
may be a more consistent measurement of the scan condition
than SAR. This is one of the reasons why By,rms may be a
more precise measurement than SAR for specifying the
imaging conditions of IMDs.

Note that there were some limitations in this study. First,
the weight and thermal capacity of the acryl container of the
phantom was not considered in the calorimetric measure-
ments. It is undeniable that there is an error due to not
considering the mass and heat capacity of the phantom
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container. Also, there was a slight difference in the imaging
conditions among the three scanners because of the different
limitations of parameter setting, although the values of con-
sole SAR and B.rms Were consistent.

Scan conditions and Image quality

For MR-conditional IMDs, maximum allowable values of
SAR and/or Bjirms are specified as imaging conditions.
Since these parameters have different physical meanings,
the imaging parameters and the resultant image quality may
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Fig. 9 Relationships between measured SAR and console SAR or console By,gms for two different 1.5-T scanners (a and b) and a 3-T
scanner (c). The measured SAR was obtained by dividing the calorimetry-measured power deposition by phantom’s equivalent mass, mpoqy
of 70 kg. The console By, rs is squared to have a dimension [uT?] to be in proportion to SAR. The equations shown in the charts are the

regression line and the correlation coefficient for each data set.
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Fig. 10 Body constitution of the volunteers. Height, H [cm] versus weight, W [kg] (@) and body fat index, BFI [%] versus body mass index,
BMI [%] (b) are shown for male and female volunteers at 1.5T (1.5T-M, 1.5T-F) as well as 3T (3T-M, 3T-F). The horizontal and vertical bars
in each chart are the ranges of standard deviation of the data around the mean values depicted by large circles.

vary with the selection of these limiting conditions. Despite
the above-mentioned variation of the measured SAR in
comparison with console SAR, technicians strongly depend
on the console SAR and Bjirms to come along with the
package inserts. In addition, only SAR is available on some
relatively old 1.5-T scanners. Deterioration of image quality
stemming from the selection of these limiting factors should
be avoided to guarantee sufficient clinical output. Thus, a
volunteer study was conducted to evaluate the image quality,
SNR, contrast-to-noise ratio (CNR), and scan duration for
the same spatial coverage under different whole-body SAR
and B, rms settings.®! Thirty healthy volunteers with var-
ious body constitutions (Fig. 10) were examined at 1.5T or
3T under the approval from the institutional review board.®'
Body fat index, BFI (%) (= W¢/W x 100) and body mass
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index, BMI (= W/H ) were obtained by a commercially
available body composite meter (HBF-701, Omron Corp.,
Kyoto, Japan).®' Here, W; is fat weight [kg] estimated by
electrical impedance measurement, W is body weight (kg),
and H is height (m) self-reported by each volunteer.
Routinely used imaging sequences and parameters were
used. As examples, the imaging conditions for brain T1- and
T2-weighted images (T1W and T2W), and short-axis cardiac
cine imaging (Short ax cine) are summarized in Table 2.
Twenty-four slices were taken for the brain scans, while a
single slice was taken for the cardiac cine scans. All the
sequences were set to have console-displayed RF power
values for SAR of 2.0 and 1.0 W/kg, as well as B rms Of
3.2 uT by adjusting the imaging parameters such as TR, echo
train length, and flip angle. When these conditions were not
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Table 2 Scan conditions for the volunteer study

15T 3T
Brain Cardiac Brain Cardiac
TIW T2W Short-axis cine TIW T2W Short-axis cine

Slice orientation Axial Axial Oblique Axial Axial Oblique
Sequence SE FSE SSFP SE FSE SSFP
TR (ms) 450 4800 3.2-3.6 450-470 4000 2.9-4.1
TE (ms) 12 100 1.7-1.8 11 80 1.5-1.8
FA (degree) 90, 180 90, 180 55-60 90, 180 90, 180 46-65
Echo train length 1 13 14 1 13 8
FOV (cm) 24 x 24 24 x 24 38 x 38 24 x 24 24 x 24 38 x 38
Acquisition matrix 304 x 244 325 x 285 192 x 196 288 x 231 352 x 317 128 x 240
Number of slices 24 24 2 24 24 1
Slice thickness (mm) 5 5 8 5 5 8
Band width (Hz) 181 182 868 163 202 2830
Averaging 1 1 1 1 1

Fig. 11 ROl settings for SNR and CNR evaluation in the brain (a) and heart (b) in the volunteer study. In the brain, the ROl was placed in the
caudate nucleus (red square in (a)) for SNR calculation, and another ROl was placed in the corpus callosum (yellow square) for CNR
calculation. For cardiac imaging, the ROl was placed in the septal myocardium (red square in (b)) and in the blood in the left ventricle

(yellow square).

exactly achievable, closest conditions were set. The number
of slices of SNR and CNR was evaluated for quantitative
assessment of the images by positioning the ROI as shown in
Fig. 11. The SNR in the brain was obtained as the ratio of the
mean signal intensity in the ROI taken in the caudate nucleus
head versus standard deviation in the background noise sig-
nal, whereas the CNR was obtained as the ratio of the mean
signal intensity difference between the caudate nucleus and
corpus callosum against the background noise. Similarly, the
SNR in the cardiac cine imaging was calculated as the ratio
between the mean signal intensity in the ROI in the septal
myocardium and the background noise. The CNR was
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calculated as the ratio of the mean signal intensity difference
between the septal myocardium and the blood in the left
ventricle.

Figure 12 shows the examples of the results.®’ The
console SAR and Bj.rms Vvalues, scan durations, image
SNR, and CNR for brain and cardiac imaging for all the
volunteers at 1.5T are shown. Note that the maximum
available setting of whole-body average SAR for brain ima-
ging was 1.6 W/kg. At this SAR setting, the console dis-
played Biirms was about 3.4 pT, which was almost
equivalent to 3.2 uT as shown in Fig. 12a. The scan duration
for brain T1W imaging was about 1.6 times longer in SAR
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1.0 case compared with SAR 1.6 and B rypg 2.0 cases as
shown in Fig 12b. In brain T2W and cardiac short-axis cine
imaging, the scan durations were almost the same. There was
no significant difference in SNR and CNR in each of the
brain and cardiac images. Examples of the images are shown
in Fig. 13 together with the image quality scored by three
expert radiologists. In these examples for brain T2W and
cardiac short axis cine images, apart from the fact that the
image acquisition times were almost the same for the differ-
ent power settings, the image quality scored by three radi-
ologists was almost the same.

At 3T, the overall trends were slightly different. For brain
T2W imaging, the highest attainable Bi.pms was 2.07 pT,
which corresponded to the whole-body average SAR of around
2.5W/kg as shown in Fig. 14a. A similar tendency was observed
in the TIW imaging in that the highest attainable Bj.rng Was
2.26 uT, which corresponded to the average SAR of around
2.5W/kg. The image acquisition time was prolonged when an
SAR of 1.0 W/kg was used from the other power settings for
both TIW and T2W imaging, as shown in Fig. 14b. SNR and
CNR were not significantly different for different power setting
as shown in Fig. 14c and 14d. In fact, the image quality scores
were also similar in the three different power settings, although
the individual difference among the three radiologists was
remarkable, as shown in Fig. 15d. As is shown in Fig. 14e for
cardiac imaging, the SAR values determined by By,rms setting
largely deviated. Interestingly, the image acquisition times do
not differ in the three power settings as depicted. The image
quality scores assessed by each radiologist were similar,
although the individual difference was also apparent as in
Fig. 15h.

These results demonstrate that image quality can be main-
tained even when the power setting is low. If the total
acquisition time for each patient is allowable, it will be
possible to lower the power setting to the limit required for
the particular IMD.

Future Directions

Feasibility of RF heating tests based on MR
thermometry

In current safety test methods, SAR generated by the existence
of an IMD is estimated by measuring temperature with a
fluoroptic thermometer at a few points around the device.****
Such a point measurement technique gives only limited infor-
mation about the temperature and SAR distributions. On the
other hand, MR thermometry is known to be useful for mon-
itoring tissue temperature change distribution during thermal
therapies.®®®” The most widely used technique is proton reso-
nance frequency (PRF) shift. It is based on the temperature
dependence of the shielding effect of an electron cloud around
protons, induced by a change in electrical force strength of
hydrogen bonding.”®"” To observe the PRF shift in a practical
spatiotemporal resolution, a change in phase of a complex
signal obtained by gradient echo-based sequences, including
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echo planar, is obtained. Since such phase distribution mea-
surement is highly sensitive to susceptibility effect and
magnetic field inhomogeneity, temperature distribution ima-
ging in the vicinity of an IMD is problematic.”* As a result,
several studies have been conducted for overcoming this
problem.”* % Pfeil et al. proposed the use of proton MRS
for thermometry at the tip of pacing leads in a porcine myo-
cardium ex vivo.”® The measurement was based on the che-
mical shift difference between protons of water and N-
methyl protons of creatine/phosphocreatine (Cr/PCr) and
trimethylamine (TMA). Detti et al. evaluated the tem-
perature increase in a copper wire of 0.3 m (1/16) in
length in a homogeneous agar gel phantom using T1-
weighted signal intensity of true fast imaging with a
steady-state free precession (true FISP) sequence at
1.5T.”> They prepared another 1.7-m section of wire (6
ramda/16) placed near the gantry wall to be connected to
the shorter wire in the phantom to create an large induc-
tion current in the entire wire structure. Since the wire
was made of copper, whose susceptibility is close to that
of water (~ —9.0 ppm), the artifact created by the shorter
wire alone was small when not connected to the longer
one, while it was remarkable when connected. In order to
reduce the effect of such an artifact, they adopted a
correlation estimation to predict the temperature elevation
in the region of signal void induced by the artifact. As a
result, a temperature map around the wire was obtained.

Gensler et al. applied fast T1 mapping with inversion
recovery snapshot Fast Low-Angle Shot (FLASH) sequence
to the hydroxyethyl cellulose (HEC) gel and porcine tissue
with a 20-cm-long copper wire inside.”” Since T1 mapping is
less sensitive than phase mapping for PRF to susceptibility
distribution, the artifact around the wire was reduced by
revising the slice orientation. The resultant T1 mapping
technique successfully converted to a temperature map.

Weber et al. devised the T1 mapping technique in con-
junction with a 2D multispectral imaging (2D-MSI) techni-
que with single-shot fast spin echo.”* As is depicted in
Fig. 16a and 16b, a set of 12-slice 2D fast spin echo was
obtained in the first acquisition by keeping the slice gradient
strength constant while changing the frequency offset of a
90-degree pulse. In the second acquisition, an identical slice
set was obtained with the gradient of identical intensity but
with opposite polarization. By adding the images in the two
acquisitions, the effect of slice gradient, which is the most
significant source of artifacts, was effectively reduced as
shown in Fig. 16¢c. The resultant temperature maps were
compared with those obtained by means of a conventional
gradient-echo-based PRF technique, exhibiting the superior-
ity of the proposed T1 approach as shown in Fig. 17.

An alternative approach to reducing the effect of artifact
is to use an ultrashort echo time (UTE) technique. Griffin
et al. utilized their own UTE sequences to quantify the
electric current in the ASTM phantom.”” The current
value in each voxel was converted to SAR, which was
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then used to estimate the temperature around a guide wire
based on the Penne’s bioheat transfer equation.’’ They
compared the UTE technique with the conventional gradi-
ent echo-based current imaging. Although this approach is
an indirect way of characterizing temperature distribution,
the UTE technique sufficiently suppressed the artifact.

Such MR temperature imaging techniques are evolving
and might be used for assessing RF-induced heating in the
near future.

Evaluation of tissue damage

In future revisions of the IEC IEC60601-2-33, the adoption
of the following Cumulative Equivalent Mins at 43°C
(CEM43)®! is being considered to quantify tissue damage
caused by RF heating'*
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spectral imaging. (Reprinted from
reference #74)

CEM43 = [j RT3 g, (10),
where T is the temperature (°C), t is the temperature mea-
surement time (min), and R is an experimentally determined

constant with the following values:

-

CEM43 indicates how many minutes of warming of tissue at
a certain temperature correspond to warming at 43°C, and if
this is shorter than 240 min, protein denaturation and thus
cell death do not occur, resulting in negligible tissue damage.
It should be noted that CEM43 is an index at the cellular
level and does not directly regulate safety at the tissue or

0.25 (T < 43°C)

0.5 (T > 43°C) ().
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organ level.** The IEC60601-2-33 standard is scheduled for
revision in 2022.** The NEMA MS14 standard defines heat
generation on the RF coil surface.®* Since skin temperature
must not exceed 41°C without justification, the coil surface
temperature elevation should be less than 4°C assuming that
the normal body temperature is 37°C. Based on these two
standards, the MR scanner safety precautions about body
heating will be further clarified.

Cardiac device combination

Until now, MR-conditional AIMDs have been approved by
the FDA and the PMDA with limits on the combination of
the main generator unit (power supply) and lead wires. In
particular, cardiac devices were most intensively evaluated
in terms of MR safety.®> > When a generator has to be
replaced for battery replacement, the most suitable generator
product may be selected according to the patient’s situation
at that time. For cardiac devices, in particular, the connection
interface between the lead and the generator is standardized
as IS-1, based on the ISO 5841-3 standard,’* and thus, it is
common to replace the generator with a product manufac-
tured by a company that is different from the one who
produced the original. In this case, even if the lead and the
generator are both MR-conditional, their combination is not
regarded as such, because it is different from the approved
combination.

In recent years, in North America and Europe, reports and
recommendations have been made about safety considerations
for MRI examinations and for patients wearing MR non-
conditional devices.”” ' However, using other compa-
nies’ products for generator replacement has not yet been
sufficiently examined in these reports. Therefore, the
Medical Devices Department of the National Institute of
Health Sciences in Japan has launched an MHLW project
on post-marketing safety measures for safe and effective
use of new medical devices. As a part of this project,
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investigation on the cardiac device combination problem
is in progress with the Japanese Society of Magnetic
Resonance Medicine (JSMRM), the Japan Radiological
Society (JRS), and the Japanese Heart Rhythm Society
(JHRS). Other research group is also working on the issue
and has developed a technique to measure the input impe-
dance properties of multiple cardiac devices, including PM,
ICD, and CRT-D.'”' Furthermore, the same group mea-
sured the total input impedance when the generator and
lead of different manufacturers were combined'®” to find
the contribution of the generator impedance to the total
input impedance. They examined two lead products of
different lengths from four different manufacturers (8
leads in total) in combination with generator products
from the same four companies; two lead products were
approved for use in combination. The results show that
the contribution of the generator to the total impedance is
around 1% to 6%, and thus the total impedance is almost
entirely determined by the lead. Since the RF heating prop-
erty at the lead tip was dominated by the lead impedance,
combining a generator from a different manufacturer might
not have an effect on RF heating property. In addition to this
evaluation of impedance, direct measurement of heat gen-
eration based on phantom experiments is necessary to pro-
ceed with the safety assessment of different product
combinations.

In addition, the issues of abandoned leads for cardiac
devices, as well as the safety of epicardial leads commonly
used for pediatric patients, have to be resolved. As described
in the discussion for Fig. 6, when an insulated conductor
such as a lead is present in the body, the heat generation
characteristic partly depends on whether the conductor is
exposed at both ends or at one end only. Detailed modeling
to simulate the lead configuration and trajectory is therefore
required. Although a cap at the distal end is essential to
prevent fluid infiltration into the space between the coating
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and the conductor,'® the material of the cap has to be

investigated to determine whether it should be dielectric or
conductive.

For pediatric patients, epicardial leads are often used
instead of transvenous leads to accommodate body growth.
When RF heating is generated at the tip of a lead that has
been inserted in or in contact with the myocardium from the
epicardial side, the cooling effect of blood pooling is not
expected. Therefore, the thermal damage to the tissue might
become more serious, unlike a transvenous lead with the tip
on the endocardial side. Furthermore, the possibility of
increased heating as a result of following a trajectory differ-
ent from that of the transvenous lead cannot be denied.
Regarding cardiac devices, the above-mentioned issues
have to be considered for PM, ICDs, CRT-D, and CRT-P.

Conclusion

This paper focused only on some major issues that are still
considered outstanding for MR safety. The first half of the
paper discussed the concept of the upper limit of the spatial
gradient of the magnetic flux density of the static magnetic
field that determines the magnetic displacement force, as
well as the factors for RF-induced heating, including the
inflow and outflow of current, antenna effect, and standing
wave. The differences of console SAR and B;.rms for each
model of MR scanner were demonstrated based on calori-
metric measurement. In addition, the relationships between
these thermal indicators and image quality were discussed. In
the latter half, important future issues were discussed.
Feasibility of evaluation of RF-induced heating with MR
thermometry, as well as the meaning of CEM43 that is
scheduled to be introduced in the next version of the IEC
standard for evaluating tissue thermal damage, was dis-
cussed. Finally, the safety issues associated with cardiac
devices when combining with different generator and lead
products, residual lead, and epicardial leads for children were
described.

As we are in an aging population, the use of minimally
invasive treatments will become more pervasive for main-
taining people’s quality of life, and thus, the use of IMDs
will become more common in routine medical care. In
parallel, further MR safety issues will have to be consid-
ered. It would be an unexpected pleasure if this paper
contributes for the understanding of MR safety now and
in the future.
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