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RF-induced heating is one of the safety hazards for patients with implants in MRI.
Implants are classified as passive or active, with different test procedures measuring
the resulting temperature rise. Heating depends on the E-field along the implant and
the implant characteristics such as size and material. Implants are tested using a
phantom container filled with a tissue simulating medium placed in an RF exposure
system. Typically, a body coil from an MR scanner is used. Since these coils are
designed to produce a homogeneous B-field, they are not ideal for E-field generation.
Their disadvantages in terms of E-field homogeneity and direction are investigated
in this thesis. An alternative exposure system (LES) is extensively validated and
compared to a body coil system. Different sized passive objects are used, resulting
in a higher temperature rise in the LES compared to the body coil for the same
average E-field. Therefore, the possible temperature rise per E-field in the body coil
is underestimated, while the E-field distribution in the LES leads to a worst-case
temperature rise, increasing the reliability of the patient risk.

For active implants, a novel measurement approach with fixed object to E-field
probe distance is validated and compared to the standard approach. The overall
uncertainty is reduced by half by eliminating the uncertainty of probe position and
coupling. In addition, the measurement time is reduced from several days to hours,
measuring thousands of data points instead of about 25.

HF-induzierte Erwirmung ist eines der Sicherheitsrisiken fiir Patienten mit Implan-
taten im MRT. Implantate werden als passiv oder aktiv eingestuft, wobei verschie-
dene Testverfahren den resultierenden Temperaturanstieg messen. Die Erwidrmung
hingt vom E-Feld entlang des Implantats und von den Implantateigenschaften wie
Grofle und Material ab. Die Implantate werden mit einem Phantombehélter ge-
testet, der mit einem gewebesimulierenden Medium gefiillt ist und in einem HF-
Expositionssystem platziert wird. In der Regel wird eine Korperspule aus einem
MR-Scanner verwendet. Da diese Spulen fiir die Erzeugung eines homogenen B-
Feldes ausgelegt sind, eignen sie sich nicht fiir die Erzeugung eines E-Feldes. Ih-
re Nachteile in Bezug auf die Homogenitdt und Richtung des E-Feldes werden in
dieser Arbeit untersucht. Ein alternatives Expositionssystem (LES) wird ausgiebig
validiert und mit einem Koérperspulensystem verglichen. Es werden unterschiedlich
grofle passive Objekte verwendet, was bei gleichem durchschnittlichen E-Feld zu ei-
nem hoheren Temperaturanstieg im LES im Vergleich zur Kérperspule fithrt. Daher
wird der mogliche Temperaturanstieg pro E-Feld in der Korperspule unterschétzt,
wéahrend die E-Feldverteilung in der LES zu einem Worst-Case-Temperaturanstieg
fiihrt, was die Zuverlassigkeit des Patientenrisikos erhoht.

Fir aktive Implantate wird ein neuartiger Messansatz mit festem Abstand zwischen
Objekt und E-Feldsonde validiert und mit dem Standardansatz verglichen. Die Ge-
samtunsicherheit wird um die Hélfte reduziert, indem die Unsicherheit der Sonden-
position und der Kopplung eliminiert wird. Dartiber hinaus wird die Messzeit von
mehreren Tagen auf Stunden reduziert, wobei Tausende von Datenpunkten statt
etwa 25 gemessen werden.
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Advances in modern medicine have led to a steady increase in life expectancy in
recent years. As people age, the likelihood of disease increases, and imaging tech-
niques such as magnetic resonance imaging become more important. In addition,
the number of people with implants is increasing, and so is the number of people
with implants who need MRI scans [1, 2].

Currently, many patients with implants are excluded from MRI scans due to safety
concerns. Various test methods are available to assess these safety risks that may
be associated with certain implants. Depending on the classification of the implants
as passive or active, there are standard procedures for these tests, namely ASTM
F2182-19? (ASTM F2182) [3] and ISO/TS 10974 (ISO/TS) [4], respectively. For
passive implants without any electrical support, four safety hazards can occur, and
for active implants with electrical support, there are more diverse and complex safety
hazards due to the interaction between the electrical parts of the implant and the
MRI.

From a testing perspective, the MRI is divided into its three magnetic field sources,
the static magnetic field, the time-varying gradient field, and the time-varying radio-
frequency (RF) field. Each source is responsible for specific interactions. The im-
plants to be tested are placed in a phantom filled with a medium representing the
electrical properties of an average human body and exposed to the specific fields
[3, 4]. In addition to imaging artifacts, motion due to magnetic force or torque for
passive implants, and unintended stimulation, vibration or malfunction, RF-induced
heating is one of the safety hazards that must be addressed before an implant can
be labeled MR safe or MR conditional instead of MR unsafe [5].

RF-induced heating occurs because the electric field generated by the time-varying
RF field induces eddy currents in a conductive material that are converted to tissue
heating at hot spots. The physical theory of MRI and the physical laws leading
to RF-induced heating are described in detail in the chapter 2 including the test
procedures according to Ref. [3] and Ref. [4].

To evaluate the magnitude of the temperature rise AT due to RF-induced heating, a
test system that generates the fields of interest, in this case an RF exposure system,
is required. ASTM F2182 and ISO/TS standards define several requirements for
these RF exposure systems regarding E-field distribution and homogeneity.

The most commonly used RF exposure systems are the body coil (BC) within the
MR scanner or stand-alone body coils. The goal of these coils is to produce a homo-
geneous magnetic field to ensure the desired imaging quality. From an imaging point
of view, the E-field produced is an unavoidable by-product. Therefore, the E-field
distribution produced by these coils is not ideal for testing RF-induced heating in
terms of homogeneity and direction.

For the passive implants, an homogeneous E-field is necessary to scale the measured
AT to the mean E-field at the test location of a certain test object. The result is
then scaled to the E-field experienced in a patient during an MRI scan.

For active implants, high stability and repeatability of the E-field is required to de-



1 Introduction

termine RF-induced heating as accurately as possible [4].

This work was done in cooperation with the MR:comp GmbH (MR:comp), a test lab-
oratory for MR safety and compatibility. As an RF exposure system, a stand-alone
BC including different probes is available. In chapter 3 the available equipment is
characterized and especially the potential for optimization is investigated. A BC is
not the optimal RF exposure system in terms of E-field distribution and homogene-
ity. From the analysis of the advantages and disadvantages of a BC used for the test
method to determine the RF-induced heating, optimizations are developed and an
open linear dipole-based RF exposure system (LES) was designed by “Ingenieurbiiro
Gao” (ING Gao) as an optimized system focusing on the generation of the electric
field instead of the magnetic field. This system consists of two dipole antennas,
allowing the system to generate different E-field distributions within the phantom.
The general behavior and in particular the E-field distribution inside the phantom
are measured and compared with the E-field predicted by numerical simulations.
The validation in terms of sufficient agreement of the numerical predictions and the
measured E-field distribution and the validation of the measured AT of a standard
object are described in chapter 4.

In chapter 5 two comparative studies for the test procedure of passive implants are
carried out. First, elongated test objects are measured in both systems and their
AT is compared. The influence of the E-field homogeneity on AT is determined. In
a second study, a similar comparison is made for different 3D extended objects, in-
vestigating the extent of E-field homogeneity and distribution along the test object.
The general advantages of the LES design over the BC are described and an opti-
mized measurement approach is proposed to increase the stability and repeatability
of the measurements.

For the test procedure to determine the power deposition due to RF-induced heat-
ing of active implants, a modified measurement approach is possible with the LES.
During the test procedure, an electromagnetic model of the test object is determined
and needs to be validated. The model is capable of converting the tangential E-field
along the test object into a power deposition or AT at the hot spot. After validating
this model for various tangential E-field distributions, it is capable of predicting the
AT for a tangential E-field occurring inside a patient during an MRI examination.
Inside a BC, the validation measurement procedure is very time consuming and
prone to measurement uncertainties. With the LES and the novel approach, it is
possible to reduce the measurement time from several days to a few hours, while
increasing the number of measurement points from about 25 to several thousand.
This approach is validated and compared with a standard object and the extent of
optimization is evaluated in chapter 6 including a proposed general approach for
different objects.

The overall conclusion and evaluation of the LES compared to the BC and further
possibilities for measurement optimization are describes in chapter 7.

During this work the following contributions to conferences and publications were
made.

1. F. Ketelsen, J. Kreutner, G. Schaefers, “Validity of radial symmetric hot spot
distribution around a lead for comparison of different probe types at various
orientations to a lead”, ISMRM Workshop on MR Safety 2019 [6]

2. F. Ketelsen, S. Scholz, W. Gortz, J. Kreutner, G. Schaefers, K. Kroninger,
“The influence of probes positioning for measuring RF-induced 3D-power de-



position on a lead with E-field and temperature probes”, ESMRMB 2019 An-
nual scientific meeting, 2019 [7]

. F. Ketelsen, J. Kreutner, G. Schaefers, K. Kroninger, “Approach to reduce
the measurement volume to determine spatial distribution of power deposition
around a straight lead according to ISO/TS 10974”, ISMRM & SMRT Virtual
Conference & Exhibition, 2020 [8]

. F. Ketelsen, G. Schaefers, K. Kroninger, “Validation of a new 64 MHz RF
exposure system for testing medical implants for RF-induced heating according
to ASTM-F2182 and ISO/TS 10974”, ISMRM & SMRT Annual Meeting &
Exhibition, 2021 [9]

. F. Ketelsen, H. Hammersen, G. Schaefers, K. Kroninger, “Influence of E-Field
Homogeneity and Temporal E-Field Drift for Testing Medical Implants for RF-
induced heating at 64MHz according to ASTM-F2182 and ISO/TS 10974”,
ISMRM & SMRT Annual Meeting & Exhibition, 2021 [10]

. H. Hammersen, F. Ketelsen, A. Rennings, G. Schaefers, “Numerical Simulation
study on the effects of intentionally inhomogeneous E-field distributions on RF-
induced heating of implants”, ISMRM & SMRT Annual Meeting & Exhibition,
2021 [11]

. F. Ketelsen, H. Gao, G. Schaefers, “Validation of a novel 128 MHz dual channel
dipole-based RF exposure system to test medical implants for RF-induced
heating according to ASTM-F2182 and ISO/TS 10974”, ISMRM Workshop
on MR Safety, 2022 [12]

. F. Ketelsen, G. Schaefers, “New System, New Approach: Fasten up trans-
fer function validation measurements, prove of concept”, ISMRM & ISMRT
Annual Meeting & Exhibition, 2023 [13]

. F. Ketelsen, Y. Zhang, G. Schaefers, “Evaluation of a Dipole-based RF Expo-
sure System for Testing RF-induced Heating of Passive Implants at 64 MHz",
prepared and will be submitted in April 2025[14]



Magnetic resonance imaging (MRI) is a medical imaging technique that uses mag-
netic fields and radio waves to produce images of the internal structures of the human
body, particularly soft tissues such as the brain, organs or muscles. Compared to
other imaging techniques such as computer tomography, the MR scanner does not
use ionizing radiation and is therefore considered to be largely safe [15].

The basic idea of MRI is to use hydrogen nuclei (protons) as the imaging quan-
tity, since the human body is 67 % water and the water molecules contain hydrogen
atoms. The MRI consists of a strong static magnetic field, typically produced by
superconducting magnets that require liquid helium to maintain their superconduct-
ing state. The magnetic field strength ranges from 0.5 to 3 Tesla in clinical use, and
up to 7 or 9.4 T in research. The magnetic field, generated by the superconducting
magnets is called B, and produces a magnetization aligned with the z-axis (head-to-
feet) of the MRI. Without a magnetic field, the proton spins are randomly oriented,
but when exposed to a magnetic field, there is an energetically favorable orientation
aligned and parallel to the magnetic field. The Boltzmann distribution describes
the ratio of protons in parallel and antiparallel states, and for the field strength of
1.5T the ratio is about 6.6 ppm. Only the protons in the parallel state are used for
imaging [16].

To produce a signal, a second time-varying magnetic field is applied as radio-
frequency (RF) pulses. The proton spins rotate at a Larmor-frequency, which de-
pends on the strength of the Bj-field. The RF pulses have the same frequency and
when they are applied, the protons are knocked out of alignment and the magneti-
zation is moved towards the xy-plane (x-axis: left-right, y-axis: anterior-posterior).
After the RF pulse is turned off, the protons and magnetization return to their orig-
inal state, aligned with the static field. This process is known as relaxation. During
relaxation, the protons rotate in the xy-plane, inducing a voltage in the receiver coil
that can be measured as a signal. The relaxation time depends on the tissue type
and therefore visualizes the contrast between structures in the image [17].

Coils are typically used to apply the RF pulse and detect the relaxation proton
signal. Depending on the body volume to be examined, different sizes and shapes
are available. There are coils that can transmit and receive the pulse and signal, or
alternatively, two coils are used, one for applying the pulse and one for receiving the
signal. In clinical MR scanners, a built-in BC is available as a transmit and receive
coil. The signal is processed by a computer that converts the raw data into an image
using Fourier transformation [17].

The third component of an MR scanner are the gradient coils, which produce a
second time-varying magnetic field used for spatial encoding. There are three gra-
dient coils in the system, one for each spatial direction. The gradient coils add a
magnetic field to the static field that slightly changes the resonance frequency for
each position. Therefore, it is possible to select a particular slice with one gradient
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2.2 RF-induced heating

coil and encode the signal within that slice with the other two gradient coils. There
are many different ways to use and switch the gradient coils, offering almost unlim-
ited possibilities to choose slices and directions to measure exactly the body part of
interest [16].

Not only the ability to choose any slice and direction makes MRI a powerful and
flexible imaging technique, but also the variety of sequences that can be applied. A
sequence describes the order in which the RF pulse and gradient coils are turned on
and off, the number of RF pulses applied, the flip angle of each pulse, and the time
between pulses. These parameters affect imaging contrast for different tissues. Stan-
dard sequences are available for specific body regions and disease screening, as well
as advanced techniques. For brain imaging, functional MRI (fMRI) is used to image
diffusion or brain activity. Furthermore, contrast agents can be used or even other
molecules can be used as imaging source instead of hydrogen [18, 19, 20, 21, 22, 23].
Even though MRI is a powerful and widely used imaging tool, some safety issues need
to be considered. All metallic and magnetic objects are prohibited in the MR room,
as they could be accelerated into the bore and potentially harm the patient [24].
A second problem could be unintentional nerve stimulation. To avoid these effects,
several precautions are taken. The patient must change out of street clothes and
remove any jewelry, such as earrings. The patient is placed on the MR table so that
the inner legs are not in contact and the arms are placed without forming loops.
These precautions can reduce nerve stimulation and contact burns. In addition,
depending on the patient’s weight and height, a limit is calculated for the maximum
energy to be applied [25].

However, if a patient has any type of metallic implant, the number of potential safety
hazards increases and can lead to severe tissue or implant damage, depending on the
type of implant. In addition to potential imaging artifacts, the implant may move,
vibrate, or deform. The implant could be unintentionally stimulated or malfunction
during and after the MR examination, or parts of the implant could heat up. These
safety risks could lead to the exclusion of patients with certain implants [3, 4, 25].
This thesis focuses on the potential heating of the implant, particularly RF-induced
heating, which is described in detail in the following section.

The potential risk of RF-induced heating has been known since the early develop-
ment of MR imaging [26]. As described above, the RF pulses are a time-varying
magnetic field with the goal of applying a homogeneous magnetic B-field across the
coil volume. According to Faraday’s law, each time-varying magnetic field B(t) is
accompanied by an electric field E(t). These electric fields induce eddy currents in
the conductive material. The current density J depends on the conductivity o of
the material in which the currents are induced and the so-called incident E-field

J=0E. (2.2.1)

Eddy currents also occur in biological tissue, but since the conductivity of metallic
implants is about 10° times higher than in the biological tissue, the current density
is much larger. The induced eddy currents cause two effects. Power dissipation
inside the implant occurs due to ohmic losses. This leads to a temperature rise AT
depending on the heat capacity ¢ of the mass Am. As a second effect, the induced



2 The physics of MR safety

currents induce a secondary electromagnetic field around the implant, which is su-
perimposed on the incident E-field. Thus, the power deposition around the implant
is modified. Both effects can lead to tissue heating [27].

A key parameter is the Specific Absorption Rate (SAR), which describes the ab-
sorbed RF power Ppp per exposed mass

P o| E?
SAR = —BE —
Am 2p

, (2.2.2)

where p is the density of the mass and o its conductivity. Ppp is the sum of the
power of the applied RF pulses. Assuming continuous RF exposure and no heat
dissipation, the local temperature increases linearly with the SAR. The SAR is dif-
ferent for each MR sequence and is limited to a safe exposure level depending on
the size and weight of the patient [27].

The so-called skin effect describes that the currents inside the metallic implant are
limited to the thin surface layer by the laws of electromagnetics. Therefore, the
mass of the implant is too small to effectively heat the surrounding tissue. However,
the induced scattered fields can multiply the incident E-field at critical locations,
called hot spots. In particular, for elongated implants with a length of half the RF
wavelength, the energy deposition is maximal at their distal ends. In this case, the
energy of the incident E-field is most effectively converted into eddy currents and
scattering field due to the so-called antenna effect [27].

The RF-induced heating of an implant therefore depends on the incident E-field to
which the object is exposed. In particular, the amplitude and phase of the tangential
component of the incident E-field are responsible for the magnitude of the resulting
AT. Depending on the size of the patient, its position within the MR scanner, and
the dimensions and orientation of the implant within the patient, the incident E-field
at the implant location changes and thus the AT at the possible hot spots [28].
Over the past decades, extensive research has been conducted on the MR safety of
various types of implants, especially in the area of RF-induced heating [29, 30, 31,
32, 33, 34, 35, 36, 37, 38, 39, 40, 41]. The classification of implants into passive
and active implants and the definition of an electrical length and corresponding im-
plant size at which RF-induced heating is negligible have led to the development
of international standards. They describe a standardized approach for testing the
different implants in an in vitro environment to estimate the patient risk during an
MR examination [3, 4].

These standards are continually evaluated and updated to reflect the latest research
findings. The measurement approaches for passive and active implants are described
individually in the following sections, including their requirements for the measure-
ment system and setup.

A common procedure for testing passive implantable devices for RF-induced heating
is provided by the American Society for Testing and Materials (ASTM). In April
2020, the current version ASTM F2182-19¢? was published as an international stan-
dard, updating the 2011 version [42]. The title is "Standard Test Method for Mea-
surement of Radio Frequency Induced Heating on or Near Passive Implants During
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Magnetic Resonance Imaging" and was developed by a committee that includes all
interested parties such as implant manufacturers, MR scanner manufacturers and
developers, testing laboratories, scientists and physicians. The scope of this method
is to test passive implants in vitro in a phantom container and does not provide ac-
ceptance criteria for heating levels. Implants are classified as passive if they perform
all of their functions without any electrical power supply, whereas they are classified
as active if their design includes any type of electrical power supply. Typical passive
implants are joints, screws, plates, stents, or dental implants [43].

The method is only valid for the safety issue of RF-induced heating for fully im-
planted devices for the frequency corresponding to 1.5 T and 3T MR systems. The
size of the recommended ASTM phantom container is 420x150x650 mm with a rect-
angular shape, filled to a height of 90 mm with human equivalent medium [3].

The general approach of the test method is to place the test object (TO) completely
inside a tissue simulating medium (TSM) with the average properties of a human
body in terms of electrical conductivity, mass density and thermal properties. Tem-
perature probes are placed at the locations where the maximum temperature rise
AT is expected and at a reference location at least 30 cm away from the TO. The
phantom is placed in an RF exposure system that provides sufficient magnitude
at the test location to measure AT with sufficient signal-to-noise ratio (SNR). The
measurement is performed with and without the TO in place, without moving the
temperature probes, under the same measurement conditions [3].

There are specific requirements for the TSM, RF exposure system, probes, and mea-
surement room to ensure a reliable and repeatable measurement. The requirements
are listed in the table 2.1.

Parameter Specification

Electrical conductivity 0.47V/m +10%

Relative permittivity e, 80 £+ 20

Local background heating 10 times the probe precision
Implant position > 20mm distance to every surface
Incident E-field homogeneity +1dB

Probe placement precision 1mm

Probe precision <0.1°C

Probe accuracy 4+0.5°C

Temperature recording 42 min

before and after measurement

Temporal resolution < 2s

Room temperature 20°C-25°C

Stability of the room temperature +2.0°C/h
Table 2.1: List of measurement requirements according to ASTM F2182 for the
TSM, the exposure system, the measurement probes and the measure-
ment room [3].

If any of the requirements in table 2.1 cannot be met for a particular implant, ad-
ditional analysis and measurements may be required to estimate the extent of the
influence on the AT results. As an optional step, the ASTM F2182 recommends that
a reference TO be included in the measurement. This reference object is a 100 mm
titanium-alloy rod with a 1mm hole at each end. This object is called SAIMD-2
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and the specifications are described in Ref. [4]. For this object, the expected AT
per incident E-field is known and can be used to monitor the run-to-run repeata-
bility. The final result of the test method is the maximum AT scaled to the local
incident E-field for the measurement time used. The typical measurement time is
six or 15 minutes of continuous RF exposure. It is the responsibility of the implant
manufacturer to provide a relationship between the measured AT in the phantom
and the possible AT in a patient population [3].

The test procedure for active implantable medical devices (AIMDs) is provided by
the International Organization for Standardization (ISO). The current version is the
ISO/TS 10974:2018 [4], available as a second edition since April 2018. Currently, the
document is a Technical Specification (TS), but the first edition of the ISO will be
available in the near future. The title of this document is "Assessment of the safety
of magnetic resonance imaging for patients with an active implantable medical de-
vice" and describes test methods not only for the safety issue of RF-induced heating,
but for all safety issues that may arise during an MRI examination involving active
implants [4]. Pacemakers, nerve simulators or cochlear implants are typical active
implants [43].

MR source Hazard Clause number /TS
RF field RF Electrode heating 8
Device heating 8
Unintended stimulation 15
Malfunction 15
Gradient field G Device heating 9
Vibration 10
Unintended stimulation 13
Malfunction 16
Static field B, Vibration 10
Force 11
Torque 12
Malfunction 14
Combined fields Malfunction 17

Table 2.2: Safety hazards and the responsible MR fields, the static B, the gradient
field G and the RF field RF, including the clause number describing the
hazards in the ISO/TS, extracted from Ref. [4].

The current ISO /TS only applies to the implanted parts of a device for the frequency
corresponding to a 1.5 T MR scanner. The updated version, which may be published
in 2026, will also cover 3 T. The final determination of risk or the establishment of
a safety criterion is not within the scope of the ISO/TS, but is the responsibility of
the manufacturer or the regulatory authorities [4].

The ISO/TS is divided into ten clauses, each of which describes a known or potential
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safety issue. The relationship between the magnetic field component of the MR
scanner and the safety issues that arise is listed in the table 2.2. Only Clause 8,
which describes RF-induced electrode heating for active implants, is used for this
work, and therefore only Clause 8 and its appendices are described in this section.
The objective of Clause 8 is to determine the power deposition around one or more
hot spots of an AIMD. ISO/TS recommends a tiered approach, describing four Tiers
of increasing complexity and accuracy. General requirements for all Tiers are listed
in the table 2.3.

Parameter Specification

RF frequency 64 MHz + 5%
Incident E-field variation < 4+1dB in magnitude
(entire AIMD pathway) < 420° in phase
Incident E-field drift < 0.25dB

TSM electrical conductivity 0.47V/m +£10%

TSM relative electrical permittivity ¢, 78 +10%
Table 2.3: List of requirements according to the ISO/TS for the RF exposure system,
extracted from Ref. [4].

There are more suitable medium conductivities provided in the ISO/TS, but only
the conductivity of o = 0.47S/m is used in this work. A measurement system to be
used for testing implants according to the standard must be validated as described
in Annex I of the ISO/TS [4].

Several steps are required before a suitable Tier can be selected. The hot spot or
hot spots must be identified. A hot spot is defined as a location that is within 6 dB
or 25% of the highest AT over the entire AIMD length. For identified hot spots,
the 3D spatial power distribution is either predicted numerically and validated with
a series of measurements, or measured by fully mapping the hot spot volume with
the temperature or SAR or E-field probe. Once the distribution is determined, the
magnitude is measured under the appropriate conditions to scale the distribution to
the final value. This method varies for the different Tiers [4].

Depending on the characteristics of the AIMDs, the most appropriate Tier is se-
lected. The four Tiers and their main differences are as follows

1. No modelling, global F,_ .
. Human modelling, F, . in implantation volume

along implant length, AIMD modelling

tan

2
3. Human modelling, E
4. Simultaneous human and AIMD modelling

The most conservative approach is Tier 1, which is only suitable for short AIMDs.
Tier 4 requires simultaneous modelling, which results in the least overestimation,
but also requires extensive computing power. Therefore, neither Tier 1 nor Tier 4
is feasible for most AIMDs. The Tier 2 approach is similar to the test method for
passive implants, where the AT per local incident E-field is determined. This value
is scaled to the maximum E-field expected in the implant volume in a human. In
order to minimize the overestimation due to the use of the maximum E-field, this
level is also mostly suitable for shorter AIMDs [4].

To date, the most suitable and practical Tier for the wide range of AIMDs is Tier
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3, which uses the tangential E-field along the AIMD and separate modelling of
the AIMD and the human population. The part of this work related to active
implantable devices uses the Tier 3 approach, which will be described in more detail.
The Tier 3 approach consists of several steps. First, an electromagnetic model of
the AIMD, called a transfer function (TF), is developed. Numerical, analytical or
experimental methods can be used to determine the TF. The AIMD is exposed
piece-wise to a constant incident E-field along the entire length of the object and
the resulting magnitude and phase at the hot spot are measured [44, 45, 46]. Thus,
the specific response of the AIMD to a homogeneous tangential E-field is modelled.
The power deposition at the hot spot can be calculated from the model and the
tangential incident E-field to which the implant is exposed to, according to the
following equation

P = Al / T Frog spor (2) Bran (2) 2% (2.4.1)
l

In this equation, P describes the power deposition at the hot spot, A is a constant, [
is the length of the AIMD, 2 is the position along the AIMD, T'F, . . is the devel-
oped transfer function and E,,  is the tangential incident E-field along the AIMD.
The tangential E-field can be obtained numerically from human models [4].

To ensure that the developed TF provides valid results not only for a homogeneous
E-field, but for any kind of tangential E-field distribution in magnitude and phase
along the AIMD, it needs to be validated. To do this, the AIMD is placed in a
phantom container filled with the specific medium. The AIMD is exposed to a
known set of different and unique tangential incident E-fields and the AT for each
exposure condition is measured at the hot spot. To change the exposure condi-
tion and thus the tangential E-field along the TO, the AIMD path is changed for
each measurement. An example set of exposure conditions is given in Annex M of
ISO/TS [4], suggesting different phantom containers and trajectories. The exposure
conditions should include amplitude ramps, linear phase, and linear phase combined
with linear amplitude along the length of the implant, as may occur in a patient
during an MRI examination. In addition, the condition should include a distribution
where the phase along the implant is reversed to ensure that the TF is valid for all
types of tangential E-field distributions. The resulting AT per exposure condition
is compared to the predicted AT using the developed TF with equation 2.4.1. To
determine a validation criterion, the uncertainties of the measurement and the TF
are analyzed and compared to the total error between the measurement and the TF
predictions [4].

When the TF is validated and its prediction uncertainty is known, it can be used to
calculate power deposition for clinically relevant exposure conditions obtained from
human modelling [4].
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The equipment used to perform the measurement studies presented in this thesis
consists of the RF exposure system and its power supply. To measure RF-induced
heating of any test object (TO), the measurement setup within the exposure system
consists of a phantom filled with a tissue simulating medium (TSM), the measure-
ment probes, and optionally a movement system, where the measurement probes can
be fixed and moved through the exposure system. The following sections introduce
and describe all components used for a typical measurement.

The RF exposure system available in the MR:comp test laboratory is the BC of the
Medical Implant Test System (MITS) developed by ZMT (Zurich MedTech AG).
Further information about the complete MITS can be found in Ref. [47]. For the
measurement series in this work, only the BC of the MITS is used with a customized
power supply. A schematic overview of the system is shown in Fig. 3.1. The BC is
horizontally oriented and matched and tuned to 64 MHz, equivalent to 1.5T. The
length of the BC is 650 mm and the length of the surrounding shield is 850 mm. The
inside diameter of the BC is 700 mm. It consists of 16 copper rungs, where the end
rings have capacitors between the rungs, which can be individually adjusted to the
desired resonance frequency. Therefore, it is a high pass coil with two connectors at
90° to each other. More detailed information about a typical high pass BC can be
found in Ref. [48].

In contrast to an MRI examination using RF pulses and circular excitation, the test
methods used in this work use a continuous wave (cw) sinusoidal RF signal and linear
polarization. The different polarization does not change the E-field distribution in
the isoplane of the xz-plane in terms of homogeneity, but the magnitude of the
field is higher for the linear polarization resulting in a better SNR, as displayed in
Annex M of Ref. [4]. The typical measurement time for medical device testing is 15
minutes with cw excitation, which corresponds to an average MR examination time
with many short RF pulses.

The BC is placed on a table in an RF cabin with sufficient distance to each wall.
The system is powered by RF cables connected to a filter plate that runs outside
the cabin. A two-channel function generator (FG) supplies power to two amplifiers.
Couplers are connected after the amplifiers to monitor the transmitted and reflected
power after each amplifier with an oscilloscope. From the couplers, the RF cables
are connected to the outside of the filter plate. The circuit is schematically presented
in Fig. 3.1.

A two channel function generator (FG) is used and the unit of the amplitude is
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set to dBm. The frequency is set according to the S-parameter measurement made
before each measurement with the BC.

Function  Amplifier Coupler Body coil
generator

1 1

FG BC
2 { 2
Oscilloscope

Signal line e
Monitor line =

Figure 3.1: The body coil forms the bore loaded with the ASTM phantom so that the
isocenter of the coil aligns with the isocenter of the TSM filled phantom
on the left and a schematic overview of the supply line including the
signal line with the two channels from the function generator (FG) to
the body coil (BC) and monitoring line to the oscilloscope, logging the
transmitted and reflected power.

The S-parameters describe the frequency at which the reflection is smallest and the
amount of coupling between the channels. Since the rung material is sensitive to
room temperature and is additionally heated by the current flow when the system
is turned on, its expansion changes slightly with the temperature of the material.
This material expansion changes the distance between the rungs and therefore the
capacitance of the capacitors connecting them. It is therefore necessary to match the
frequency to the actual coil condition to avoid high reflections. The S-parameters
of the BC are exemplary presented in Fig. 3.2.

The S-parameters show a slight difference between the channels. The resonance fre-
quency is within the requirements of 64 MHz+5 %), as listed in table 2.3. The S; and
Sy, are at -15.37dB at 62.91 MHz and -17.37dB at 62.95 MHz, respectively, with
narrowband resonance. S,; and S;4 are by definition equal at -20.77 at 63.04 MHz
describing the coupling between the two channels. The smaller the S-parameters,
the more signal is transmitted rather than reflected. During a measurement, the
temperature of the material increases, causing the resonant frequency to increase
slightly. For example, the frequency was increased from 63.00 MHz to 63.08 MHz
during ten consecutive temperature measurements, with each run lasting six min-
utes. Details of this measurement can be found in section 5.2.

Two 500 W amplifiers from TOMCO Technologies (TOMCO) are used, producing
57 dBm of gain. An oscilloscope is used to monitor the behavior of the BC, recording
the transmitted and reflected power for both channels picked up by the couplers ev-
ery 0.5 seconds. The typical load and measurement probes and setups are described
in the following section 3.1.2.

On each measurement day, the S-parameters are determined and the current res-
onance frequency is set at the FG. After the system is set up and turned on, it
takes about 30 minutes to reach a steady state and a nearly stable E-field value and
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distribution inside the phantom. This is due to the warm-up time of the amplifiers
and coil components. The measurement time varies considerably depending on the
measurement task. For a typical temperature measurement, the coil is turned on
twice for 15 minutes without any warm-up time. For an E-field mapping measure-
ment, the coil warms up for 30 minutes before starting the mapping, which can
take another 30 to 60 minutes, depending on the desired mapping resolution. As
described earlier, the frequency changes slightly as the coil material warms up. The
longer the system is on, the warmer the coil material becomes as a result of the
currents flowing through the material. Therefore, the resonance frequency increases
slightly during the measurement time. In addition, the E-field slowly continues to
decrease over the measurement time. Thus, the longer the measurement time, the
more the E-field distribution changes. An additional factor in this change is the
changing conductivity of the TSM depending on its temperature.

Because of this, it is important to monitor the system closely with the oscilloscope.
However, even with monitoring, it is difficult to ensure the same measurement con-
ditions on different measurement days and for different times the system is turned
on.
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Figure 3.2: S-parameter for the body coil for the frequency range between 60 and
68 MHz to determine the resonance frequency and system conditions.

In principle, phantoms can have different sizes and shapes. However, in all mea-
surements related to this work, the ASTM phantom is used because it is the largest
phantom available, displayed in Fig. 3.1. The phantom is usually filled with TSM.
In this work, two different TSMs are used. A saline solution is used for E-field mea-
surements, while a gelled solution is used for temperature measurements due to its
higher heat capacity. Both TSMs have the same conductivity and permittivity and
are prepared according to the requirements and formulation described in Ref. [3].

The energy generated by the E-field of the BC is absorbed by the medium in the
phantom. It is defined as the Specific Absorption Rate (SAR), which is described
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by
AT o |E]? oFE2,
SAR =limc—— = = TS 3.1.1
ime—- 2% Pae ( )

where ¢ = 4150J/(kg°C) is the specific heat, AT is the temperature rise and At
the measurement time. The peak E-field is | E' | and E,  is the root mean square
(rms) of the E-field, o is the electrical conductivity in S/m and p the mass density
in kg/m?3.

Annex M of Ref. [4] shows the expected E-field distribution inside the ASTM phan-
tom for linear and circular polarization. To measure the extent of RF-induced
heating, it is necessary to achieve stable and known measurement conditions that
must be re-evaluated from time to time to ensure reliability. Therefore, the E-field
inside the phantom must be measured with a suitable probe. MR:comp offers sev-
eral E-field probes. The Time Domain Sensor (TDS) system from Schmid & Partner
Engineering AG (SPEAG) includes E-field probes and H-field probes that measure
the field in a specific direction [49]. In this work, the E-field probe is used, which
measures the E-field radial to the probe axis, as shown in Fig. 3.3a). The probe
is connected by fiber optics to a remote unit that is connected to a measurement
receiver such as a network analyzer. The probe consists of a dipole located at the
tip of the probe, with a tip to dipole center distance of 1.55 mm. The probe length
is 433 mm. The probe allows the direct measurement of the amplitude and phase of
the desired E-field component.

Calibration within TSM is not available at the time the measurements for this thesis
were made. Therefore, the results from the TDS system can only be used to validate
the phase distribution. For the amplitude, only the relative results are used, and
only for small E-field values, since the probe results are not linear with the E-field.

Figure 3.3: The a) TDS probe for measuring the z-component of the E-field in am-
plitude and phase and b) Easy 6 probe for measuring the rms value of
the total E-field.

The second available E-field measurement system is the Easy 4/6 system from
SPEAG [50]. During the time of this work, the Easy system was updated from
Easy 4 to Easy 6. The update included a new Data Acquisition Electronics (DAE)
connected to the probe and a new software. However, the probe itself did not change.
The Easy 4 system had its own Easy 4 device, that is based on a PC, to which the
probe is connected via the Easy electric over fiber (EoF) cable. The Easy 6 probe is
connected to the new DAE, which is connected via EoF to a remote unit (Easy-RU)
that converts the optical signal to an electrical signal and is connected to a PC,
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where the software is installed. The Easy 6 probe is presented in Fig. 3.3b).

The probe used in this work is the EX3D SAR probe. This dosimetric near-field
probe, measures the SAR and the E, field. The tip diameter is 2.5 mm, for a
length of 20 mm. The total length of the probe is 337 mm, and the distance between
the probe tip and the dipole center is 1mm. The size of the DAE changed from
60x60x67.5 mm for the Easy 4 system to 38x38x72 mm for the Easy 6 system. The
total length of the probe parts placed inside the coil consists of the probe, the DAE,
the connector and the cable, which should not be bent too much. Depending on the
placement position in the exposure system, the measurement volume is limited.
Establishing a measurement setup in which the Easy probe produces reliable results
is part of this work and will be discussed in the following section 3.2.1.

To measure the temperature in the phantom, two types of fiber optic temperature
probes are used in this work. The TS2P probe and the TS5 probe are fiber optic
temperature probes from WEIDMANN Technologies Deutschland GmbH (WEID-
MANN), which consist of a gallium arsenide (GaAs) crystal, attached to a fiber
optic cable that can be connected to the fiber optic temperature measurement de-
vice (FOTEMP). Both types of probes have an accuracy of £0.2 °C and a resolution
of 0.1°C. The crystal diameter is 0.55mm. The difference between the two types
of probes is that the TS2P has the crystal directly at the tip of the probe and the
TS5 has the crystal embedded in a coating material as shown in Fig. 3.4 on the left
side.
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Figure 3.4: Schematic representation of the two different temperature probes used
in this work. In a) the TS2P probe with an open crystal at the tip on the
left side and in b) the TS5 probe with an embedded crystal at a defined
distance from the tip inside the orange part [51, 52].

To fix and move the different types of probes inside the exposure system, several
3D printed probe holders are constructed. These holders can optionally be fixed
to a movement system. This movement system was built as a bachelor thesis and
the design is based on a 3D printer [53]. The system is mostly placed around the
exposure system, with a traverse placed inside the coil. The design is displayed in
Fig. 3.5. The BC is shielded, so that the frame of the system does not interfere with
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the E-field inside the coil. The material of the traverse is polyvinyl chloride (PVC)
to minimize any E-field distortion.

Figure 3.5: Overview of the movement system that can be placed around the expo-
sure systems to move the probes, which can be attached to the carriage
in black, in the three spatial directions.

As presented in Fig. 3.5, the traverse is fixed at both ends, which are moved in
x-direction by two step motors. The movement in y-direction is done by four step
motors. There is a movable carriage on the traverse to which the probes can be
attached. The system is controlled using G-code to move the carriage in all direc-
tions. The smallest movement step is 0.1 mm and the movement range is 500 mm in
x-direction, 700 mm in y-direction and 1200 mm in z-direction. The system is used
for E-field mapping measurements where the probe is moved continuously through
the phantom or to place a probe at a precise position within the phantom.

In a typical measurement setup where the E, -field is measured, the ASTM phan-
tom is placed in the BC, so that the isocenter of the coil is aligned with the isocenter
of the TSM inside the phantom at [325/45/210] as x-, y- and z-coordinates in mm
relative to the origin marked in Fig. 3.6. The traverse is placed above the phantom
and the £, -field probe is attached to the carriage. Due to the size of the probe and
the traverse and the limited space inside the coil above the phantom, the £, -field
probe can only be placed in a small area of the phantom. In addition, the tilt angle
of the probe limits the measurement volume. In the case where the E, -field probe
is mounted parallel to the traverse, a little more than a quarter of the xz-plane
can be measured without rearranging. If the probe is placed perpendicular to the
traverse, the entire phantom is accessible in the z-direction, but only a limited area
in the x-direction. The areas that can be measured with the two probe placements
are illustrated in Fig. 3.6, including the typical test object and reference position.

The green area corresponds to the measurement volume that can be reached without
repositioning the probe. There is no way to measure the entire E, .-field distribu-
tion in the BC with one setup. As mentioned above, it is almost impossible to create
exactly the same measurement conditions after turning the system off and on again.
When measuring passive implants, where the object placement is always in the same
phantom area, the F,_ .-field distribution can be measured and determined with one
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setup. However, during a measurement with a TO in place, the E, .-field probe is
placed on the opposite side of the phantom from the TO, as indicated in Fig. 3.6.
Due to the fact that it is not possible to measure the E, -field value on both sides
simultaneously, the informative value for the absolute E, . -field value at the TO

position may be limited.

Probe orthogonal Probe parallel

Test object position

z-coordinate

x-coordinate
X Origin x=0, z=0
I oerse

ﬁ Reference position

[lm— E.n-ficld probe

Figure 3.6: Schematic overview of the accessible measurement area in green of the
phantom inside the BC depending on the probe orientation and fixation
in parallel or orthogonal to the traverse of the movement system, in-
cluding the standard test object position, the reference position and the
origin in x- and z-coordinate for the isoplane at y = 45 mm.

The Tier 3 power deposition determination for active implants is based on the agree-
ment between the E -field distribution inside the exposure system and its numeri-
cal prediction. Therefore, the E, -field distribution must be measured for the entire
measurement volume. Without the ability to measure the entire distribution with
a single measurement setup, the comparability between the individually measured
parts is limited and may increase the overall uncertainties for the TF validation
procedure.

In addition, as described in section 2.3, the homogeneity of the E,  -field distribution
should be within +1dB over the entire TO volume. The E,  .-field distribution
for the area, where the TOs are typically placed in a BC was measured with the
Easy 4/6 probe fixed in orthogonal orientation and displayed in Fig. 3.7, including
the +1dB lines. The distribution shows the expected E, .-field distribution for a
BC inside the ASTM phantom from Annex M in Ref. [4]. The comparison with
internal numerical simulations of the BC is in good agreement, at least for the
measured part of the phantom. The mean value of the relative difference between

the numerical prediction and the measured values is —0.79 + 3.25%. This shows
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that the distribution is reliable, at least for this part of the phantom. The relative
deviation distribution has a systematic error of about 2-3 mm due to a position
shift in the z-direction caused by the limited access of the BC to precisely place the
probe.
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Figure 3.7: The E, -field distribution of the isoplane within the possible measure-
ment area with orthogonal orientated probe, including the 41 dB isolines
for the measurement position at 20 mm distance to the phantom wall
in a) and their relative deviation compared to the numerical predictions
in b).

The requirements of the test methods for the implant position are at least 20 mm
distance to any surface or phantom wall and the homogeneity of the E, -field dis-
tribution over the entire implant volume should be within +1dB. The distribution
in Fig. 3.7 proofs, that the highest E, -field value within the measurement volume
is at 20 mm. Therefore, placing the TO at this position will result in the best SNR
and the highest AT possible for a given input power. The distribution also shows
a strong field gradient along the x-axis. Assuming that the highest E, -field value
along the z-line at 20 mm distance is the value corresponding to +1dB, the length
of the homogeneous part of the line is +150 mm. For a TO width of 20 mm, this
length is reduced to +£125 mm, and for a width of 40 mm, the length is reduced to
+60mm. TOs exceeding these dimensions, are outside the homogeneity require-
ments of Ref. [3]. Additional testing is required in this case. For a frequency of

64 MHz, TOs with a length of half the resonance wavelength inside the medium
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3.2 Investigation of the typical hot spot distribution

are expected to produce the highest AT. This length for 64 MHz is approximately
250 mm [54].

The measured AT of each TO is scaled to the mean incident E, .-field over the
entire TO volume, i.e. the local SAR, before the results are applied to the in vivo
conditions. Therefore, the uncertainty of the predicted AT is lower for a more ho-
mogeneous F, -field distribution. For the given E,  -field distribution, several TOs
exceed the dimensions for which the homogeneity requirement is fulfilled, increasing
the uncertainty or the measurement and investigation effort.

In the next section the general probe behavior and the optimal use for the different
probes are investigated.

There are several methods recommended by ISO/TS [4] to determine the spatial
power distribution of a hot spot. One can either use numerical predictions and
validate the predicted distributions with a number of measurement points, or one
can measure the full 3D distribution with an E, -field probe, a SAR probe or a
temperature probe.

This chapter examines the behavior of the E, .-field probe and the temperature
probes and evaluates their suitability for measuring the 3D hot spot distribution.
First, the optimal probe placement and movement is determined to provide reliable
measurement results. Based on this, the hot spot distribution and its influences are
tested. A typical active implant consists of one or more leads with one or more
electrodes at the lead tips, which represent the potential hot spot of the implant.
To represent such an implant, a 500 mm long straight lead with eight electrodes
spaced 5 mm apart is used as the TO. This TO is chosen as an abstract object to
investigate the possible radial symmetry of the hot spot around the electrodes in
order to reduce the required measurement volume from 3D to 2D. As a final step,
the radial £, .-field distribution is investigated and evaluated whether the probe
position along the electrode has any influence on the radial E, .-field distribution
at this location. In addition, different combinations of active electrodes and different
input power ratios between them are applied. Depending on the extent of influence
of these factors on the F, .-field distribution, it may be possible to further reduce the
measurement volume and calculate the power deposition from a few measurement
lines, thus saving considerable measurement time.

Due to the limited space inside the BC, the probe position and the resulting reachable
measurement volume depend on the probe orientation. Therefore, it is necessary to
determine the measurement conditions under which the probes provide reliable and
repeatable results.

To simplify the measurement setup, the measurements were performed in a smaller
phantom of 140x95x190 mm filled with 90 mm saline solution outside the exposure
systems and the RF cabin. Instead of generating a power deposition around the
electrodes by E-field exposure inside a radiating exposure system, one can generate
a power deposition around the electrodes by directly injecting a voltage into the
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3 The measurement equipment and behavior

power supply wires of the electrodes. The 500 mm long straight multi-electrode lead
with eight 3 mm long electrodes is used as the test object and the power is injected
directly into the wires. The electrodes are potential individual hot spots and there-
fore suitable for evaluating the probes.

A schematic setup with the possible directions of probe movement is shown in
Fig. 3.8. The TO was placed horizontally in saline solution in the phantom. The
phantom was attached to a print plate of a 3D printer. The probes were attached to
the nozzle of the printer and moved. Measurements were made with the Easy 4/6
E., field probe and with the TS2P temperature probe.

First, the dependence of the probe rotation on the E,  -field is investigated. The
E, field probe was placed as close as possible above and lateral to the injected
electrode of the TO and rotated around its own axis in 10° steps to measure the
E,, field three times for each angle. The effective distance between the TO and the
sensitive element of the E, .-field probe was estimated to be about 1-2mm. The
injected voltage at 64 MHz was set to 5 Vpp for the first electrode only and was left
on for the entire measurement.

Front view Top view
(@)
- vy

—> Movement direction ® Probes

—

Figure 3.8: Schematic overview of the measurement setup with the test object in-
cluding the active electrode (gray) and the probe placement (red) and
possible movement directions (black arrows) inside the smaller phantom
(blue) in front and top view.

The E, -field for each angle of rotation for both positions above and lateral to the
TO are visible in Fig. 3.9. The E, -field measurement lateral to the TO is strongly
dependent on the rotation angle of the E, .-field probe. The minimum FE, field is
109.98+0.74 V/m, which is 71.54 % of the maximum FE,_-field of 153.7240.39 V/m
for the lateral position. The behavior is symmetrical for each 120° rotation. For the
B, .-field probe placement above the TO, no rotation angle dependence is visible
and the measured value is stable at 152.88 + 0.51 V/m over all angles.

These results clearly indicate, that the Easy 4/6 E, . -field probe should be placed
above or orthogonal to the TO to obtain stable £, -field values regardless of the
rotation of the E. -field probe.

As the next measurement step, the E, .-field probe was moved along the electrode
to represent rotation angles of 10°, 70°, and above the electrode. The results of the
E,, field along the electrode are presented in Fig. 3.10.

Not only does the maximum E, -field value change with rotation angle and position,
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3.2 Investigation of the typical hot spot distribution

but also the width where an E| -field increase is measured. The shape of the

measured curves varied substantially for 10° and 70° and is only repeatable for the

position above the electrode. Therefore, the E| -field must be placed orthogonal
to the TO at all times.
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Figure 3.9: Measurement results of the E, .-field depending on the probe angle for

the two positions of the probe to the electrode, modified from Ref. [7].
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Figure 3.10: The E, -field distribution along the active electrode of the test object

for different E, .-field probe angles 10° and 70° at lateral probe position
and the top position as reference.

To investigate the effect of probe placement, the temperature probe was also placed
above and to the side of the TO. However, instead of rotating the temperature
probe, it was moved radially away from the TO. For this, the temperature probe
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3 The measurement equipment and behavior

was placed in the center of the electrode. The temperature crystal is symmetric
and therefore not angle dependent. Thus, the temperature distribution and the
influence of possible convection are investigated. In total, eleven positions with
different distances per temperature probe placement were measured, with the largest
distance being 5mm. The injected voltage was turned on for 30 seconds. Each
position was measured three times to compensate for variations and to calculate the
mean and standard deviation. The results for the different probe positions, where
the temperature probe was placed above the electrode are presented in Fig. 3.11 for
the smallest distance at 0 mm and the largest at 5 mm.
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Figure 3.11: Measurement results for the temperature rise AT for 0 mm and 5 mm
distances of the temperature probe to the electrode over 60s where the
power is turned on for the first 30s.

The progression of the temperature over time shows a second temperature rise after
turning the power off. This second temperature rise is not caused by the injected
power, but can be explained by convection. The effect is worse for the position
above the electrode, as expected, because the warmer medium moves upward and
can be measured by the temperature probe when it is placed above the TO. The
temperature rise due to convection can add to the temperature rise due to the in-
jected power and therefore overestimate the measured temperature rise at greater
distances. If only the temperature rise due to the injected power contributes to
the measured temperature rise, the temperature should decrease after the power is
turned off. Therefore, the temperature probe should be moved laterally to the elec-
trode if it is to be used to measure the hot spot distribution in the radial direction.
As a final step, the radial E, .-field distribution was also measured with the E, -
field probe in the radial direction above the TO. It was also placed above the center
of the electrode. The radial distance was increased in 0.2 mm increments up to a
total distance of 10mm. To compare the measured E, -field values above the TO
with the temperature values beside the TO, the temperature values are recalculated
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3.2 Investigation of the typical hot spot distribution

to K, field values using the following equation

[AT cp
Erms - E; (321)

where p is the density, o the electrical conductivity and ¢ the local heat capacity of
the TSM. The AT is calculated for the first 10 seconds of each measurement. The
results are illustrated in Fig. 3.12.
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Figure 3.12: Comparison of the measured E, -field values above and the converted
temperature values besides of the electrode for the radial distribution,

modified from Ref. [6].

The measured E,, .-field values in green and the converted temperature values in red
are in good agreement. Therefore, the orientation for both measurement probe types
is determined for all further measurements. Whether the apparent symmetry of the
distribution for the two positions is valid for each radial direction is investigated in
the next section.

The next step is to investigate the E, . -field distribution of a hot spot. The first
step is to determine if the hot spot distribution is radially symmetric or if it depends
on the internal structure of the lead, e.g. the lead wires. For this measurement, the
same multi-electrode lead is used as the test object in the same measurement setup.
This time, the second and fourth electrodes are chosen for this investigation because
they have a different number of supply wires in close proximity and enough distance
between them to avoid coupling effects between the injected electrodes. A total
of five measurement runs were performed. After each measurement run, the lead
was rotated around its own axis so that position 1 corresponded to the orientation
where the power supply for electrode 1 was at the top of the lead and therefore

closest to the measurement probe. For position 2, the lead was rotated so that the
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3 The measurement equipment and behavior

power supply for electrode 2 was at the top of the lead. The current supply wire
per electrode is shown schematically in Fig. 3.13.

Number of electrode
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Figure 3.13: Schematic overview of the order of the power supply wires for the first
five electrodes of the test object, shown for the unrolled TO.

For each measured position the E, .-field probe was placed above the TO and moved
along it, starting at the rear end of the fourth electrode and ending at the front end
of the second electrode. The measurement was performed five times for each position
to calculate the mean value and its standard deviation. The results are displayed in
Fig. 3.14.
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Figure 3.14: Measurement results of the distribution of the E, -field along the test
object for five different test object rotations, as electrode two and four

are active, modified from Ref. [6].

The measured E, . -field distribution along the lead does not depend on the rota-
tion of the lead and is radially symmetric. Measurements of the same position at
different angles of rotation are consistent within their measurement uncertainties.
The position of the E,  -field probe and its movement are the largest factors in the
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3.2 Investigation of the typical hot spot distribution

measurement uncertainty, which is between 4.11 % and 5.30 % for all five positions.
The hot spot distribution can be assumed to be radially symmetric for this partic-
ular TO and probably for straight leads in general. Further investigation may be
required for helical leads. In this work, however, only straight leads are used as
TOs to generate the E, -field distribution and to investigate probe behavior and

optimal measurement setups for measuring hot spot distributions or point-by-point
measurements.

After establishing that the hot spot distribution is radially symmetric for the TO
used, the two-dimensional hot spot distribution along and in the radial direction
is examined to assess whether the distribution in the radial direction depends on
whether the E, -field probe is placed at the edge or in the center of the electrode. If
it can be shown that the E, -field distribution does not depend on this position, it
may be sufficient to measure only a few lines and calculate the 3D power deposition
from the measurement instead of measuring the full 3D distribution.

For this investigation, the same TO and the same setup are used as before. The
TO was placed in saline solution and the spatial distribution of the hot spot was
measured with the E -field probe, fixed to the movement system of the 3D printer.
To measure the entire distribution of the hot spot of both the second and the fourth
injected electrodes, the E,  -field probe was placed above the TO and moved in
the radial direction. The E, field probe was moved continuously at 0.2mm/s,
measuring the E_ -field value every second up to a total distance of 10 mm. The
E, field probe was then moved 0.1 mm along the lead. For each 0.1 mm step
along the electrode, a line was measured in the radial direction. As a result, a two-
dimensional E, .-field plane was measured above the electrodes, as schematically

displayed in Fig. 3.15.
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Figure 3.15: Schematic overview of the measurement setup of the test object and
measurement probe inside the phantom in a) and the measurement
volume (light gray) and measurement lines (orange) around the injected
electrode (gray) in b), modified from Ref. [8].

Each line measured in the radial direction was normalized to its own maximum
at the closest proximity to the electrode to compare the relative distribution in
the radial direction per position. In addition, a close-proximity measurement was
made along the lead. The results for both measurements along and in the radial
direction when electrodes two and four are injected are shown in Fig. 3.16. The
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3 The measurement equipment and behavior

E, -field distribution along the TO in Fig. 3.16a) increases in the vicinity of the
injected electrodes. Compared to Fig. 3.14, the different distance between the TO
and the E, -field probe results in a higher measured maximum of the E,  -field, as
expected.
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Figure 3.16: The E, field distribution in a) along the test object for the second
and fourth injected electrode highlighted in dark gray and in b) the
normalized E, field in radial direction for 31 positions along each
injected electrode, modified from Ref. [8].

The radially measured normalized lines along the two electrodes are compared to see
if the progression of the lines along the electrode varies depending on the position.
Fig. 3.16b) shows a similar E, -field decrease along the electrode or between the
two electrodes with a mean standard deviation of 6.44 %.

This measurement was performed for different combinations of two of the eight
injected electrodes (2./4., 1./3., 1./4., 2./3.) and for different injection power ratios
between the electrodes between 3 Vpp and 5 Vpp in ten different combinations to
evaluate their influence on the radial E, . -field distribution. The measured E, .-
field curves for the different electrode combinations and power ratios are individually
normalized and compared to each other and to the curves in Fig. 3.16b). The results
for all measured lines are displayed in Fig. 3.17.

The data demonstrates once again that the radial distribution of the E, . -field does
not depend on the combination of the injected electrodes nor on the power ratio
between them.

To evaluate whether this behavior can be transferred to a radiated setup in the BC,
an additional measurement was performed inside the BC. The TO was placed in
the ASTM phantom at a distance of 20mm from the phantom wall in TSM. As
discussed in section 3.2.1, the E,  .-field probe must be placed orthogonal to the
TO and moved radially to produce reliable results. Since the placement options of
the E, field probe inside the coil are limited due to space constraints, the E_ -
field probe cannot be placed above the lead, but at a 30° angle. The distance was
increased step wise in y- and x-direction, calculated with sine and cosine, to increase
the radial distance in the desired steps. The starting point was as close as possible
to the electrode at the maximum E, -field value along it. The radial distance was
increased to a total distance of 10 mm.
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Figure 3.17: The mean normalized radial E,  .-field distributions including the +10-
error band for all measurement lines of the two injected electrodes in-
cluding different electrode combination and different power ratios of

the injected electrodes, modified from Ref. [8].
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Figure 3.18: The mean normalized radial E, -field distributions including the +10-
error band for the measurements in the injected setup and the measured

normalized radial E, .-field in the radiated setup in the body coil, mod-
ified from Ref. [8].

To subtract the incident E. -field, this measurement was performed with and with-
out the TO in place. The mean values and standard deviations of the measured
lines in the injected setup in Fig. 3.17 are calculated and compared with the mean

results of the measurement in the irradiated setup in BC. The resulting E,  -fields
are shown in Fig. 3.18.
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3 The measurement equipment and behavior

The E, . field of the injected setup and the E, . -field of the radiated setup are in
good agreement. It is therefore possible to generate a normalized model function
describing the radial E, -field distribution from a small number of radial lines mea-
sured in an injection setup. The measurement along the line at a defined distance
can then be used to scale the model to each individual position.

To test this assumption, additional calculations are performed using the measure-
ment lines presented in Fig. 3.16b). For each electrode, 31 radial lines are normal-
ized. The resulting E, -field distribution over the plane is compared with the results
calculated using the averaged measurement line describing the radial E, .-field dis-
tribution, which represents the case where only a few radial lines are measured and
averaged. The measured distribution over the two electrodes, the calculated distri-
bution from the averaged line and the deviation between them for the first radial
6 mm are displayed in Fig. 3.19.
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Figure 3.19: The a) measured and b) calculated normalized E, field distribution
for the 2D plane above the two electrodes in radial distance and ¢) the
relative deviation between them, modified from Ref. [8].

There is only a small deviation between the measured and calculated hot spot dis-
tribution, with an average deviation of 3.4 % over the entire plane. The deviation
is higher at larger distances from the electrodes, where the F, .-field has already
decreased substantially.

Therefore, the hot spot distribution can be calculated from a model function de-
scribing the radial E, .-field decrease, that can be obtained from a small number of
radial measurements. This model should be normalized to a certain distance from
the TO. At this distance, a measurement should be made along the entire lead. The
model function can then be scaled to each value along the lead. Due to the radial
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3.2 Investigation of the typical hot spot distribution

symmetry of the distribution, the power deposition can be calculated from the scaled
model function using the cylindrical geometry. For each increment along the TO,
the corresponding circular disk can be calculated and added up to the total volume.
To cover the values at a distance of less than 1 mm from the TO, which the E, -field
probe cannot reach, additional temperature measurements are recommended. For
this study, three additional measurement points were measured. The temperature
probe was placed in the center of the electrode and the AT was measured for 10
seconds and recalculated to the corresponding E,, .-field value, as described above.
The model function used to describe the radial decrease was obtained and modified
from the electric field theory and the distance square law

1
Yy~ . (3.2.2)

r

The results of the temperature measurement and the resulting model function are
shown in Fig. 3.20.

1.6 T
1.4 1 Temperature probe
1.2
1.0 1
0.8
0.6
0.4
0.2
0.0

Q
S—"

== Model function

®  Measured values

Erms, norm-field

5.0 1

2.5 1

0.0 1

i -2.5 1

-5.0

0 2 4 6 8 10
Radial distance [mm]|

dev. (%] &

Rel

Figure 3.20: The combined measurement results of the E, .-field values and the AT
values and the resulting model function describing the radial distribu-

tion in a) and the relative deviation between them in b), modified from
Ref. [8].

The resulting model function had the form

a n b n c
—15—2)3  (-15—2)2 (-15—x)

where a = 12.39 4+ 1.25, b = 15.47 4+ 1.03, ¢ = 1.80 + 0.25, and d = 0.09 + 0.02. The
model describes the measured values with a mean value and its standard deviation of
0.24+1.98 %. The deviation increases for the values measured with the temperature
probe and varies between +4.60 % and —4.81 % The additional data points measured
with the temperature probe are necessary to describe the radial decrease and to cover

v=1 +d, (3.2.3)
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3 The measurement equipment and behavior

the small distances to the TO, where typically the highest power deposition occurs.
This study demonstrates, that the hot spot F__ . -field distribution of an electrode of a

rms
multi-electrode straight lead is independent on the radial direction. The radial F

rms

field decrease shows a similar behavior independent of the starting position along the
electrode and did not vary for the injection of different pairs of electrodes and not
for different power levels between the injected electrodes. Therefore, a normalized
model function can be obtained from a small number of radial measurement lines
and a small number of temperature measurements. This model can be scaled to
measurement values along the TO at a defined distance and the power deposition
can be calculated using geometric calculations and numerical integration.

It is shown, that the deviation between the measured distribution of the plane
above the injected electrodes and the reconstructed distribution from the model
function is 3.4 %. Therefore, the time-saving approach of using a smaller number
of measurements and a model function does not drastically increase the uncertainty
compared to a full 3D measurement. Whether this approach is applicable to all types
of leads with electrodes should be investigated by measuring a sufficient number of
radial lines and comparing their normalized progression.

This chapter provides an overview of the equipment used for this work. The avail-
able body coil used as the RF exposure system is reviewed and its advantages and
disadvantages are described. Although the E,  -field distribution generated by the
BC is similar to a typical E, field distribution of an MR scanner, there is only a
small area where the E-field distribution is homogeneous enough for passive implant
testing. In addition, the limited space inside the coil makes it impossible to measure
the entire E, -field distribution with a single setup. Due to the sensitivity of the coil
and its material to temperature, the state of the coil in terms of resonance frequency
and E, field distribution changes slightly after it is turned off and on again. This
can lead to increased uncertainties in the F .-field measurement. On the one hand,
the E,  .-field probe for monitoring and scaling for passive implant testing is placed
on the opposite side as the TO, and since both sides cannot be measured under the
same coil conditions, it can only be assumed that the distribution is symmetrical.
On the other hand, the agreement between the measured E, field distribution
measured with multiple setups will be worse compared to a numerically predicted
distribution used for testing active implants. This increases the overall uncertainty
of the model prediction of the temperature rise of the TO for any given tangential
E,, field along the TO.

As a next step, the behavior of the measurement probes and their limitations were
evaluated, and a measurement approach that provides reliable results is developed.
It is found that the E, ,-field probe should be oriented orthogonal to a TO at all
times during a measurement. Due to the limited placement options of the E, -field
probe inside the BC, the position next to a TO is the most practical. However, the
angle dependence of the results is too significant, when the E, -field probe is placed
next to the TO. The angle of rotation leads to a possible underestimation of up to
about 28 %.

The temperature probe can be placed around the TO at any suitable position in
close proximity to the TO. For a measurement where the radial distribution of a
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3.3 Summary and discussion

hot spot is of interest, the temperature probe should be placed laterally to the TO
to minimize the influence of convection on the results. For the correct orientation
and probe placement, the measured E, .-field values and temperature values are
comparable and in good agreement in the radial direction.

It is presented, that the hot spot distribution, at least for this tested object, and po-
tentially for all straight leads, is radially symmetric and independent of the position
of the power supply cables within the lead. With this confirmation, an approach to
reduce the measurement volume from a full 3D measurement to a 2D measurement
and potentially to a few lines is evaluated. The results of a large number of radial
measurements under different conditions show that the normalized radial E, -field
decrease does not vary over the width of the electrode and is not dependent on
the additional injection of neighboring electrodes or different injection power ratios
between the electrodes. With one measurement along the TO at a defined distance
and a few measurements in the radial direction with a few additional temperature
values in close proximity, the entire 3D hot spot distribution can be reconstructed
and calculated. This approach can be done outside the MR setup or BC in an

injection setup, with no placement limitations.

The findings discussed in this chapter are used and respected for the further mea-
surements of this work. In particular, the knowledge about the correct use of the
different probes is taken into account.

The obvious limitations of the BC for testing the extent of RF-induced heating of
passive and active implants, due to the limited space for measurement setups, the
sensitivity to the temperature of the coil material, the probe positioning, the limited
access, and the unsuitable distribution of the E, -field inside the ASTM phantom,
led to the need for another RF exposure system that overcomes the disadvantages
of a BC. In the next chapter, a possible solution for an RF exposure system that
meets the requirements of the test methods is presented, validated, and compared
to the BC system.
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The standard system used to test implants for MR safety and compatibility is an
MRI scanner or a stand-alone body coil. The primary goal of these systems is to
produce a precise, homogeneous magnetic field to achieve the highest possible imag-
ing quality. From an imaging standpoint, the E-field component is an unavoidable
by-product that limits the input power levels of the MRI scanner. SAR limits exist
depending on the patient’s size and weight. These limits may be even more re-
strictive for patients with implantable medical devices, resulting in reduced image
quality.

As described in section 2.2, the RF-induced heating depends on the tangential E-
field. The latest version of the ASTM F2182-19 changed the results to be reported
from temperature per global SAR to temperature per local SAR or E-field respec-
tively. For the global SAR, the entire phantom volume is taken into account, while
for the local SAR only the implant volume is used, which increases the reliability
of the measurement results [55]. This opens the possibility to use exposure systems
with an E-field distribution that differs from the typical MR scanner distribution.
The requirements described in the ISO/TS [4] and ASTM F2182 [3] declare that the
incident E-field variation over the entire implant volume should be less than +1dB
with a phase variation less than +20 degrees. The ideal E-field distribution should
provide nearly uniform tangential E-field incident along the TO. In addition, the
E-field within the system used should be stable over time and repeatable on a daily
basis.

As shown in section 3.1.2, a BC meets these requirements only for a small area inside
the phantom. If the incident field exceeds the 4+1dB limit, further investigation is
required.

In addition to the lack of homogeneity of the incident E-field, the handling of mea-
surements inside a BC is challenging. The diameter of the coil limits the space and
placement of measurement equipment. Furthermore, each measurement setup must
be assembled in the phantom outside the coil and then moved to the desired position
inside the coil. The movement of the test setup can result in small movements of
the TOs or probes, increasing the measurement uncertainty. Therefore, a BC is not
the ideal solution for testing implants for RF-induced heating.

There are different exposure systems that overcome some of the disadvantages of a
BC. The MITS-TT from ZMT [56] is a cylindrical system with 500 mm diameter,
generating a E-field of approximately 60 V/m, and is used for TF validation accord-
ing to Ref. [4]. A second system is a 300x300 mm rectangular E-field generator,
introduced in [57] for passive implant testing and used in [58] for TF validation
measurements. Due to the smaller size compared to the ASTM phantom, these
exposure systems are either limited to a smaller implant sizes or limited in the gen-
erated E-field amplitude for sufficient SNR.

In collaboration with the ING Gao, a 64 MHz exposure system was developed with
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the size of the ASTM phantom and an E-field where the tangential component should
be aligned with the z-axis. The E-field gradient in all three dimensions should be
as small as possible, resulting in a measurement volume large enough to cover the
range of passive implants with an E-field distribution within +1dB. The ING Gao
designed and modified a system in the numerical domain until the requirements
were fulfilled. After the construction, the system was delivered and had to be vali-
dated. Derived from the desired E-field distribution, the system is called the Linear
Exposure System (LES).

In the following sections, the system is fully validated, including the investigation
of the general behavior, the optimal measurement conditions, and the comparison
of the measured E-field distribution with the numerically predicted distribution. If
the measurement results and the numerical predictions are in sufficient agreement,
the numerical predictions can be used for several steps during the testing phase.
For the testing of passive implants, the numerical predictions can be used to cal-
culate the mean incident E-field for the specific implants in silico and additionally
to calculate the homogeneity. In addition, the optimal position of the implant in
the phantom can be determined from the distribution of the numerical predictions.
The phase setting and position can be adapted to the implant shape to ensure the
maximum homogeneity of the tangential F, -field along the specific implant.

For the testing of active implants, the numerical predictions are essential. As de-
scribed in section 2.4, a TF developed to describe the specific active implant is used
to predict its temperature rise at the location inside the human body. This TF must
be validated, exposing the implant to a set of exposure conditions. The results of
the TF prediction, using the tangential E . -field of the numerical predictions, are
then compared to the measurement, where the implant is exposed to the same tan-
gential E, -fields as in the numerical prediction. The better the agreement between
measurement and numerical prediction is, the smaller the uncertainties with which
the TF can predict the temperature rise for a given implant.

The LES consists of a phantom container and two independent dipole antennas con-
nected to a balun, that balances the circuit. The antennas are attached to the wall
along the z-axis with one end plate on each side, as presented in Fig. 4.1. The com-
ponents of the system are tuned and matched to operate between the first resonance
at A/2 and the second resonance at 3\/2. The system is developed to a operating
frequency of 64 MHz. The S-parameters, which describe the frequency-dependent
reflection per channel S;;, S5, and the coupling between the two channels S,,, 55,
are measured with a network analyzer connected to each channel. Tuning changes
the resonance frequency and matching adjusts the value of the S-parameters. The
S-parameters are displayed in Fig. 4.2. The results of the LES are more broadband
than those of the BC. S;; is at —28.86dB, S,, at —29.34dB and S, = 55, at
—22.86 dB each at 64 MHz. The lower the value of S;; and Sy, the lower the reflec-
tion. Compared to the S-parameter of the BC in Fig. 3.2, more signal is transmitted
instead of reflected, leading to a better performance.

The phantom container has the same dimensions as the ASTM phantom and can
be filled with TSMs of different conductivity up to a height of 90 mm. For measure-
ments, the LES is placed on a table in an RF room.
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Top view Side view

Figure 4.1: Overview of the LES showing the attached dipole antennas and the trans-

parent rectangular phantom in front, side and top view, reused from
Ref. [14].
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Figure 4.2: S-parameter for the LES for the frequency range between 60 and 68 MHz
to determine the resonance frequency and system conditions.
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The distance between the phantom and the table is 160 mm and at least one meter
to any wall to avoid any possible reflections. In addition, the movement system can
be placed around the system. The movement system is described in section 3.1.2
and its minimum distance from the LES components is 200 mm to reduce any E-field
disturbances. The system is powered and monitored from the same supply line as
the BC.

Numerical predictions of the E-field distribution within saline solution are provided
by ING Gao. They include the real and imaginary values for each channel, so that
any phase relation between the channels can be calculated.

Compared to the BC, the LES is an open system that provides full access to the
phantom during the measurement, allowing optimal probe placement. In addition,
the entire phantom volume can be scanned with an E-field probe or a temperature
probe in a single setup. The general behavior of the system is examined in the
following sections, and further possible advantages are pointed out.

To carry out a comprehensive validation, different measurements are performed and
discussed in the next sections of this chapter. The LES connected to the supply
line is tested for stability, linearity, repeatability, the generated E-field distributions
for each channel and the distribution for multiple phase differences between the
channels. The measured E, -field distributions are compared with the numerical
predictions and finally a temperature measurement is performed with a standard
SAIMD-2 test object according to ISO/TS Annex I to fulfill the requirements of the
proposed standard validation for RF exposure systems.

Stability

The first step is to study the general behavior of the system. This includes the
stability and the linearity of the E-field, measured for each channel individually and
for their combination. The ideal combination of the RF cables and amplifiers is
determined. For this, the Easy 4/6 probe measured the E, field over time and a
fixed position. The phantom was filled with 90 mm saline solution and the E, -field
probe was placed at [20/45/325] for channel 1 and [400/45/325] for channel 2 (CH1
and CH2), respectively. The amplitude was set to —5dBm and the measurement
time was 1000 s per configuration. Two measurements were taken for each channel,
one with amplifier 1 and one with amplifier 2 (Amp 1 and Amp 2). The measured
E-field values are normalized and compared to determine which combination gives
the most similar behavior of the channels. The normalized E, -field decrease over
the measurement time for each combination is presented in Fig. 4.3. To operate
both channels simultaneously, there are two possible configurations available: The
first where amplifier 1 is connected to channel 1 (blue) and amplifier 2 is connected
to channel 2 (purple), and the second where the amplifiers are switched (green and
red). Fig. 4.3 shows that the shape of the curves of the two channels is different for
the blue-purple configuration, while the shape of the curves of the two channels is

similar for the green-red configuration.
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4 The advanced dipole-based RF' exposure system

After about 10 — 15 minutes, the E, -field value remains stable over time.

For all following measurements included in this work, channel 1 is connected to
amplifier 2 and vice versa. A warm-up time of 15 minutes is determined to achieve a
stable state for all components and therefore a stable E, -field. The warm-up time
is reduced by half compared to the BC in section 3.1.1 because only the amplifiers

need time to stabilize.
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Figure 4.3: The normalized temporal £, -field decrease during 1000 s measurement
time for each channel combined with both amplifiers.

Linearity

To investigate the linearity of the system for different input power levels, both
channels were connected and the E, . -field probe was moved in the x-direction
between [20/45/325] and [400/45/325]. This line measurement was performed with
a phase setting of 0°. The amplitude was set to eight different values (-18, -15, -12,
-10, -9, -8, -7 and -5dBm). For each input power value, one line was measured and
the results are presented in Fig. 4.4. Fig. 4.4a) shows, that the E,_-field is higher at
higher input powers, as expected. After normalizing the values to their maximum at
the start position, the linearity of the E, .-field distribution is visible in Fig. 4.4b).
There is a good agreement between the normalized lines and the relative deviation
of each line from the reference line at —12dBm is within +6.04 % and —2.36 % in
Fig. 4.4c). The largest deviation is measured in the center of the phantom and
the deviation increases with the input power. The amplification factor between the
input powers does not result in a corresponding increase in the F,, .-field value for
the higher input power values, as presented in Fig. 4.4d). An increase of 6 dBm
should result in a doubling of the E, .-field value and the lines should be straight.
Therefore, the input power for this system should not be higher than —7 dBm,
depending on the purpose of the measurement. For —5dBm the relative deviation
exceeds 5% and performance decreases in terms of the linear energy transfer. A
reference amplitude of —12 dBm is chosen to provide a sufficient SNR while limiting
the global SAR to a small value to avoid a conductivity shift due to TSM heating
and thus a changing F, -field distribution. An amplitude of —12 dBm results in an
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average E, -field of about 100 V/m. According to equation 3.2.1, this value results

in a backgr

ound AT of about 1°C per 900s of measurement time.
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Figure 4.4:
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The E., -field distribution in a), the normalized E., .-field in b), the
relative deviation to —12dBm in c) and the amplification to —12dBm
in d) for different input power levels between —18dBm and —5dBm

along the central line in x-direction.
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4 The advanced dipole-based RF' exposure system

As a next step, the E, -field distribution and repeatability is investigated. The
B, -field distribution was measured several times. First, the setup for the linearity
measurement was used to identify phase settings between the channels, that result
in a suitable E-field distribution for different implant shapes and sizes. The phase of
channel 1 was changed in increments of 10 ° from 0° to 350°. The amplitude was set
to -12dBm. The results of only every third measurement are displayed in Fig. 4.5
for clarity.
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Figure 4.5: The E, field distribution for different phase differences every 30° be-

tween the channels along the central line at z = 325 mm in x-direction.

The E, . -field distribution varies for the different phase settings between the chan-
nels. The line measured at 0° and 180° degrees are the lines with the highest and
lowest FE, .-field at the phantom center at x = 210mm. At 0° phase difference

rms
between the channels, the E, .-field has the smallest gradient in x-direction and
is the most homogeneous. If the distribution is also homogeneous in the y- and
z-directions, it is suitable for passive implants with larger 3D extensions, such as
orthopedic joints. At 180° phase difference between the channels, the gradient in
x-direction is the steepest and the E| -field value at the start and end position of
the line is the highest. Depending on the E, -field distribution in the z-direction,
this phase relation may be suitable for elongated passive implants with a small ex-
pansion in the x-direction, such as stents.

Overall, the E, -field distribution varies significantly with different phase settings,
which can be used to expose the passive implant to an ideal tangential E-field, de-
pending on the shape of the implant, or for the testing method of active implants.
Both cases are discussed in chapter 5 and 6.
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4.3.2.1 E-field mapping

With the available equipment it is possible to measure the E, -field inside the
phantom with the Easy 4/6 probe and the phase and partially the amplitude of the
relevant field components with the TDS probe. Due to the calibration of the TDS
probe, which is only valid in air, there is no linear probe behavior of the TDS for

the amplitude measurement in saline solution.
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Figure 4.6: The E, field distribution for a) channel 1 and b) channel 2, as only
one channel is active at a time for the isoplane at y = 45 mm.

The E, . -field measurements are performed for each single channel and for the
channel combinations with 0° and 180° phase difference between the channels. The
probes are fixed to the movement system and placed orthogonal at the start position.
The probe is moved on a grid, programmed for the movement system. Several
measurements are performed, with different directions of movement, depending on
the desired plane, with a step size of 1 mm to 5mm between a measurement value
during one line measurement. The number of lines also depends on the measurement
plane. The measurement data is linearly interpolated between the lines.

The first measurement is performed separately for each channel. The Easy 4/6 probe
measures the E  -field in the x-direction for 23 lines. The measurement is done for
the isoplane, i.e. the xz-plane at y = 45. The results for both channels are presented
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4 The advanced dipole-based RF' exposure system

in Fig. 4.6.

Both channels show a similar behavior, with a steep gradient in the x-direction and
a small gradient in the z-direction.

Depending on the phase relation between the channels the combined field interferes
constructively or destructively.

For the combined measurement of both channels, the main movement direction
was in the z-direction and 39 lines were measured in the isoplane with 10 mm dis-
tance between them. The start position was [20/45/20] and the end position was
[400/45/630]. The results for the isoplane are presented in Fig. 4.7.
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Figure 4.7: The E, . -field distribution for a) 0° and b) 180° phase difference between
the channels for the isoplane at y = 45mm including the isolines for
—1dBm, 0dBm and +1dBm, modified from Ref. [9].

The E-field distributions of the isoplane indicate, that the phase setting of 0° leads
to a large central elliptical volume with a homogeneous E, field with the size of
approximately 400x300 mm. For the phase difference of 180°, the field along the
z-axis is at a stable value for the edges in the x-direction over almost the entire
length, suitable for elongated objects with an x-dimension of less than 10 mm.

For the orthopedic joints, not only a two-dimensional homogeneous E, -field is
required, but also a three-dimensional one. Therefore, six additional planes were
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measured for the phase difference of 0°, three xy-planes and three yz-planes. The
E, field is presented in Fig. 4.8.
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Figure 4.8: The E,  -field distribution for 0° phase difference inside the phantom for
seven measurement planes.

The additional planes demonstrate, that the E,  .-field is also stable in the y-
direction. Additionally, the xz-planes at y = 20mm and y = 70 mm were mea-
sured. The E,  .-field between these two planes and the isoplane is less than 5 V/m.
The homogeneous volume, where the £, -field is within +1dB, is 400x300x50 mm.
Within this volume, the E, .-field distribution for 0° phase difference is comparable

rms
to a plane wave setup, where the E__ -field is unidirectional with the same ampli-

rms
tude and phase over the exposed volume.

For implants exceeding 50 mm in the y-dimension the height of the TSM may be
increased. A verification measurement is recommended for the specific height to en-
sure the field homogeneity for the individual implant. The implants and TOs used
in this work are within the dimensions of the homogeneous volume for a TSM height

of 90 mm.

To evaluate the repeatability and stability of the E, .-field distribution, two mea-
surements with the same measuring grid are compared. They were performed on
different days and the setup was rebuilt at 0° phase difference for —12dBm input
power. The measured E, -field for each point on the measuring grid is shown in
Fig. 4.9. There is a strong correlation between the measurements with a coefficient
of determination R? = 0.993 and a regression with y = 1z. The mean value and its
standard deviation of the difference of day 2 compared to day 1 is —0.73 + 2.61 %.
This standard deviation is confirmed for the measurements with different measure-
ment grids.

In a second series of measurements, the phase and amplitude of the z-component
of the E, . -field were measured with the TDS probe, since the z-component should
be the dominant E, -field component. The TDS probe was fixed to the movement
system and placed orthogonal to the xz-plane inside the phantom. As mentioned
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4 The advanced dipole-based RF' exposure system

before, the TDS probe is not calibrated for the TSM. Therefore, the results of the
TDS measurement are not the absolute values, but the relative values and are only
valid for the area, where the amplitude was not too high.
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Figure 4.9: Measurement results of the E, .-field distribution of the isoplane mea-

sured along the z-direction for 21 different x-distances at two different

days in a) and the correlation between the E.  -field distribution per
day in b).

As a first measurement, the amplitude and phase of the z-component of both single
channels were measured and compared for seven lines with a length of 610 mm
measured in z-direction (z = 20, 140, 200, 210, 220, 280, 400). Since the antennas are
attached on different sides, the line at x=20, when channel 1 is active, is compared
with the line at x=400, when channel 2 is active, to investigate if their behavior is
symmetrical. The amplitude and phase for both channels are displayed in Fig. 4.10.
The amplitude and phase distributions for the seven measurement lines are similar
for both channels. As intended, the channels operate symmetrically. The relative
mean value and its standard deviation of the difference of CH2 compared to CH1 is
0.0844.76 % in amplitude and 1.6443.29 % in phase. The higher standard deviation
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of up to +£19.86 % occurs in the first and last 30 mm of the lines, where the absolute
values are small, and at the phase jumps measured for line 7.
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Figure 4.10: The tangential E, .-field a) amplitude_ and b) phase_ in z-direction
for both channels individually, as only one is active at a time and the
relative deviation between the channels in c).

For the same seven lines, the distributions for the channel combinations at 0° and
180° phase difference are measured on two different days. The results for 0° phase
difference are displayed in Fig. 4.11. The amplitude and phase are in good agreement
for both measurement days. For day 2 compared to day 1, the relative mean value
and its standard deviation of the difference of the amplitude are —0.62+1.11 %. For
the phase, the mean value and its standard deviation are 0.0040.82°. The deviation
of the amplitude increases for small absolute values at the beginning and end of the
lines. In addition, the distribution of the E| field in the z-direction is similar to
the E . -field, which indicates that the polarization purity is high. Not only the

amplitude is homogeneous over a large area, but also the phase is within +20° for
the lines between x = 140 and x = 280.
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Figure 4.11: The tangential E, .-field a) amplitude_ and b) phase_ in z-direction
for 0° phase difference between the channels and the relative deviation
between the measurement days in c).

The E, . -field distribution for a phase difference of 180° are presented in Fig. 4.12.
The amplitude and phase for 180° are in good agreement. However, the standard
deviation for 180° is larger than for 0° phase difference and differs substantially
between the lines. The relative standard deviation for the amplitude increases,
because of the small absolute values for the three lines in the phantom center. For
the phase distribution, the standard deviation increases for the same three lines,
because a phase shift occurs in the center of the phantom, making the measurement
very sensitive to the measurement probe position. Excluding line 3, line 4 and line 5,
the mean value of the relative difference between the measurements and its standard
deviation is —0.164+2.67 % for the amplitude and 0.22+1.52° for the phase, with line
2 increasing the deviation for phase and amplitude at the start and end of the line.
The stronger x-gradient of the distribution for 180° makes the deviation even more
sensitive to the placement of the E, -field probe and its orientation. Therefore, it
is recommended to place TOs only between z = 20mm and x = 100 mm or on the
opposite side.

44



4.3 Validation

® Dayl ® Dev. amplitude

Day 2 ® Dev. phase
a) 0.25
— Line1l Line 2 Line3 Line4 Lineb Line 6 Line7
5 g | L iz
& 0.15 .
"U J—
Z 0.0 /' \ \
2,
£ 0.05 - {
< t g i, N -“-_

0.00 T T T | — T T T T
b) 180
— 904 N /
E 0 v '/ |
0 i
s LA~
A 90 - \ \~/ ~ 7
A

C) '].80 T T T = T T T T T
S AW IERVIAY
- el WA
CES ane’ ua ¥l JREF § :
— -9 7 . H * ‘ 3 1
e -10 2t ¢ :

0 200 400 600 800 1000 1200 1400 1600 1800
Measurement point

Figure 4.12: The tangential £, .-field a) amplitude_ and b) phase_ in z-direction for
180° phase difference between the channels and the relative deviation
between the measurement days in c).

As mentioned before, the numerical predictions for the E, .-field distribution were
carried out by ING Gao. They provided the real and imaginary part for each com-
ponent for each channel with 1 mm resolution for the isoplane. The input power for
the numerical prediction corresponds to the input power of —12dBm setting at the
frequency generation, which allows the absolute comparison of the values.

To compare the numerical predictions with the measurements, the E. -field values
are calculated for each single channel and the combination for 0° and 180° phase dif-
ference. Additionally, the amplitudes and phases for the x-, y-, and z-components
are extracted. Since the computer simulation is performed individually for each
channel, no possible coupling between them is considered. Therefore, the results of
the numerical predictions must be compared with the measurement results of the
individual channels and their combination in order to evaluate the coupling during
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the measurement and thus whether the numerical predictions can be used for com-
bined predictions. The results are given for the isoplane at 20 mm distance to the
wall, since no measurements take place for a smaller distance from the wall. The
E-field distribution for 180° for all three components including the total E-field is
presented in Fig. 4.13. In addition, the E-field distribution for the z-component
for both single channels and the total field of the channel combinations at 0° are
presented in Fig. 4.14.
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Figure 4.13: The numerical predicted total £, -field distribution and the tangential
E, .-field distribution for all three components in amplitude in a) F_,
b) E,, ¢) E, and phase in b) Phase,, d) Phase,, f) Phase, and in g)
the total E-field for 180° phase difference between the channels.

The numerical predictions show, that for all four cases, the amplitude of the z-
component is the main component contributing to the total E, -field. The am-
plitude of the y-component is negligible, since the amplitude is less than 10 V/m
over the entire plane, even when both channels are active, as displayed in Fig. 4.13.
The amplitude of the x-component contributes mainly at the positions of the end
plates at the antennas, as expected and is less than 10 V/m in the area around the
phantom center. The x- and y-components for CH1, CH2 and 0° are displayed in
section A.1.

The behavior of each channel is similar and symmetrical in amplitude and phase.
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Figure 4.14: The numerical predicted tangential FE_-field for CHI1 in a) ampli-
tude E, cyy; and b) Phase, ¢y, CH2 in c) amplitude E, ¢y, and
d) Phase, cyp and 0° phase difference in e) amplitude F,,. and f)
Phase, o, partially reused from Ref. [14].

The phase distribution of the components varies considerably. However, the phase
distribution of the main component in the z-direction is smooth over the entire
plane for the individual channels and 0° phase difference. In addition, the phase
distribution is homogeneous and within 4-20° over a large central area. The phase
for 180° of the z-component is also smooth, but has a phase shift at the central line
in z-direction. Furthermore, the distribution for 180° phase difference has a strong
gradient in the x-direction. Therefore, this phase setting is sensitive to imprecise
placement of the TO in the measurement setup and the movement system, which is
already visible in the repeatability measurement in Fig. 4.12. The amplitude of the
z-component of the distribution at 180° show, that the E_ -field along the z-axis
is homogeneous over almost the entire z-line. This distribution may be suitable for
elongated passive implants with small dimensions in the x- and the y-directions. The
most homogeneous line in z-direction is at * = 60 mm distance from the phantom
wall.

The distribution for 0° phase difference displays a central homogeneous E-field in
amplitude and phase, as desired, for a large part of the plane. It is therefore suitable
for all types of 3D extended passive implants.

4.3.2.3 Comparison of the measured E-field to the numerical predictions

To determine how well the measured results agree with the theoretical assumptions
of the numerical predictions, the absolute values of the E,  -field of the isoplane for
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4 The advanced dipole-based RF' exposure system

0° and 180° phase difference are used, since they were measured with the Easy 4/6
probe. The phase and partially the amplitude of the z-component are compared
relatively, measured with the TDS probe. The tangential E-field in the z-direction is
compared for each channel individually, while the lines with the highest and lowest
amplitude are excluded from the amplitude comparison due to the non-linearity
of the TDS probe. The amplitude of the measurement is scaled to the range of
the predicted E-field. The scaled amplitude and phase for both channel 1 and
channel 2 are displayed for each measurement point and compared to the predictions
in Fig. 4.15.
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Figure 4.15: The comparison between the E_-field distribution of the single channels
from the numerical prediction and the measurement in a) amplitude_, b)
the relative deviation between prediction and measurement, c) phase,
and d) the difference between prediction and measurement for each
channel of the z-component.

There is good agreement between the measured data and the numerical predictions
for both single channels for the z-component in amplitude and phase. The described
symmetry between the channels also applies to the measured results. The difference
between the predicted and measured phase per channel is in good agreement and
increases at the both ends of the line to 16.64° for CH1 and 22.79° for CH2. Ex-
cluding the outer 30 mm of the lines reduces the difference to 5.71° and 6.01°.
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4.3 Validation

The relative deviation of the amplitude of the measured E-field compared to the
predicted E-field increases at the start and at the end of all lines, where the absolute
values are small, increase to a maximum relative deviation of 48.97 % for CH1 and
to 35.72 % for CH2. Excluding the first and last 30 mm reduces the maximum devi-
ation to 10.24 % and 5.59 %, respectively. In addition, the relative deviation of the
amplitude increases for the smaller values, due to the limited linearity of the TDS
probe and the lack of calibration for the TSM. However, due to the good agreement
for the main part of the lines, it is assumed that the tangential components of the
B, -field are as expected from the numerical predictions.

The results for the difference between the numerical prediction and the measure-
ment of the total E__-field for the whole isoplane for 0° and 180° phase difference

rms

are shown in Fig. 4.16, as the absolute error AFE for both phase settings.
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Figure 4.16: The absolute difference AE between the numerical prediction and the
measurement values for the E, -field distribution for a) 0° and b) 180°

phase difference between the channels.

The measurements with the Easy 4/6 E, . -field probe are in good agreement even
when comparing the absolute values. The maximum absolute deviation between
measurement and numerical prediction is 18.5V/m for 180° and 14.5V/m for 0°,
respectively. The distribution of the absolute difference illustrates, that it increases

at the edges of the isoplane at the position of the end plates. For the intended
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4 The advanced dipole-based RF' exposure system

measurement volume for 0° phase difference, expanding 400x300 mm, the absolute
error is within +£5V/m. For 180° phase difference, the absolute error is within
+5V/m for almost the entire plane except the edges.

The relative difference for both phase settings for the isoplane excluding the edges
is displayed in Fig. 4.17.
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Figure 4.17: The relative deviation between the numerical prediction and the mea-
surement values for the isoplane for 0° and 180° phase difference be-
tween the channels.

The mean value and its standard deviation are 0.02 + 3.31 %.

Overall, the numerical prediction and the measurement of the E, -field distribution
are similar for each single channel and their combination at 0° and 180° phase differ-
ence. The amplitude and phase as well as the £, -field show symmetrical behavior
and different tangential E, .-field distributions are applied and validated. The de-
viation for the measurement with combined channels is not increased compared to
the single channel measurement. Therefore, the coupling between the channels is
negligible, at least for the input power of —12dBm and the phase differences of 0°
and 180°. Based on the results of the linearity measurements in section 4.3.1, the
relative deviation between the numerical predictions and the measurement results
at different input power levels should be evaluated individually, especially in the

context of the testing of active implants.

As an additional validation step, the procedure for RF exposure systems according
to the ISO/TS 10974 Annex I is performed [4]. This procedure uses the SAIMD-2 as
a reference test object, which is placed in the RF exposure system inside the gelled
TSM [4]. The ISO/TS provides the expected AT scaled to the square of the incident
E-field for various radial distances from the TO. These values are the target values
for the validation measurement of a particular RF exposure system.

For the validation measurement for the LES, the SAIMD-2 was placed as the TO
in the center of the phantom, aligned with the z-axis. The phase difference between
the channels was set to 0° and the start amplitude was set to -8 dBm to provide
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4.3 Validation

a sufficient SNR for six minutes of measurement time. The measurement setup
is shown in Fig. 4.18. The Easy 4/6 E, . field probe was placed together with
one temperature probe at a reference position at [260/45/325]. Two additional
temperature probes P1 and P2 were placed at one end of the TO and P3 was
placed inside the hole on the same side. These temperature probes were fixed for all
measurement runs. One temperature probe P4 was fixed to the movement system
and placed at the other end of the TO. This temperature probe was moved after
each run in the direction of the red arrow in Fig. 4.18, to measure the AT at different
radial distances. The setup of the first run at the distance of 0.5 mm is displayed
in Fig. 4.18. All temperature probes were TS2P probes. A total of seven runs
of six minutes each were performed. During the measurement, the amplitude was
readjusted so that the E, -field value at the reference location was 150V /m.

Figure 4.18: The measurement setup of the SAIMD-2 including the locations of tem-
perature probes P1-P3 and the moving probe P4 along the red arrow
and the reference position of the E-field and temperature probe inside
the phantom.

To scale the E, -field value at the reference location to the measurement location
of P4, an E .-field measurement was performed at this location without the TO
in place. The incident field at the measurement location of P4 is 162.5V/m and
the absolute AT ranges from 17.3°C at the closest proximity to 8.6°C at 5mm
radial distance. The AT within the six minute measurement time is divided by the
squared E, -field at the TO position and compared with the target values from
Annex I in Ref. [4]. For the fixed temperature probes, seven values are available to
determine the mean AT and the standard deviation at their location. The result
for P3 at the hole of the TO is 0.629 + 0.008 mK/(V/m)? and the target value
from Annex I is 0.621 mK/(V/m)?, which is within the measurement uncertainty.
The results for the temperature probes P1 and P2 fixed at one end of the TO are
0.652 4 0.012mK/(V/m)? at 0.5 mm distance and the target value from Annex I is
0.660 mK/(V/m)?. The standard deviation of the AT for all three fixed temperature
probes is within +0.2°C. Since only one temperature measurement was taken for P4
at each radial distance, the standard deviation of the temperature probe is estimated
to be 40.2°C. The results for P4 and the target values from Annex I are presented

in Fig. 4.19. The data show that the target values for each radial distance are within

ol



4 The advanced dipole-based RF' exposure system

the standard deviation of the measured values.
In conclusion, all measured values are in agreement with the target values and
therefore the Annex I validation has been successfully completed for the LES.
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Figure 4.19: The comparison of the measured AT scaled to the incident field at
different distances to the test object and the target values listed in
Annex I for the test object [4], reused from Ref. [14].

The investigation of the behavior of the LES indicates that the system is operating
as intended. The S-parameters show a broadband resonance at 64 MHz. There is
no frequency shift during measurements or between measurement days as there are
no temperature dependent capacitors as in the BC.

A supply line combination is determined to achieve a similar channel behavior dur-
ing measurements with both channels active. The E, .-field decrease after switching
on the system is constant for both channels and can be avoided by readjusting the
amplitude at the frequency generator.

During the validation procedure, the linearity of the system is confirmed for input
power levels between —18 dBm and —5dBm. However, for input levels higher than
—7dBm, depending on the measurement task, additional investigations are neces-
sary, because the linearity decreases especially in the central area of the phantom.
Since both channels are independent, it is possible to change the phase difference be-
tween them, resulting in various E, .-field distributions. The distributions are mea-
sured for both channels individually and for the combination at 0° and 180° phase
difference. These phase settings represent the cases with the smallest and largest
field gradient in the x-direction. At 0° over a central volume of 400x300x50 mm there
is practically no E-field gradient in the x- and z-directions. The main direction of the
B, -field is in the z-direction with high purity. This large homogeneous E, . -field
distribution is suitable for 3D orthopedic implants such as knee or shoulder joints.
In contrast to this, at 180° phase difference, there is a large field gradient in the
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4.4 Summary and discussion

x-direction. However, the tangential E, -field in z-direction is homogeneous along
almost the entire z-component of the phantom. In addition, the E, .-field ampli-
tude is the highest of all phase differences at the standard measurement position at
20 mm distance from the phantom wall, leading to the best SNR without increasing
the input power. This E-field distribution is therefore suitable for elongated im-
plants such as stents.

The measurement results for the different E, .-field distributions are in good agree-
ment with the numerical predictions. Both the amplitude and phase distributions
are validated. This opens up the possibility of using the numerical predictions in
the test procedure to find the ideal location and E-field distribution individually for
each passive implant, ensuring the best homogeneity for the tangential E,  -field.
It can also be used in the validation procedure of the TF of an active implant.

The novel LES system is more efficient and user-friendly than the conventional setup
for testing the influence of the RF-induced heating on implants. With the LES, mea-
surement probes and TOs can be conveniently positioned within the system. The
Easy 4/6 E. field probe can be precisely aligned orthogonal to the xz-plane, and
the integrated movement system allows full access to the entire phantom in a single
measurement without additional movement of the TOs as required by the conven-
tional setup. In addition, any components that might interfere with the system can
be placed at the maximum possible distance to ensure optimal measurement condi-
tions.

The impact of these advantages of the LES and the possibilities they open up for
the testing methods of passive and active implants are analyzed in the chapters 5

and 6.
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As described in section 2.3, the goal of the measurement for passive implants, is
to determine the AT per average incident E, -field for a certain implant. The
tangential field component along the implant should be as uniform as possible to
produce the highest AT for that implant. The more the E, -field distribution varies
along the TO, the greater its influence on the AT is. To reduce the patient risk, it
is important to determine the maximum possible AT per average incident field so
that the risk is not underestimated.

This chapter examines the extent to which the user-friendly LES improves the testing
of RF-induced heating of passive implants. Therefore, a series of measurements
are performed in both systems, the conventional body coil (BC) and the LES. In
a first measurement, four different rods are used as elongated TOs with different
lengths and small x- and y-dimensions. The influence of the homogeneity of the
E,, field distribution and the influence of the E| -field decrease over time on the
AT are investigated. In a second, more comprehensive measurement, 3D extended
objects representing the wide range of passive implants are used. The influence of
the E, . -field distribution and a possible misplacement of the TO are investigated.
The TOs are chrome-vanadium-steel Allen keys as abstract objects. On the one
hand, these metallic objects guarantee a high AT at the hot spot, and on the other
hand, a conflict of interest with a possible implant manufacturer can be avoided.
Additionally, an exemplary generic knee implant is used to present a realistic passive
implant.

The first set of measurements includes only elongated objects, which are exposed
to the E, . field generated by the BC and the LES. The ASTM phantom was used
for the measurements in both systems. In a first step, the incident E, -field was
measured in the area, where the TOs will be placed in both systems. The dimensions
of the measurement plane are 100x610 mm in the isoplane with a 20 mm distance
to each wall. As shown in section 4.3.2.2, the optimal measurement position inside
the LES for elongated objects is at £ = 60 mm distance to the wall and a phase
difference of 180° between the channels. Inside the BC, the same position was
used. The larger distance to the wall compared to the recommended distance of
20 mm, reduces possible reflection effects [59]. The four TOs have different lengths
between 100 mm and 300 mm. Six lines were measured along the z-axis with one
value every 1mm and a distance of 20mm in the x-direction. The interpolated
B, field distributions for both systems are displayed in Fig. 5.1, including the
measurement position and dimensions of the largest TO and the +1 dB isolines.

The E, -field distribution differs considerably in the two systems. In the LES, the
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5.1 Influence of the E-field distribution on elongated objects

E, field is homogeneous over the entire volume of all TOs. In the BC, the E, -

field varies over the volume and the 41 dB homogeneity limit is not fulfilled for the
300 mm long object.
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Figure 5.1: The measured E, -field distributions with the 0 dB and the +1dB iso-
lines and the placement of the 300 mm-long rod for the a) LES and b)
body coil case. The placement is representative for all four used test
objects. The figure is modified from Ref. [10].

The maximum deviation from the mean FE,_ .-field value per object length and sys-
tem is listed in table 5.1, where Deviation + is defined as the relative deviation of
the maximum E-field value from the mean value and Deviation — is the relative

deviation of the minimum value from the mean value over the length of the TO.

LES BC
Length [mm] Deviation + Deviation - Deviation + Deviation -
100 0.25% -0.21% 1.01% -2.34%
200 0.68 % -1.53% 3.26 % -8.02%
300 1.59 % -3.05% 7.08 % -16.14 %

Table 5.1: The E,, -field variation over the test object length for the different sys-
tems including the highest value scaled to the mean value deviation + and
the lowest value scaled to the mean deviation -, modified from Ref. [10].
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5 Improvement of the testing method for passive implants

The E, . -field over the TO volume varies substantially between the systems and
the object length. For the LES, the maximum deviation from the mean incident
E, -field is —3.05% to 1.59 % for the 300 mm TO. The homogeneity requirement
of £12.6 % (+1dB) is fulfilled for all objects.

Within the BC, the deviation is larger for all TOs compared to the LES. For the
length up to 200 mm the deviation is within +12.6 %, but for the 300 mm long TO,
the deviation is up to —16.14 %.

In a second measurement, the four TOs are successively placed centrally in the
phantom in the z-direction, as presented in Fig. 5.1. The 100 mm long titanium
rod (SAIMD-2) and three stainless steel rods (@= 6 mm, length: 100 mm, 200 mm,
300mm) are used and two fiber optic temperature probes (TS2P) are placed at
each end P1/P2 and P3/P4, as shown in Fig. 5.2. To monitor the measurement
conditions, the Easy 4/6 E, -field probe was placed at a reference location on the

rms

opposite side of the TO location [325/45/360].

Figure 5.2: The setup of the titanium rod and temperature probe placement P1/P2
and P3/P4 for all four probes. This setup is representative for all objects,
modified from Ref. [10].

To investigate the influence of the E  -field homogeneity, the TOs were placed in
the phantom of both systems and the measurement time was six minutes per run.
The temperature rise was measured for each TO with and without the object in
place. From these two measurements the AT is calculated. To compare the results,
the AT is normalized to a mean incident E, field of 150V /m. During the six
minutes measurement time, the amplitude was readjusted at the function generator
to a stable E, -field value at the reference position.

The AT of the four temperature probes is averaged and the standard deviation
is calculated for each measurement run. The AT divided by the square of the
incident B .-field for SAIMD-2 inside the LES is 0.656 4+ 0.009 mK/(V/m)?, which
is consistent with the target value from Annex I in Ref. [4]. The AT per TO are
listed in table 5.2, recalculated for a mean incident E, -field of 150V /m.

The AT is higher in the LES for all TOs compared to the BC. The difference in AT
between the two systems increases with the inhomogeneity of the E, -field. The AT

in the BC differs by 4.02 % from that in the LES for the SAIMD-2, and by 4.36 % for
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5.1 Influence of the E-field distribution on elongated objects

the 100 mm rod. For the 200 mm rod, the deviation between the systems increases to
6.40 % and for the 300 mm rod to 11.88 %. Therefore, the measurement setup in the
BC is not sufficient and underestimates the potential AT for a potential implant.
The larger the implant is, the greater and therefore severe the underestimation,
which can be potentially dangerous for patients with passive implants.

For the LES, the good E,, .-field homogeneity of all TOs and its ., field purity in

the z-direction fully aligned with the TO represent the worst-case for these objects,
resulting in the highest AT

SAIMD-2 100 mm rod 200 mm rod 300 mm rod
LES 14.77+0.21°C 9.54+0.21°C 15.90 £0.31°C 13.55 £ 0.29°C
BC 14.1240.18°C 9.164+0.25°C 14.894+0.18°C 11.94+0.27°C
Table 5.2: The mean AT recalculated to 150 V/m and its standard deviation be-

tween the temperature probes for the four test objects in the LES and
the BC.

The SAIMD-2 was used for an additional measurement to investigate the influence
of the decrease of the E, . -field over the measurement time on the AT, when the
amplitude is not readjusted, as displayed in Fig. 4.3. For each system, one mea-
surement with and without amplitude readjustment was performed. The AT for

150 V/m are listed in table 5.3.

Constant E-field Decreasing E-field
LES 14.77+£0.21°C 14.04 £ 0.25°C
BC 14.1240.18°C 13.59 4+ 0.22°C
Table 5.3: The comparison of the mean AT recalculated to 150 V/m and its stan-
dard deviation between the temperature probes for both systems between
readjusting the amplitude to a constant E| -field and no readjustment
and decreasing E-field.

The E. . field decreases by 7.5% for the BC and by 8.0% for the LES. With no

readjustments of the amplitude, the decrease in the F,_ .-field leads to a smaller AT
in both systems of 3.80 % and 4.95 %, respectively, and thus to an underestimation
of the potential AT

Although the effect of the readjustment on the E, -field in the BC was tested in
this work, it is not common in the standard procedure. Instead, the decrease is
only limited to a level of < 0.25dB. If this requirement is not fulfilled, the standard
requires additional analysis.

The difference between the AT in the LES with readjusted amplitude and the AT in
the BC without readjustment of the amplitude for the SAIMD-2 is 7.99 %. Therefore,
in any system, it is recommended to readjust the amplitude and monitor the E, .-
field during the measurement.

The next section describes a more comprehensive study with 3D extended objects,
comparing the current ASTM F2182 approach in a BC with a potentially optimized

approach in the LES.
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5 Improvement of the testing method for passive implants

5.2 Influence of the E-field distribution on 3D extended
objects

A second comparison study between the BC system and the LES is carried out to
investigate the extent of the influence of the E-field distribution on representative
3D extended objects as passive implants. The current ASTM F2182 standard rec-
ommended test method for passive implants as described in section 2.3 is used in
the BC and potential optimizations enabled by the LES are investigated. As recom-
mended, the optimal test position for a BC and in the ASTM phantom is at 20 mm
distance from the wall with the main extension of the TO aligned with the z-axis.
At this position, the amplitude of the E, -field is the highest and the RF coupling
with the phantom surface is minimized. Additionally, the incident E-field distribu-
tion at this position is most likely to fulfill the +1 dB homogeneity requirement.
For the LES, the E, . -field measurements shown in section 4.3.2.2 result in an op-
timal test position for 3D extended objects with 0° phase difference at the isocenter
of the phantom aligned with the z-axis.

Six Allen keys are used as TOs, varying in length, width and diameter to represent
the dimensions of the wide range of passive implants, schematically presented in
Fig. 5.3.

Width
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Figure 5.3: Schematic overview of the used test objects including the definition of
the length, width and diameter, the number of the test objects and the
stem of the generic knee, reused from Ref. [14].

Chrome-vanadium-steel is used for the Allen keys, which ensures a high AT. The
aim of this study is to compare the AT produced in both systems under precise
measurement conditions, such as a high SNR, and not to report the AT of the
objects at a specific in vivo incident E-field. Therefore, any TO with the desired
dimensions can be used, although it would never be allowed inside an MR scanner.
Additionally, one generic knee implant is tested in both systems as an exemplary
realistic implant. The TO parameters are listed in table 5.4.
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5.2 Influence of the E-field distribution on 3D extended objects

TO Length [mm|] Width [mm] Diameter [mm]

1 175.0 43.0 9.53
2 123.0 50.0 10.00
3 96.5 38.0 6.00
4 118.0 27.0 4.76
S 74.0 29.0 4.50
6 90.0 19.0 2.25
7 200.0 60.0 10.00

Table 5.4: The listing of the different dimensions length, width and diameter of the
seven test objects, modified from Ref. [14].

Since the AT must be normalized to the square of the incident E-field to compare
the results of the two systems, the incident E-field was measured at each TO position
for the size of the TO area.
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Figure 5.4: The incident E, . field distribution and the schematic individual test
position exemplary for test object 1 for a) the LES and b) the BC,
modified from Ref. [14].

Therefore, the E, . -field probe was placed in both systems and lines with 10 mm
distance were measured. The incident E,  .-field measurements are presented in
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5 Improvement of the testing method for passive implants

Fig. 5.4, including the schematic TO position. The color bar in Fig. 5.4 is scaled to
the value range of the E, -field in each system and the value range of the y-axis
varies for both systems according to the measurement position in x-direction. The
expected E, .-field distributions for both systems and the homogeneity for the LES
are confirmed. The E_ .-field is homogeneous over the entire measurement area for
the LES, while the E, -field varies substantially in the BC. The mean E, -field
over the different TOs volumes are listed in table 5.5 for the LES and in table 5.6
for the BC.

TQ [Emean pmin  pmax  Dayiation + Deviation -

[V/m] [V/m] [V/m] [%] %]
1 1973 1923 1986 0.7 2.5
2 2040 1987 2053 0.6 2.6
3 201.8 1980 2027 05 1.9
4 201.8 1992 2024 03 1.3
5 1973 1949 1979 0.3 1.2
6 1973 1958 197.6 0.2 0.8
7 1994 1970 2005 0.5 1.2

Table 5.5: The listing of the mean, minimal and maximal E, -field for each test
object including the maximum deviation inside the LES, modified from

Ref. [14].

TQ [Emean pmin  pmax  Dayiation + Deviation -

[V/m] [V/m] [V/m] [%] (%]
1 2155 1662 2266 5.2 22.9
2 2148 1633 2267 5.6 24.0
3 2181 179.3 2266 3.9 17.8
4 2209 1906 226.6 2.6 13.7
5 2210 1932 2266 2.5 12.6
6 2232 2023 2268 1.6 9.4
7 187.8 1434 2240 236 19.3

Table 5.6: The listing of the mean, minimal and maximal E,-field for each test
object including the maximum deviation inside the body coil, modified

from Ref. [14].

The E,  .-field values from the tables confirm the distributions in Fig. 5.4. For the
BC, the negative deviation of the E, -field is larger than the positive deviation due
to the strong x-gradient. The negative deviation increases with the width of the
TOs. For the knee, the deviation in both directions is more similar, because the
stem is placed at 50 mm distance from the wall and the joint expands symmetrically
in both x-directions, with the smallest distance from the wall of 20 mm. Only two
TOs 5 and 6 are within the homogeneity requirement of +12.6 %, for the other TOs
the deviation increases up to 24.0 %.

For the LES, the x-gradient is slightly stronger than the z-gradient. However, the
maximum deviation of the F, -field is —2.6 %. For each TO, the incident E,_-field
was additionally measured, starting from the tip position with a resolution of 1 mm.
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5.2 Influence of the E-field distribution on 3D extended objects

The E, -field along the TOs for both systems is additionally presented in Fig. 5.5

to highlight the influence on the TO dimensions, especially in the x-direction.
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Figure 5.5: The E, . field distribution along the first six test objects for the body
coil in dashed lines and for the LES in solid lines in position relation to

each other, reused from Ref. [14].

The FE,, field distribution in the body coil along the TOs illustrates that an implant
expansion in the x-direction has a huge influence on the incident E-field. The part
along the z-axis would have been within the homogeneity requirement, but even in

this case the deviation in the LES is smaller.

After measuring the incident field per TO and system, the resulting AT is measured
and normalized to the square of the mean incident field. To measure the AT for the
TOs, two temperature probes (T'S5) were placed at the center and at the edge of the
TO tip. In addition, one temperature probe was fixed to the E,  -field probe and
both were placed at a reference location, as shown in Fig. 5.6. The TS5 probes with
the coated crystal were chosen, to reduce the risk of probe damage. To ensure the
same distance between the crystal and the TO, the temperature probes were posi-
tioned orthogonally at the TO. The TO and the probes were placed in the phantom
filled with 90 mm of gelled TSM. The input power per system was individually set to
a specific E,, .-field value at the reference position. During post-procession, the E,, .-
field value at the reference location was transferred to the corresponding incident
E-field at the TO location. For each measurement, the amplitude was readjusted to
the desired value with a variation of £2V/m to reduce the influence of the E-field
decrease found in section 5.1. For each TO, ten measurement runs were performed
with a measurement time of six minutes. After seven runs with the TO in place
it was removed from the phantom as the temperature probes remained in place.
Three additional runs were performed without the TO to measure the background

AT'. The entire procedure was repeated for all seven TOs, for a total number of 70

ms
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5 Improvement of the testing method for passive implants

runs per system, with each TO was measured on a different day. Between the runs,
the TSM was stirred to homogenize the temperature of the TSM in the phantom.
This was done differently for the two systems. Since the phantom is accessible in
the LES, the stirring is done without moving the setup. For the BC, however, the
phantom had to be moved out of the system to stir the TSM. After stirring, the
phantom was returned to the measurement position. Not only does this take more
time, but the risk of inadvertently moving the TO or temperature probes, or not
placing the phantom exactly where it should be, increases the likelihood of error.

Figure 5.6: The measurement set up, including the phantom, the gelled TSM, the
test object and the reference probes inside in BC in a) and the LES in b)
and the temperature probe placement at the tip of the test object in c),
reused from Ref. [14].

The frequency for the LES is set at 64.00 MHz for all measurements. For the BC,
however, the frequency is set at 63.00 MHz and adjusted after 3 — 4 runs to a maxi-
mum of 63.08 MHz to reduce the reflection. In total, a measurement run in the BC
took 14 minutes, including two minutes of pre- and post-measurement monitoring,
movement, and stirring. The same procedure in the LES took 12 minutes, reducing
the total measurement time by 20 minutes.

The temperature probe at the reference location monitored the conditions in both
systems and thus their stability and repeatability between the measurement runs
and the measurement days. The AT at the reference location for all 70 runs per
system are displayed in Fig. 5.7. The mean AT is 0.91 + 0.09 °C for the LES and
1.56 4+ 0.20°C for the BC. The AT at the reference location is stable for the LES
during the ten runs per day and between the different measurement days. For the
BC, the deviation is larger and with a slight tendency during the measurement day,
where the AT increases with the accumulated measurement time during the day.
The absolute AT for the reference temperature probe is higher for the BC, because
the temperature probe is placed in a location with a higher incident E-field, com-
pared to the location inside the LES.

To compare the AT at the tip of the TO of the different systems, the mean AT and
its standard deviation over the seven runs are calculated for each TO. This result
is normalized to the corresponding mean incident E-field over the TO volume. The
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5.2 Influence of the E-field distribution on 3D extended objects

AT at the TO tips for both systems are presented in Fig. 5.8, where the AT at the
center and at the edge of each TO are included.
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Figure 5.7: The AT at the particular reference position in each exposure system over
all ten measurements per test object and measurement day, modified
from Ref. [14].
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Figure 5.8: The temperature rise AT normalized to the squared incident field of
each test object in both exposure systems for both temperature probe
positions at the center and at the edge, modified from Ref. [14].

The difference between the AT at the edge and at the center of the tip is within
the standard deviation of the seven measurements for each TO. The AT per TO

is correlated for both systems.

However, the AT scaled to the incident field is

significantly lower in the BC for all TOs compared to the LES. The relative difference

63



5 Improvement of the testing method for passive implants

of the AT in the BC to the AT in the LES varies between 14.2 % and 24.3 %, resulting
in a significant underestimation of the potential patient risk for the BC.

The absolute AT at the tip ranges from 9.7 °C to 21.9 °C. The standard deviation of
the measured AT is between +0.1°C and 40.4 °C for the BC and between 40.1°C
and +0.3 °C for the LES. The standard deviation tends to increase with the absolute
AT, which increases as the TO diameter decreases. The smaller diameter increases
the gradient of the temperature distribution, making the measurement more sensitive
to a measurement error due to small movements during the stirring.

For the generic knee implant, the scaled AT for the LES is also higher than for the
BC, but within the standard deviation of the measurement. This may be due to
the position at 50 mm distance from the wall, but should be further investigated for
different positions and TOs.

Furthermore, the difference of the normalized AT of the TOs between the systems
correlates not only with the inhomogeneity of the incident E-field, but also with
the shape of the distribution and thus with the alignment between the TO and the
tangential E-field component. For the LES, the tangential component is aligned
with the z-direction and for the BC it is slightly curved, as indicated in Fig. 5.4.
Thus, it is not aligned with the TO over its entire length.

The absolute AT depends, as expected, on the length of the TO and the diameter,
with the diameter having the greater influence.

As a final step in the study concerning the testing of passive implants, the influence
of imprecise positioning of the TO is investigated. The strongest gradient is the x-
gradient compared to the y- and z-gradient. Therefore, the mean incident E,  -fields
for the cases where the TOs are shifted 4+5 mm in the x-direction are calculated from
the incident field measurement presented in Fig. 5.4. The resulting E. -fields are

listed in table 5.7 for both systems.

LES E, [V/m] BC B, [V/m]
TO Ends Emi FEids Exds Emd  FEnds
197.3 197.1 1974 2155 221.0 211.1
204.0 203.8 204.1 214.8 2203 2104
201.8 201.6 201.9 2181 223.6 213.6
201.8 201.6 201.9 220.9 226.5 2164
197.3 197.1 1974 221.0 226.6 216.5
6 197.3 197.1 1974 223.2 228.9 218.6
Table 5.7: The listing of the calculated mean incident E, -field over the test object
volume for a test object shift of £5mm for the first six test objects in
both exposure systems, modified from Ref. [14].

U W N =

The incident E, field calculations illustrate, that the E, -field for the LES does
not vary despite changing the TO position 5mm in both x-directions. For the BC,
the mean incident E, .-field varies by up to 2.6 % from the value at the desired
position at x.

The AT per position per incident F,, -field is calculated for each TO and system,
presented in Fig. 5.9. The AT in the LES is stable and does not depend on the
misplacement of £5mm. For the BC, however, the incident E, field deviation of
up to 2.6 % leads to a AT difference of up to 5.1 % for the different positions.

Compared to the BC, the smooth E, -field distribution of the LES does not cause
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5.3 Summary and discussion

any additional uncertainty due to the misplacement. This analysis leads to the
conclusion that the LES has a substantial advantage over the BC, since the position
uncertainty has a smaller influence on the E, -field and AT for the LES. This
leads to a simplified setup which corresponds to a reduced time to prepare the

measurement.
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Figure 5.9: The resulting AT for all three test object positions for each test object
inside a) the LES and in b) the BC, modified from Ref. [14].

Two analyses were presented in this chapter. A comparison between a BC exposure
system and the LES was performed to determine if the LES could compete in per-
formance with conventional BC systems and replace them to take advantage of the
benefits discussed in chapter 4.

First, a study with elongated objects is performed, followed by a more comprehen-
sive study with 3D extended objects. With these, not only the AT in both systems
is compared, but also the sensitivity of the results to imprecise placement of test
object.

The measurement procedure is as similar as possible in both systems. However, due
to its greater accessibility, the total time required for the LES measurement series
is less than that of the BC. For the BC, the phantom must be moved in and out of
the coil to stir the TSM. Imprecise placement of the phantom and small movements
of the measurement probes or the TO cannot be ruled out. Once the phantom is
placed in the coil, the setup is no longer accessible. In the LES, no movement of the
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5 Improvement of the testing method for passive implants

phantom is required to stir the TSM between the measurement runs. In addition,
the placement of the probe and TO is visible and can be monitored throughout the
measurement.

Furthermore, the resonance frequency of the BC changes slightly from day to day and
during a measurement day. Depending on the room temperature and the measure-
ment time, the metallic components expand slightly due to heating by the current,
changing the capacitance of the capacitors. The changed capacitance leads to a
small change in the resonance frequency. For the study with the 3D extended ob-
jects, the frequency is adjusted every three to four runs. It is set between 63.00 MHz
and 63.08 MHz. Depending on the coil design, a frequency adjustment may not be
necessary for other coil systems.

The LES is resonant at a stable frequency of 64.00 MHz during all measurements
and measurement days. In addition, the LES is not as frequency dependent, because
the resonance is more broadband.

In both systems a readjustment of the amplitude during a measurement run can
be done, so that the E, -field at the reference location is stable to +£2V/m. This
influence is investigated for one elongated object. The AT without readjustment of
the amplitude compared to the AT with readjustment is 3.80 % and 4.95 % smaller
for the BC and LES, respectively. Therefore, the readjustment of the amplitude is
included in the measurements of the study with the 3D extended objects.

In addition to the advantages of accessibility and time reduction, the E-field distri-
bution of the LES results in higher AT for all TOs in both studies. The E, . -field
distribution of the LES at the TO volume is comparable to a plane wave setup, where
the TO is exposed to a homogeneous tangential E-field in amplitude and phase over
the entire TO. The maximum deviation is 3.05% from the mean E,_ -field value
over the TO volume.

The deviation of the E, . -field of the BC is higher for all TOs compared to the
LES. For several TOs, the deviation is even greater than +12.6 %, increasing up to
24.0 %. Not only is the E-field homogeneity reduced in the BC, but also the direction
of the E-field is not tangential over the entire length of the TOs. This results in a
significantly lower AT for all TOs. The difference between the normalized AT to
the mean incident E-field is between 4.02 % and 11.88 % for the elongated objects
and between 14.2 % and 24.3 % for the 3D extended objects between the systems.
Therefore, the AT inside the BC is underestimated.

The sensitivity of the measurement results to imprecise placement of +5mm in the
x-direction of the TO is reduced to insignificance in the LES, while imprecise place-
ment in the BC results in a AT difference of up to 5.1 %.

Overall it is shown, that the LES provides reliable and stable results for all TOs
and measurements. The measurement procedure is more user friendly, less time
consuming and less sensitive to placement or movement errors. For all TOs, the
incident E-field in the LES is a worse case for the TO, resulting in a higher AT per
incident E-field compared to the BC. This general underestimation of the AT of
the BC due to the incident E-field distribution should be avoided in any case and a
worst case of the incident E-field should be determined for each object individually.
It is essential to determine the highest possible AT for a given mean incident field
in order to correctly estimate the patient risk. If the AT for a mean incident field
does not represent the worst case, the patient risk will be underestimated and may
result in serious damage.
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5.3 Summary and discussion

Whether the worst-case incident E-field is the plane wave setup should be deter-
mined prior to the measurement, e.g. by numerical prediction. If the plane wave
setup is not be the worst case for a particular implant, the incident E-field distribu-
tion of the LES can be varied. This flexibility is an additional advantage of the LES
over a BC or MR scanner, because the channels are individual and not connected
to the same circuit.

In general, it is recommended that the amplitude be readjusted for each measure-
ment, regardless of the system. In addition, more than one temperature run should
be performed or more than one temperature probe should be used, although a com-
bination of the two will provide the best statistics and standard deviation. The
measurement results of the AT for the generic knee implant suggest that the mini-
mum distance of 20 mm from the wall should be increased for more reliable results.
Especially in the LES, an increased distance to the phantom wall is recommended,
to avoid coupling between the antennas and the TO. The distance of the system
components producing the E-field of the LES is significantly smaller than that of
the BC or an MR scanner.

Considering the described advantages and the results of the measurements in both
studies, the LES is an improved exposure system for testing passive implants, ful-
filling all the requirements in table 2.3 and provides reliable AT results.
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As described in section 2.4, the ISO/TS 10974 Clause 8 Tier 3 provides a proce-
dure for assessing the safety risks of an active implantable medical device (AIMD)
occurring due to RF-induced heating. To evaluate the heating of a specific object,
the first step is to determine a mathematical lead electrical model, called a transfer
function (TF), for each possible hot spot location, e.g. electrodes. This TF trans-
forms the tangential incident E-field along the AIMD, measured or simulated in
the absence of the AIMD, into the dissipated RF power or temperature rise AT.
The TF can be developed numerically, analytically or experimentally. For this, the
AIMD is exposed to a homogeneous E-field in amplitude and phase to measure its
location-dependent response at the hot spot location [44].

In a second step, the TF has to be validated in vitro in a homogeneous TSM, as
the AIMD is exposed to different incident E-fields along its trajectory, to cover a
realistic distribution within an implantation volume during an MRI examination.
The incident tangential E-field should vary in amplitude and phase, including, for
example, ramps, linear changes, or phase reversal fields. Each individual tangential
E-field along the TO represents one exposure condition. The AT at the hot spot
should be measured for each individual exposure condition and compared with the
corresponding TF prediction. If the TF prediction agrees with the measurement
results, the TF can be used for in vivo predictions.

This chapter presents a novel combined validation approach that speeds up the pro-
cess and potentially reduces the measurement uncertainty. The current approach
suggests using different lead trajectories to change the exposure conditions for val-
idation. This approach requires assembly and disassembly of the AIMD and the
measurement probes inside the phantom for each trajectory. This is time consum-
ing and inaccurate positioning can inadvertently bias the measurements. There is a
strong temperature or E-field gradient within the hot spot distribution, so that the
probe placement is the dominant uncertainty factor for this type of measurement,
as discussed in section 3.2.

Other test laboratories use a vertically oriented BC and a cylindrical phantom to
place the AIMD inside [56, 60]. They set up the AIMD and change the polarization
between the two channels to change the exposure conditions instead of changing
the trajectory and do not change the probe position. In [60], Yao et al. show that
this approach is also valid when using two different trajectories. This approach is
not feasible in the MR:comp test laboratory because the BC is in the horizontal
orientation, required for the testing of passive implants. In addition, the cylindrical
phantom is smaller than the ASTM phantom, which limits the placement possibil-
ities of the measurement probes. Besides that, both channels of the BC feed into
the same resonator circuit, limiting the variety of the E-field distributions within a
phantom. A second exposure system used by Song et al. is a 300x300 mm rectangu-
lar E-field generator, and the measurement approach changes the trajectory within
a homogeneous E-field based on the Hadamard matrix in Ref. [57, 58, 61]. This

68



6.1 Fixed measurement approach validation measurements

exposure system is not only smaller, but the exposure conditions are limited and
difficult to set up.

With the LES, it is possible to combine the advantages of the different approaches.
As described in chapter 4, the entire phantom is accessible from the top. Therefore,
the AIMD can be fixed to a measurement probe and both to the movement system.
The whole complex can then be moved through the entire phantom to change the
exposure conditions along the AIMD. In addition, the phase difference between the
channels, the polarizations, can additionally be used to change the conditions at
each position, since the channels can operate independently. With this measure-
ment approach, a large number of measurements can be performed in a short time,
since the probe position relative to the AIMD is fixed.

To investigate whether this approach is suitable for TF validation measurements,
the standard test object SAIMD-U is used, which represents an active implant for
which a validated TF is available [62]. In order to evaluate the extent of the time
saving and uncertainty reduction, several questions have to be answered. First, the
relation between the measured incident E, . -field and the numerical predictions is
investigated for additional polarizations compared to section 4.3.2.3.

In a second step, the possibility of using the £, .-field probe instead of a tempera-
ture probe is investigated. Performing the validation procedure with the E| -field
probe has several advantages. Saline solution can be used as the TSM instead of gel.
The E,  .-field probe is able to measure the desired value in one second, whereas a
temperature probe needs at least a few seconds to minutes for one measurement and
is placed in gel where a waiting time for homogenization and stirring is necessary.
After determining the repeatability of the E-field measurement with the SAIMD-U,
the results are compared to the AT and the amplification due to the TO is calcu-
lated.

Then, going forward with the E-field probe, the difference between the measurement
results with fixed probe-to-TO relation compared with readjusting the probe posi-
tion for each TO position inside the phantom is evaluated.

For one explicit position, the radial hot spot distribution is measured to transfer the
results from the fixed distance to the position with the highest expected AT

To compare the TF predictions with the measured E-field at the TO tip, the tan-
gential incident E, -field along the TO must be calculated from the numerical
prediction for each position and polarization. Additionally, the influence of the TF
resolution along the TO is investigated. After comparing the TF prediction with
the measured values at the hot spot, the TF is calibrated. A second data set of
different exposure conditions is measured to investigate whether the calibrated TF
is valid for any kind of exposure conditions and therefore applicable to an in vivo
situation.

Finally, an uncertainty analysis of this approach is performed and a validation cri-
terion is defined.

The TO used is the SAIMD-U [62]. It is an AIMD with an implantable pulse
generator (IPG) with one 600 mm long insulated lead with a 2mm long open tip.
The diameter without insulation is 2 mm and the conductor diameter is 0.72 mm, as
described in Annex U in Ref. [62] and presented in Fig. 6.1a). The normalized TF
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6 Improvement of the testing method for active implants

for the SAIMD-U is provided in Ref. [62] and is available in a 20 mm resolution. This
TF has already been validated and is therefore ideal for validating the measurement
approach within LES.

The TO trajectory used for the measurement is the U-shape, shown in Fig. 6.1a).
The distance between the straight parts is 120 mm, to avoid any coupling [63]. The
U-shape is chosen to potentially expose the TO to E,  -field conditions, where the
field along the two straight parts of the U are of the same or the opposite phase.
For these particular exposure conditions, the E, .-field or temperature at the hot
spot is the lowest and highest [60].
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Figure 6.1: The measurement setup of the SAIMD-U mounted in an U-shaped trajec-
tory to the holder and the movement system in a) and the measurement

probe fixed at the measurement position and placed at the starting po-
sition of the measurement series in b).
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Figure 6.2: Schematic overview of the mapping movement and resulting measure-
ment positions for the F,  .-field measurement and the temperature mea-
surement inside the phantom with and without the test object in place,
modified from Ref. [13].
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6.1 Fixed measurement approach validation measurements

The first measurement is performed with the Easy 6 system and the phantom is
filled with 90 mm height saline solution as TSM without the TO, to measure the
incident field. The E| -field probe is fixed to the movement system and vertically
oriented. The start position is at [20/45/60].
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Figure 6.3: The comparison between the measured and numerical predicted incident

E, -field for different polarizations in a), the relative deviation of the
measured E, -field compared to the predicted E, -field for each ex-
posure condition in b) and counted in a histogram in d). Additionally,
the correlation between measured and numerical predicted E, . -field is

shown in c).
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6 Improvement of the testing method for active implants

After the system is turned on and a waiting time of 15 minutes for the E, -field
value to stabilize, the E, .-field mapping begins. The input power is —25dBm,
which is also used for all other measurements involving the SAIMD-U and the E, .-
field probe. The E, field probe is moved 305mm in the z-direction with a step
size of 2.5 mm and then 20 mm in the x-direction to measure the next line in the
z-direction. A total of 13 lines are measured, covering a plane of 305 mm by 240 mm,
as schematically displayed in Fig. 6.2. This measurement volume is the same as for
the measurement with the TO in place, so that the closest proximity between the
TO and the phantom walls is 20 mm. Fig. 6.2 shows the measurement lines mea-
sured with the E -field probe and the measurement positions where the AT is
measured, which will be described in detail in section 6.1.2.

This E,, -field mapping procedure is repeated for different polarizations, in partic-
ular 0°, 30°, 90°, 180° and 270°, resulting in a total of 7995 values. The correlation
of the measured incident E, . -field without the TO in place and the incident E| -
field extracted from the numerical predictions for all five polarizations for each grid
position and thus exposure condition is presented in Fig. 6.3. The mean value and
the standard deviation of the relative difference of the measured incident E, -field
compared to the numerically predicted incident E, .-field for all five polarizations
is 2.54 4+ 9.46 %. The relative deviation is less than +10% of the entire measure-
ment volume, except for the E, -field values less than 10 V/m in the center of the
phantom for 180° and the lines at close proximity to the phantom wall for all five
polarizations, as observed in section 4.3.2.3. At close proximity to the phantom
walls, the influence of reflection effects and low SNR is increased. The relative devi-
ation does not increase substantially for the different polarizations. Therefore, it is

assumed that the relative deviation for other polarizations is also within +9.46 %.

E-field measurement with the test object
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Figure 6.4: The measured E, .field at the test object tip for every position along
the mapping grid for five different polarizations.
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For the measurement with the SAIMD-U a holder is printed with a 3D printer. The
TO is fixed to the holder in the desired shape and the holder is screwed to the
movement system. In addition, the E, .-field probe is attached to the movement
system at a defined distance from the object’s lead tip, i.e. the electrode. All
fixation components are printed with polyactide (PLA) material to reduce the E,_ .-
field disturbances inside the phantom. The starting point of the measurement is the
same as for the incident E, -field measurement. After the waiting time to stabilize
the E, -field value, the same movement pattern is performed as before without the
TO. Per polarization 1599 values are measured in approximately 30 minutes. This
pattern is used for the same polarizations as in the incident E, . -field measurement
in section 6.1.1. The measured E, fields at the TO tip are displayed in Fig. 6.4.
The measured E,,, -field values for the different exposure conditions vary for each
position and phase setting, resulting in a dynamic range between 62.6 V/m and

372.0V/m.

Repeatability of the E-field measurements

To test the robustness and repeatability of the E-field measurement at the TO, the
procedure is performed for three polarizations, 0°, 90° and 180°, on four different
days and with two different types of TO holders over a period of 3 months, as the
setup is assembled and disassembled each time.

a) ® Dayl ® Day?2 Day 3 Day 4
1.00 \/A\"/\D 2 f\ \
] | AG\ A '\,\ #

= _ TR AN \‘: A 4

5] 0.75 ‘ F\ Wi s\/\' {1 ’j i
= N, W A

£ \ \’ / A

S 0.50 / A

E J 7
M) 0.25 S

0° 90° 180°
OOO T T T T

b)
5. 10 -

. 5 -

> S al ey,
kS _(5) T SRHSLES K 2 ~M«,.>wm<wo)v/ 9y P>
T -10-
A 15 . : . .

0 1000 2000 3000 4000 5000

Exposure condition

Figure 6.5: The comparison of the normalized E, .-field measurement with the test
object for 0°, 90° and 180° polarization at four different days in a), includ-
ing the relative deviation per exposure condition to the mean E,,, -field
in b).
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The two different holders are used to investigate, whether the amount of material
has a significant influence on the E  -field distribution. The distance between the
E, -field probe and the lead tip is set to a starting E,,, .-field between 300V /m

and 400 V/m, to achieve a sufficient SNR and to stay within the E, .-field probe
measurement interval. The distance is about 2-3 mm.
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Figure 6.6: The relative deviation of the E, .-field of each single measurement day
compared to the mean value of the four days as histogram per exposure

condition for three different polarization 0°, 90° and 180°.

Since the starting F,,,.-field is different for each day, the normalized E,,, -fields
are compared and presented in Fig. 6.5a). The mean E,,  -field of the four mea-
surements per exposure condition is calculated and the relative deviation of the
individual E,,, .-field per day compared to the mean F,,, .-field is also shown in
Fig. 6.5b) and the histogram of the deviation in Fig. 6.6. Although the whole setup
is rearranged for each measurement day, the distribution of the E, -field is repeat-

able. The mean value and the standard deviation of the E,,, -field due to the TO
placement, the accuracy of forming the lead into the desired shape, and the amount
of holder material is 0.00 + 1.92 %. The relative deviation increases for the smaller

measurement values due to the small SNR.
Temperature measurements with the test object

To confirm that these F,.,, -field results are suitable for TF validation, a series of
temperature measurements are performed in the gelled TSM. If the temperature rise
confirms the E,,, -field, the E,  -field probe can be used for further investigation.
The holder of the TO is mounted on the movement system as before, and one tem-
perature probe (TS2P) is fixed at the edge of the lead tip. The start position is at
[20/45/365] as shown in Fig. 6.2, but due to the time required for a temperature
measurement, only 13 measurement positions are selected. The measurement time
per position is 30 seconds following a pause of two minutes for cool down, homog-
enization and movement to the next position. The temperature measurement is
performed with different field polarizations of 0°, 90°, 180° and 270° and takes 36
minutes per polarization run with 13 measurement positions each. The input power
for these temperature measurements is —15 dBm instead of —25 dBm to increase the
SNR. The AT are listed in table 6.1. The measured AT changes substantially per
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6.1 Fixed measurement approach validation measurements

position and per polarization between 1.3°C and 39.0°C. These AT are scaled and
compared to the previously measured E-field values measured under the same expo-
sure conditions to validate the E-field probe for the TF validation measurement.
Additional measurements are performed to convert these AT values to the actual
AT at the —25dBm.

Position x [mm] ATy [°C] ATy [°C] ATigo [°C] ATy [°C|

20 36.0 23.2 27.3 39.0
40 37.2 21.1 20.7 36.2
60 36.5 18.8 14.2 31.2
80 34.9 17.7 8.7 25.3
100 32.6 17.3 4.4 19.4
120 29.9 17.8 2.1 14.5
140 274 18.9 1.3 10.0
160 24.7 20.3 1.6 6.4
180 21.9 22.0 3.2 3.8
200 18.7 234 6.0 2.2
220 15.6 24.3 10.0 1.9
240 11.9 24.0 14.7 2.9
260 8.5 21.6 19.2 5.7

Table 6.1: The measurement results of the temperature rise AT per position and for
four different polarizations for an input power of —15dBm.
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Figure 6.7: The correlation between the scaled temperature rise AT and the scaled
and squared E, -field values for four different polarizations for an input

power of —25dBm.
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6 Improvement of the testing method for active implants

At one position z = 20, z = 365 the AT is measured three times at 0° phase relation
and -15dBm input power. Then the input power is set to —25dBm and the AT is
measured three times at the same position for each polarization 0°, 90° and 180°.
The mean amplification factor over the three polarizations at this position between
the AT at —15dBm and —25dBm input power is 10.89 4 0.42. This factor is ap-
plied to all AT values from table 6.1 and are compared with the E -field values
at the same positions. The AT is proportional to the square of the F,  .-field. To
compare the results of the temperature measurement with the E, -field measure-
ment, the £ -field values are squared and scaled, according to equation 3.2.1. The
scaling factor between the AT and the recalculated E,, -field values is 3.26 £ 0.18.
The scaling is necessary because the distance between the TO and the temperature
probe is smaller than to the E| -field probe. The comparison between AT and the
recalculated F,, .-field at the same position is presented in Fig. 6.7.

The squared E,-field and the AT are linearly correlated with R? = 0.9838. The
mean value and its standard deviation of the relative difference of the squared scaled
E, s-field compared with the scaled AT is 0.92+11.88 %. The dynamic range of the
E, field at the lead tip at —25dBm is between 62.6 V/m and 372.0 V/m and be-
tween 1.3°C and 39°C for AT at —15dBm. Thus, the resulting mean amplification
for the AT between the exposure conditions due to changed TO position and polar-
ization is approximately 32.7, calculated from the average of the squared difference
between the conditions with the lowest and highest E, .-field conditions and the
difference between the lowest and highest AT at the hot spot. Also, it should be
noted that —25dBm is a very small input power that results in an incident E, -field
at the measurement positions that varies between 0.9 V/m and 35V /m.

Due to the linear correlation with R? = 0.9838 between the measurement modalities,
the E, .-field probe is suitable for TF validation measurements for this TO.

To investigate the influence of the E, -field probe distance to the TO, two mea-
surements are carried out. The first measurement illustrates the difference between
the E, . -field measurement when the E, -field probe distance is fixed and when
the E, .-field probe is repositioned for each measurement location. The second case
mimics the approach currently recommended by ISO/TS, where different trajecto-
ries are used to change the exposure conditions. This will not only show that the
deviation increases with repositioning, but also that the measurement time is dras-
tically reduced by fixing the probe.

The second measurement determines the measurement distance between the fixed

E. .-field probe and the tip of the lead.
Probe arrangement

To investigate the influence of the E, . -field probe rearranging versus the fixed
measurement approach, both approaches are compared. For the polarizations 0°
and 180° the measurement positions similar to the temperature measurement (see
Fig. 6.2) are measured in two ways. Once the E, -field probe is fixed in the same
way as for the previous measurements, but is dismantled and rearranged as precisely
as possible, before it is moved to the next location. Measurement 1 corresponds to
the values before rearranging and measurement 2 to the values after rearranging.
This procedure took 45 minutes per polarization for the 13 positions. Because the
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6.1 Fixed measurement approach validation measurements

system must be turned off for rearranging and turned on again, the system is not in
a steady state. A 15 minute waiting time per position is not feasible, so a 2 minute
measurement time per position to average the E, -field decrease is set to minimize
the deviation.

The other way is to measure the same positions without rearranging the E, -field
probe, used as reference data. With this setup, the measurement time is 1:36 minutes
per polarization and 15 additional minutes warming time of the system. In total,
measuring the data for the fixed probe took less than 20 minutes. The data from the
continuous measurement for the specific locations are taken from the measurement
in Fig. 6.5 and used as a reference.

The E, . field values from the rearranging measurement are plotted against the
reference data and and normalized, as displayed in Fig. 6.8.
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Figure 6.8: The correlation between the measurement of the E, -field with a fixed
distance between measurement probe and test object and a different
probe distance for each exposure condition.

The rearranging of the E, .-field probe, and thus the change in distance between the
E, field probe and the TO, results in maximum relative deviation of up to 28.91 %
compared to the same measurement positions with the fixed E, .-field probe and
distance. The relative standard deviations are 10.81 % and 11.46 % for measure-
ment 1 and measurement 2, respectively. As expected, the standard deviation due
to probe rearrangement is a large factor, since the radial decrease of the E-field
is proportional to 1/r? and therefore sensitive to varying distances on a scale of

0.1 mm, as evaluated in section 3.2.
Probe distance

An additional measurement is performed to estimate the distance between the E, -
field probe and the lead tip. Because of the range of the E, -field probe, it is not

possible to measure the field at the closest proximity to the lead tip. Therefore, it
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6 Improvement of the testing method for active implants

is necessary to determine the actual distance and an amplification factor.

The TO is placed at the location that generates the lowest E, .-field increase at

x = 140, z = 365 with 180° polarization. This position is selected to prevent the
E, . .-field probe from exceeding its range when the distance between the probe and
the TO is reduced. This time the TO holder is not fixed to the movement system,
but to the bottom of the phantom to allow the probe to move independently. The
B, .-field probe is fixed to the movement system and placed above the lead tip. It
is placed as close as possible to the tip and moved in the y-direction with 0.1 mm

steps. This is done three times for a total radial distance of 20 mm. The averaged
E, field in radial direction is presented in Fig. 6.9.
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Figure 6.9: The radial F, .-field decrease at the test object’s hot spot averaged over

three measurements. A distance of 0 mm represents the closest distance
between measurement probe and test object tip.

The data show that the radial E, field decrease is steep and that the F  -field

reaches the background level after approximately 10 mm, as expected in section 3.2.
The E, . -field values of the previous measurements for this position are between
54.5V/m and 66.2V/m, as shown in Fig. 6.5, which corresponds to a distance be-
tween 2.2mm and 2.7 mm, as marked with a black circle in Fig. 6.9 and displayed
in Fig. 6.1. The distance is within 2 —3 mm, as expected in section 6.1.2. The mean
maximum value at the closest position to the tip is 172.540.9 V/m, which results in
an average amplification factor of approximately 2.84 4- 0.19 between the E, . -field
at the probe position and the E, .-field at the closest position to the lead tip.

The AT of 1.3°C at —15dBm at this position corresponds to a AT of 0.1°C at
—25dBm. Using equation 3.2.1 for a measurement period of 30 seconds, the AT
of 0.1°C results in 188.1 V/m. This is in good agreement with the E, .-field mea-
surement and corresponds to an amplification factor of 3.09, which is within the
uncertainty of the previously calculated value of 3.26 4+ 0.18 in 6.1.2.

Although the distance between the E. -field probe and the lead tip is minimized,

there is still a distance between the probe tip and the sensitive element and of

approximately 1 mm. The measuring crystal of the temperature probe also has a

78



6.2 Transfer function predictions

ms-Hield value
is less than the AT measured when the temperature probe touches the lead tip at
an effective distance of 0.5 mm, and thus the amplification factor.

Furthermore, the progression of the E| . field in the radial direction has a strong
field gradient over the first 2 — 3 mm. Therefore, the E,,, -field probe shouldn’t be
placed at a greater distance than 3mm. Since the measurement range of the E_ -
field probe is limited to about 400V /m, the distance and the input power must
be adjusted to achieve the highest possible SNR within the limits of the E| -field
probe.

sensitive volume of approximately 1 mm?3. Therefore, the maximum E,

To compute the TF predictions of the £, -field at the hot spot, the TF itself and the
tangential £ -fields along the TO per exposure condition Etan is needed according
to equation 2.4.1. Etan must be calculated from the numerically predicted E. .-
field results from section 4.3.2.2. The numerical predictions of the . -field provide
the amplitude and phase for each of the three components for each position with
a resolution of 1 mm in the x- and the z-directions. Three matrices E,, E,, E, are
calculated for each component with a grid of 1x1 mm, including the complex numbers
consisting of real and imaginary parts for the isoplane with the size of 651x421. In
a second step, the trajectory is organized as a matrix for each component. The
trajectory consists of two straight parts with a length of 206 mm each and a semicircle
with a diameter of 120 mm, as presented in Fig. 6.1. The trajectory is planar in the
xz-plane with no part in the y-direction, so only two matrices are developed, one
for the x-component U, and one for the z-component U, as presented in Fig. A.4.
The straight parts of the trajectory are aligned with the z-axis. Starting from the
lead tip, the first straight part of U, is filled with +1 (parallel to the z-axis) and the
straight parts after the semicircle are filled with —1 (antiparallel to the z-axis). For
U, the value 0 is entered for the straight parts (orthogonal orientated to the x-axis),
which represent the tangential unit vectors per position and component.
The semicircle requires additional calculations. First, the length is segmented into
pieces of equal length of 1 mm to fit the 1x1 mm grid. The circular function and its
derivative
z=r—Vr2—a? (6.2.1)
= (6.2.2)
2 _ 2
are used, where the coordinate system is transferred in the xz-plane. For each
position along the semicircle, the derivative and thus the tangential component is
calculated and divided into the x- and z-components. The resulting values are nor-
malized and entered on the 1x1mm grids of U, and U,. For example, the result
of 2 = 1 will result in a value of 0.5 for each component in U, and U, for that
position. Thus, these matrices contain the fraction of the E, . -field per position
and component. All remaining entries of the trajectory matrices are filled with 0,
representing the empty spaces around the test object. Finally, U, and U, are con-
verted to complex numbers with an imaginary part set to zero and a size of 121x266.
To calculate the final Etan for each position, a program is scripted that moves the
trajectory matrices through the E, .-field matrices, calculating the sum of the piece
wise products of U, xE, and U,*FE, for each entry. The resulting matrix per position
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6 Improvement of the testing method for active implants

tan values, otherwise the value 0. The sparse matrix is used to reduce
the resulting matrix to the desired Etan vector with 600 entries, corresponding to
the lead length of 600 mm by using only the values different from zero to

contains the F,

(UzEr + UzEz)l
(UacEm + UzEz>2

1= | . (6.2.3)

(U:rEr + UZEZ>600

For each position of the TO within the phantom and for each polarization one Etan
is calculated. The requirements for the different Etan representing the exposure
conditions are, that they should provide a wide dynamic range in AT and that they
should vary in amplitude and phase. Some examples of the calculated Etan are
shown in Fig. 6.10.
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Figure 6.10: Examples of incident E,, -field distributions along the test object tra-
jectory at different positions inside the phantom and different polariza-
tions shown as a) amplitude and b) phase.

80



6.2 Transfer function predictions

The exemplary Etan are selected from the positions and polarizations, where the
temperature measurements were performed. There is a huge variety in amplitude
and phase, including ramps (e.g. E,,,5), linear parts (e.g. E,,4) and phase reversal
fields (e.g. FE,,7), as described in Ref. [4]. Furthermore, the dynamic range of
AT, generated by these Etan results in a factor of approximately 32.7, as shown in
Fig. 6.4 and table 6.1 in section 6.1.2.

For the validation process, all generated Etan are transposed and listed in a new
matrix, to calculate the TF prediction of the E-field value at the tip of the TO.

For the SAIMD-U, the TF is available including a normalized amplitude and phase
of the E,field along the TO with a resolution of 20mm in Ref. [62]. To obtain
a TF with a 1 mm resolution as the E,,,, linear interpolation is used and the TFs

with both resolutions are presented in Fig. 6.11.
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Figure 6.11: The amplitude and phase of the transfer function for 20 mm resolution
from Ref. [62] and for the linear interpolated 1 mm resolution.

The interpolated TF with 1 mm resolution and the given TF with 20 mm resolution
are further considered.

The TF vector is multiplied by the matrix containing all the E’)tan. The difference
of the results of this calculation with the TF of 1 mm interpolated resolution and
20mm resolution is evaluated. The predicted amplitude and phase values of the
two TFs multiplied by Etan for 0°, 90°, 180° and 270° are displayed in Fig. 6.12.
The 1 mm resolution TF predictions for the E-field are on average 3.72 % smaller in
amplitude than the 20 mm resolution TF results. The results of the predictions of
the two TFs with different resolutions are compared to the E, .-field measurements
from section 6.1.2 with the TO in the next section.
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Figure 6.12: The predicted E, -field from the transfer functions with both resolu-
tions for each exposure condition for the polarizations of 0°, 90°, 180°
and 270° in a) amplitude and b) phase.

To compare the measurement results from the E,  .-field measurement in section 6.1.2
with the TF predictions for the same exposure condition, equation 2.4.1 is modified,
where z is the product of the tangential field and the TF

AT = A’/Etan () TF (1) dl‘z -
l

A EmWTEWD) (3 Eon ()

with 3.2.1 to
Ex|z|.
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6.3 Calibration and Validation

For each calculated Etan(l) scalar multiplied by the TF (1), the programmed script
returns one complex number z and thus for each exposure condition inside the phan-
tom, as presented in Fig. 6.12. The modulus of this number should be proportional
to the measured E,, -field at the corresponding exposure condition. The E, -field
calculated from the different TF and the measured E, field are shown in Fig. 6.13
for 0°, 90°, 180° and 270°. A total of 6369 values are measured in about two hours.
This set of exposure conditions is used as calibration data to scale the predicted

E-field with the TF to the measurement conditions.
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Figure 6.13: The comparison of the measured and transfer function predicted E., .-
field at the test object hot spot for each exposure condition of four
polarizations for both transfer function resolutions.

The TF predictions and the measured E.,, -field are in reasonable agreement at first
glance. To assess the accuracy with which the TF predicts the measured E,, -field,
they are compared against each other. There should be a linear correlation between
the modulus of the TF predictions of the two TF and the measured £, field,
displayed in Fig. 6.14.

The linear regression is
Y = Appx;,

where y; is the measured E, -field, z; the predicted E, . -field and A} the calibra-
tion factor. The Ay and R?, are listed in table 6.2 for both TFs. TF1 corresponds

to the 20 mm resolution and TF2 corresponds to the 1 mm resolution, respectively.

Model Arp R?
TF1  0.04211 4+ 0.00004 0.9432
TF2  0.04367 4 0.00004 0.9453
Table 6.2: The calibration factor and R? calculated from the linear regression for
each transfer function.
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Figure 6.14: The correlation between the measured E, .-field and the transfer func-
tion predicted E, . -field at the hot spot for both transfer function res-
olutions, including the resulting linear regression lines and the relative

deviation of the difference for TF2 in a) and TF1 in b).

The specific calibration factor A;p is applied to the different predicted E,, . -field
values per TF. The difference between the calibration factors is 3.69 %, which is less
than the 3.72 % from section 6.2 and thus not significant.

The mean values and standard deviations for the relative difference between the mea-

sured E, .-field compared to the calibrated TF predictions are listed in table 6.3.

Model z[%] o[%)]
TF1 3.02 14.80
TF2 298 14.32
Table 6.3: The mean value and its standard deviation of the relative difference of
the measured E, -field compared to the transfer function predictions.

Table 6.2 and 6.3 show a strong linear correlation between the E_ -field predictions

of both TFs and the measured E, .-field, and their standard deviation is in the
same order of magnitude. Since TF2 has a slightly lower standard deviation, better
correlation, and the same resolution as the numerical predictions, it is the most

suitable TF for further investigation.

To validate the calibrated TF2, a second E,, -field measurement is performed with
additional exposure conditions Etan. The calibration data covers the whole isoplane,
measuring values at the closest and farthest proximity from the walls for four phase
settings, as presented in Fig. 6.2. For the validation data, the same measurement
setup is used, but the movement scheme is reduced and in return additional polar-

izations are applied to expose the test object to different exposure conditions than
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6.3 Calibration and Validation

for the calibration data. To investigate the influence of the distance of the TO from
the phantom walls, two movement schemes are used, one with 20 mm distance and
one with 50 mm from the phantom walls, as shown in Fig. 6.15. As demonstrated
in section 4.3.2.1 and section 4.3.2.3, the deviation between different measurement
days and between the predicted and measured incident E-field increases for the first
and last 30 mm of the lines.

@ Probe position — Ems-field measurement 20 mm
Erms-field measurement 50 mm

N

x-coordinate

N\
—

z-coordinate

Figure 6.15: The schematic overview of the movement schemes for the validation
data sets for 20 mm distance in blue and for 50 mm distance in purple
of the test object to the closest phantom wall.

For the E, . -field measurement, where the TO is moved with 20 mm distance from
the phantom walls, a total of 8284 exposure conditions are measured in approxi-
mately three hours, including 19 polarizations between 0° and 180°. For the E, .-
field measurement with 50 mm distance, 8160 exposure conditions are measured in
approximately three hours including 24 phase settings between 0° and 330°. In or-
der to measure a similar number of exposure conditions for both validation sets,
the number of polarizations is increased to compensate for the reduced number of
positions. N N
The corresponding F,, is calculated accordingly and applied to the calibrated T'F2
for each exposure condition. The calibrated TF predictions are compared with the
measured E, -field and a linear regression is performed. The slope of the resulting
fit function should be 1+ a, where a should be within the 4-0.0372 range. The results
are presented in Fig. 6.16.

The scattering of the data points displays that the calibration data and the valida-
tion data from the 50 mm distance measurement are in good agreement. The slope
for this data is 0.9782, which is within 14 0.0372 and R? = 0.9206. In addition, the
scattering of the data points in the correlation plot is similar to the scattering of the
calibration data. The mean value and standard deviation of the relative difference
of the measured FE,  -field compared to the TF prediction is 0.51 + 12.86 %, which
is in good agreement with the values in table 6.3.

The slope for the data at 20 mm distance is 0.9882, which is also within the require-
ment. However, the scattering of the values differs substantially from the calibration
data and the R? is reduced to 0.8543. The mean value and standard deviation of
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6 Improvement of the testing method for active implants

the relative difference of the measured E, . -field compared to the TF prediction is
0.77 4+ 10.26 %, which is less than for the calibration data. However, the scattering
of the data at 20 mm distance is not symmetric, with less correlation than the cal-
ibration data and the data at 50 mm distance. Reflection effects have an influence,
and also the fact that the deviation between the numerical predicted and measured
incident E, field in section 4.3.2.3 increases for the outer 50 mm, adds up to the

-field. Therefore, it is recommended

difference between measured and predicted E,
to exclude the data at 20 mm distance for TF validation measurements in the LES.
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Figure 6.16: The comparison of the measured E, -field and the TF prediction of the
calibration data set and a) the validation data set at 50 mm, including
the histogram showing the relative deviation of the measured E,  -field

compared to the predicted E, .-field and b) the validation at 20 mm
distance to the phantom walls and its relative deviation histogram.

To evaluate the influence of the coupling between the channels on the correlation
between the TF predictions and the measured E,, .-field, the regression is performed
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per polarization for the validation data at 50 mm distance. Ideally, the coupling
is negligible for all polarizations, resulting in a constant regression slope, but for
this measurement the regression results of the slope differ substantially for each
polarization. Thus, the coupling is not negligible and the interference between the
signal of the channels is different for each polarization in terms of the transmitted
and reflected signal per channel. The transmitted and reflected power are monitored
by the oscilloscope, connected to the coupler after the amplifier and the amplifier
itself. The transmitted and reflected power also varied during the measurement of
the validation data at 50 mm of the four lines in Fig. 6.15 and over all polarizations,
as presented in Fig. 6.17. Additionally, the regression slope per polarization is
plotted on the second axis in Fig. 6.17. Since the oscilloscope logs the data over the
measurement time, the positions of the slopes per polarization are recalculated to
the corresponding measurement time.
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Figure 6.17: The comparison of the reflected power monitored by the oscilloscope
and the slope of the linear regression between measured and predicted
E_ .-field per polarization recalculated to the measurement time of the
validation data set at 50 mm.

The slope of the regression between the measured E, .-field and the predicted E.,, .-
field per polarization for the validation data at 50 mm and the reflected power behave
similarly. The smaller the mean reflection per polarization, the smaller the slope
of the regression between measured and predicted E, .-field for that polarization.
Although the reflected power varies by up to 3 dBm per polarization, the general
pattern is comparable.

The coupling between the channels and the coupling between the TO and the anten-
nas are responsible for the varying reflected and transmitted power for each polar-
ization and position of the TO inside the phantom. The interference, and thus the
change in transmit and reflected power, results in a different E, -field distribution
inside the phantom, compared to the ideal case without coupling. The dependence
of the coupling per polarization should also be visible in the oscilloscope data of the
incident E.  -field measurement, and the coupling between the TO and the antennas
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should be visible between the measurement lines. Both cases are shown in Fig. 6.18.
First, the transmitted and reflected power monitored by the oscilloscope during the
incident F

rms

-field measurement for five different polarizations in section 6.1.1 are

presented, showing the coupling between the two channels. Second, the transmitted
and reflected power monitored during the measurement of the four lines with the
TO attached, displaying the coupling of the TO to the antennas, is shown for one

exemplary polarization.
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Figure 6.18: The monitored transmitted and reflected data per channel for the inci-
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-field mapping for five polarizations in a) and the transmitted

and reflected data for the four lines measured for one exemplary polar-

ization of

the validation data in b).



6.3 Calibration and Validation

As expected, the transmitted and reflected power change drastically for different
polarizations in Fig. 6.18a) and during the four line measurement with the TO
in Fig. 6.18b). The coupling between the two channels can be described by the
S-parameter S;,. The coupling between the channels, and thus the transmitted
and reflected signals, changes per polarization. This is a physical effect that can
potentially be reduced in two ways.

The first way is to readjust the amplitude at the FG to a fixed value for the transmit-
ted power after changing the polarization. However, this method does not eliminate
the variation in reflected power per polarization. The total reflection can be reduced
by using an additional element in the signal line in Fig. 3.1. During the time of the
measurements presented in this work, a circulator was developed as a bachelor the-
sis [64]. It is a device that redirects the reflected signal to a dummy load to protect
the amplifiers and is specifically designed to stabilize the BC system.

In this case, the circulator is used to investigate whether the deviation of the differ-
ence between the measured E, -field and the predicted E, -field can be reduced
by a modified measurement setup. The TO is fixed and placed for the mapping at
50 mm distance in Fig. 6.15.
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Figure 6.19: The correlation between the transfer function predictions and the mea-
sured F, -field of the validation data at 50 mm measured with and
without the circulator connected to the power supply line and adjusting
the input power to a stable transmit value in a), the relative deviation
between the measured E, -field with and without circulator in b) and
the deviation between the measured E,  -field with the circulator com-

pared to the predicted E, .-field in c).

The number of polarizations is reduced to 10 (0°, 30°, 60°, 90°, 150°, 180°, 240°,
270°, 300°, 330°). The circulator is connected between the couplers and the LES,
and the reflected power at the circulator is monitored by the oscilloscope. The am-
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6 Improvement of the testing method for active implants

plitude at the FG is readjusted individually for each channel to a fixed transmit
power. The measured E, field at the lead tip at [50/45/90] is scaled to the same
starting value as the validation data at 50 mm without the circulator, and thus the
same F,  -field probe distance, and compared to the E, . -field measured without
the readjustment of the amplitude and circulator, as presented in Fig. 6.16a). The
mean value and the relative standard deviation of the measured E,  .-field without
the circulator compared to the measured E, . -field with the circulator and adjusted
amplitude for the same polarizations is —0.98 + 14.35 %, as shown in Fig. 6.19b).

The E, . -field for both cases compared to the TF predictions are displayed in
Fig. 6.19 for the ten polarizations, and the relative deviation of the measured E. -
field with circulator compared to the predicted E, . -field in Fig. 6.19¢). The slope
of the regression between the predicted E, .-field and the measured E,, . -field with
the circulator and amplitude adjustment is 0.9716, which is in agreement with the
calibration data and the previous measurement at 50 mm distance. In addition,
the scattering of the values around the regression line is reduced, resulting in a
higher correlation with R? = 0.9803. The mean value and its standard deviation of
the relative difference of the measured E, .-field compared to the predicted E, .-
field is 0.26 + 6.59 %. The standard deviation is reduced by half compared to the
measurement without the circulator and readjustment. Therefore, the amplitude
adjustment with respect to the transmitted power and the circulator reducing the
reflected power drastically improve the agreement between the measured E, -field

and the predicted E, -field.

The second way is to consider the coupling of the channels per polarization in the
numerical predictions of the incident E._ -fields. This would increase the agreement

of the predicted incident E,  -field with the actual incident E, .-field measured in-

rms
side the phantom. Due to the complexity of such numerical predictions, the channels
are simulated individually and then added in a complex manner, resulting in the

coupling being assumed to be negligible and therefore ideal.

The coupling between the TO and the antennas varies with the TO and cannot be
avoided during the measurement and must be evaluated individually for each TO in
the LES and with this approach. Depending on the strength of the coupling between
the TO and the antennas, the minimum distance between them can be increased to
reduce the coupling.

The overall uncertainty of the measurement and the individual factors are described
and investigated in the next section, including the influence of the amount of data.
The final evaluation of the suitability of this measurement approach with only one
trajectory and fixed test object and E, -field probe is also discussed in the next
section.

The ISO/TS describes possible sources of uncertainty and proposes to use the ap-
proach of ISO/TR 21900:2017 [65] to calculate the measurement uncertainties and
the uncertainty of the TF. The uncertainty factors relevant for this analysis are listed
in table 6.4. The total measurement uncertainty depends on the E__ -field probe,

rms

the TSM, the RF exposure system, and the positioning of the TO. Most likely, the
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6.4 Uncertainty analysis

distance between the E, -field probe and the TO and the agreement between the
incident E, -field from the numerical predictions compared to the measured E, -
field have the strongest influence on the overall measurement uncertainty. Assuming
that the TF and the incident E, .-field from the numerical predictions are ideal, all
uncertainty factors contribute to the measurement uncertainty. The different sources
and their values determined in the previous sections are listed in table 6.4. The com-

bined uncertainty is calculated as the root square sum (rss) of all uncertainty factors.

Source of Uncertainty — Contributing factor +o [%]
E, field probe Calibration 5.67
Linearity
Isotropy

Distortion of the E-field
Noise level

TSM conductivity 5.00

permittivity 5.00
RF exposure system Correlation to simulation 9.46
TO positioning Lead trajectory 1.92

AIMD mounting fixture
Distortion of fixture material
Distortion by AIMD

Combined uncertainty rss 13.25
Coupling Channels 14.35
Combined uncertainty rss 19.53
E,,. .- field probe rearranging 11.14
Combined uncertainty rss 22.45

Table 6.4: The systematic uncertainties of different sources contributing to the to-
tal uncertainty and the total uncertainty reduced due to elimination by
measurement setup optimization.

The uncertainty of the E, .-field probe itself is taken from the calibration sheet pro-
vided by the manufacturer. The values for the TSM conductivity and permittivity
are estimated from the measurement at the beginning and the end of each measure-
ment day. The uncertainties of the exposure system, the TO positioning and the
coupling of the channels as well as the uncertainty due to rearranging the probe per
exposure condition are calculated from the previously described measurements in
section 6.1.3 and section 6.3. The influence of the coupling between channels and
the rearranging of the probe and thus the distance between the probe and the TO
are combined individually in order to emphasize the advantages of the presented
measurement approach.

From table 6.4, the combined measurement uncertainty including all factors is
22.45%. The ISO/TS suggests that the TF is considered validated, if the rela-
tive difference between the measured E, -field and the predicted E, . -field is less
than the combined total measurement uncertainty. A fixed distance between the
measurement probe and the TO, as possible with the LES, reduces the measurement
uncertainty to 19.53 %. In this case, the relative difference between the measured

E, . field and the predicted E., .-field is 14.32 %, which is less than 19.53 %. There-
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6 Improvement of the testing method for active implants

fore, the validation criterion is fulfilled for this TO and this measurement approach
is suitable for the TF validation procedure.

In addition, by including the circulator in the supply line of the LES and readjusting
the amplitude to a stable transmit value, the measurement uncertainty is further
reduced to 13.25%. With this optimized measurement approach, the deviation of
the relative difference between the measured and the predicted E, . -field can be
reduced to 6.59 %, which is also less than the 13.25 %. The uncertainty is reduced in
terms of overall systematic measurement uncertainty and predictability of the TF,
and in addition the total measurement time is reduced from several days to hours,
validating the TF for thousands of exposure conditions instead of approximately 25.
Even though only one TO trajectory is used, the amplification due to changing
the position and changing the polarization is approximately 32.7. To ensure that
this amplification is due to independent exposure conditions rather than similar
tangential E-field distributions along the test object with varying amplitude, the
correlation between the incident field at the lead tip position for each exposure
condition is compared to the E-field measured at the tip with the test object in
place, as shown in Fig. 6.20.
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Figure 6.20: The correlation between the incident E, -field at the hot spot position
without the object in place and the measured E,  .-field with the object
in place at the same position.

The E,,.-fields show no correlation, with R2=0.2178. Thus, the approach is suc-
cessful in terms of generating a sufficient number of different independent exposure
conditions.

To investigate the influence of the number of exposure conditions on the predictabil-
ity of the TF, the bootstrap method is used. The ISO/TS approach for validating
the TF suggests the use of approximately 25 different exposure conditions for the
calibration and validation set. In the bootstrap approach, a sample is drawn with
replacement from the population of the calibration data. In this case, the sample
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6.4 Uncertainty analysis

size is 25 randomly drawn with replacement, representing any 25 exposure condi-
tions used in the ISO/TS approach. For these 25 conditions, the correlation and
regression with the TF predictions are calculated. This is done 20000 times for sub-
sets out of the calibration data. This approach provides the standard error of the
calibration factor and the standard deviation of the relative difference between the
measured E, -field and the predicted E, -field using only 25 exposure conditions
compared to thousands.

As listed in table 6.2, the calibration factor for TF2 is 0.04367 4+ 0.00004 for the
regression using 6396 exposure conditions. Using the bootstrap method, the mean
calibration factor over all 20000 subsets of the size of 25 is still 0.04367, as expected.
However, the standard error of the calibration factor as a fitting parameter for each
subset increases by more than one order of magnitude to a mean value of 0.00071.
Fig. 6.21 shows the histogram of the standard error of the calibration factor for all
20000 subsets.
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Figure 6.21: The standard error of the calibration factor calculated from the linear
regression between the measured and predicted E,, ,-field for 20000 data
sets containing 25 data points.

The histogram demonstrates that the magnitude of the standard error of the cali-
bration factor is at least one order of magnitude higher, due to the smaller sample
size of 25 instead of using 6396 exposure conditions.

In addition, the standard deviation of the relative difference of the measured E, -
field compared to the predicted E, -field is between 4.94 % and 25.08 %, depending
on which 25 conditions are randomly chosen. The best and the worst case are
displayed in Fig. 6.22. The scattering of the E  .-field between measurement and
prediction for the best case subset in green and for the worst case subset in red
shows that, depending on the exposure conditions chosen, the predictability of the
TF can be drastically over- or underestimated. Therefore, it is desirable to increase
the number of exposure conditions to avoid an unreliable statement about the stan-
dard deviation and thus the predictability of the TF. In addition, a larger number
of exposure conditions reduces the standard error of the calibration factor and thus

the statistical uncertainty.
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6 Improvement of the testing method for active implants

For the measurement part of the validation approach according to the ISO/TS, it is
not practical to significantly increase the number of exposure conditions. The setup
and accuracy required for each individual exposure condition is too time consuming.
Increasing the number of measurable exposure conditions is only possible with the
described approach within the LES, with a fixed distance between the E| -field
probe and the TO. In the case, that the coupling between a TO and the antennas
increases, a slightly reduced number of exposure conditions may be sufficient for a
reliable statement. The distance between the TO and the antennas can be increased
by excluding certain phantom areas. However, the measurement time for the cali-
bration data is about two hours and for the validation data about three hours, which
means that both measurements can be completed in one working day. Therefore,
it may be more practical to measure the maximum number of positions and polar-
izations in the phantom volume, post-process the results to evaluate the extent of
the coupling, and then exclude phantom regions. As demonstrated in section 4.3.2.3
and section 6.3 the minimum distance between any test object and the phantom
walls should be increased to 50 mm.

400
Best case subset

350 1 ° Worst case subset
E 300 A
> o ¢

o®
= 250 s "o
.9 o ™
o~ ®
|m o
£ 200 - o .
~ o
T 150 4
=
n L4 °
g 100 - . oo ¢
o 77
50 L’
//
//
O T T T T T T T
0 50 100 150 200 250 300 350 400

Predicted Erms-field [V /m]

Figure 6.22: The correlation between the measured E, .-field and the transfer func-
tion prediction for the data set with the best and worst scattering

around the regression line.

Overall, this approach opens the possibility to measure many different exposure
conditions in a short period of time, using only one trajectory and a fixed distance
between the probe and the hot spot location of the TO. To ensure the best agreement
between calibration and validation data, it is recommended to measure both data
sets without rearranging the probe. With an optimal measurement setup, including
the circulator and the readjustment of the input power per polarization, the total
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6.5 Summary and discussion

measurement uncertainty is reduced by almost half, from 22.45 % to 13.25 %.

To fully predict of the power deposition within a hot spot, additional temperature
measurements are required to scale the results from the E, .-field probe to the
position at closest proximity to the TO. These scaling factors will depend on the
TO, but the E, -field probe should be placed as close to the TO as possible within
the measuring range of the probe. The measurement of the calibration and validation
data, including the measurement of temperature rise, can be accomplished with one
setup and during one day.

This chapter discussed the novel measurement approach for transfer function valida-
tion of an active implant that is only possible with the LES. The current approach
proposed by the ISO/TS, uses different trajectories and phantoms in the BC for TF
validation. Once a TF is determined for a certain test object (active implant), it
needs to be validated for a wide range of different tangential E-fields along the TO.
To do this, the TO is exposed to a variety of E-field distributions and the temper-
ature rise AT is measured. The AT is then compared to the results from the TF
multiplied by the tangential E-field and integrated. If the measured AT and the
calculated AT are in good agreement, the TF is validated and can be used to calcu-
late the power deposition or temperature rise for any exposure condition occurring
in a patient inside the MR scanner.

The validation procedure proposed by ISO/TS has some disadvantages. On the
one hand, it is very time-consuming to mount the TO precisely in the desired tra-
jectory. On the other hand, the setup and measurement probes are removed after
each exposure condition, resulting in a different distance between the probe and
the measurement position. This leads to a feasible number of exposure conditions
of approximately 25 and increases the uncertainty of the measurement due to the
steep gradient of the typical hot spot distribution.

In the LES, however, it is possible to mount the TO to a holder for one trajectory
and fix it together with a measurement probe to a movement system. The whole
complex can then be moved through the entire phantom to change the tangential
E-field and thus the exposure conditions to which the TO is exposed to. To further
modify the exposure conditions, the polarization is varied. This is only possible in
the LES due to its accessibility and the channel independence, allowing the system
to generate different independent E-field distributions within the phantom.

One of the advantages of this approach is that thousands of measurements with dif-
ferent exposure conditions can be performed in hours instead of days. In addition,
the distance between the probe and the measurement location on the TO is fixed,
eliminating a dominant uncertainty factor.

To validate this measurement approach, several measurement series were performed.
It is shown, that the exposure conditions fulfill the requirements of diversity and the
dynamic range. The amplification between the smallest and the largest measured
value is approximately 32.7, as demonstrated in section 6.1.2. Additionally, a linear
correlation between the squared results of the £, -field probe and the data from the
temperature probe is demonstrated in section 6.1.2, allowing the use of the E, -field
probe for the validation measurements. With the E__ -field probe, the measurement

rms
can be further accelerated and saline solution can be used as the TSM, making the
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6 Improvement of the testing method for active implants

probe and TO visible at all times. Only a few temperature measurements are re-
quired, to scale the measured E, . -field value to the maximum temperature rise at
closest proximity of the TO.

There is a good agreement between the measured incident E-field and the E-field of
the numerical predictions for several polarizations within +9.46 % deviation. The
agreement between them is directly related to the predictability of the TF. In ad-
dition, the measured E, . field at the TO does not vary substantially for different
measurement days and different TO holders, resulting in repeatable measurements
within +1.92% deviation in section 6.1.2. The influence of rearranging the probe
for each exposure condition compared to a fixed probe is investigated and the rear-
ranging adds an uncertainty factor of +11.14 %, as presented in section 6.1.3.

A TO with a known TF is used for the validation measurement. One set of 6369 ex-
posure conditions measured in approximately two hours is used as calibration data,
and a second set of 8160 exposure conditions measured in approximately three hours
is used as validation data. Two different validation data sets were tested, varying
in the distance of the TO to the phantom wall. From the corresponding data sets
in section 6.3, it can be concluded that a distance of 20 mm to the wall is not suit-
able for the LES. The agreement between the measured and numerically predicted
E-field is worse for these locations and reflection effects and the coupling between
the TO and the antennas increases. Therefore, a minimum distance of 50 mm is
recommended for the LES.

The agreement between the measured and predicted E, -field is within +14.32%
for the calibration and validation data and the combined measurement uncertainty
is 19.53 %, in the case of the fixed measurement probe. Since the deviation of the
relative difference between the measured and predicted E. . field is less than the
combined measurement uncertainty, the measurement approach with one trajectory,
a fixed distance between the probe and the TO and using the E-field probe is con-
sidered as validated.

As a next step, it was investigated whether the uncertainty of the measurement
approach can be further reduced by optimizing the measurement setup. Therefore,
the TF prediction is compared with the measured E, .-field for each polarization
individually. It is observed that the slope per polarization and the reflected signal,
monitored by an oscilloscope, show proportional behavior. This is due to the fact
that the coupling between the channels causes interference, which changes the re-
flected signal and thus the E-field distribution inside the phantom. To partially avoid
this effect, a circulator is connected to the supply line of the LES, which suppresses
the reflected signal to stabilize the measurement. In addition, the input power at
the function generator is readjusted to a stable transmit value per polarization.
These measurement optimizations reduce the combined measurement uncertainty to
+13.25 % and improve the agreement between the measured and predicted E, . -field
to £6.59 %. Overall, the measurement uncertainty is significantly reduced by half.
Finally, the difference between a data set of 25 exposure conditions and the cali-
bration data set of 6369 exposure conditions was investigated. It is shown, that the
standard error of the calibration factor increases by more than one order of mag-
nitude for 25 exposure conditions. Depending on the choice of the 25 conditions,
the agreement between the measured and predicted E,, -field is between 4.94 % and
25.08%. Thus, it is feasible to validate the TF for as many exposure conditions as
possible in order to increase the prediction accuracy of the TF.

The novel measurement approach allows a large number of exposure conditions to
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6.5 Summary and discussion

be measured in a short period of time with systematic uncertainties reduced by half
and statistical uncertainties reduced by one order of magnitude. The flexibility of
the LES to generate different E-field distributions allows individual adaptation to
any active implant whose TF needs to be validated.
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In this work, the current test procedures to asses the temperature rise AT that
may occur at an implant due to RF-induced heating during an MR examination
are evaluated and optimizations are suggested. The current methods suggested in
Ref. [3] for passive implants and in Ref. [4] for active implants were investigated. Up
to now, these test procedures are limited to the use of MR scanners or stand-alone
BCs as RF exposure systems. Although it seems intuitive to use an MR scanner
to test implants for their MR safety, these RF coils are not optimized for this type
of testing. Since the goal of the RF coils is to generate a homogeneous magnetic
field for a high image quality, and because the RF-induced heating depends on the
electric field, generated by the time-varying magnetic RF field, these systems have
several disadvantages.

First, the space inside the bore is limited and its accessibility is reduced. Measure-
ment setups consisting of a phantom, a tissue simulating medium, the test object
(TO), and measurement probes must be assembled outside the coil and moved to
the desired measurement position. In addition, the placement of the components is
restricted. But more importantly, the E-field distribution inside the filled phantom
is not optimized for the test requirements. For passive implants, a homogeneous
tangential incident E-field over the entire implant volume is required. The mea-
sured AT at the hot spot for a given implant is scaled to the square of the mean
incident field and then rescaled to the E-field occurring in a patient at the implan-
tation volume. Therefore, it is essential to measure the highest possible AT for a
given mean incident field to ensure that the AT prediction inside the patient is not
underestimated.

Since there is only a small volume where the distribution inside a BC generates a
homogeneous tangential incident field, the distribution can vary within +1dB, in-
creasing the measurement uncertainty of the measured AT

For active implants, the test procedure is more complicated. A TF must be de-
termined and validated for the TO. The validated TF is then able to transfer any
realistic E-field distribution along the TO in the implantation volume into a AT at
the hot spot. The validation measurement within a BC is very time consuming. A
total number of approximately 25 different exposure conditions and thus tangential
E-fields along the TO are required. For each exposure condition, the TO must be
placed with high accuracy inside the phantom in the desired shape. A temperature
probe must be placed at the hot spot, the phantom is filled with gelled medium,
and the filled phantom has to be moved inside the coil. After the measurement,
everything has to be removed out of the system and the phantom and the setup
for the next exposure condition is assembled. Each exposure condition takes about
one hour, so the validation measurement is spread over several days. There are a
lot of measurement uncertainty factors, that need to be considered for this mea-
surement procedure. One of the main factors is the distance between the probe and
the hot spot, which is slightly different for each exposure condition. In addition,
the TO must be placed exactly in the desired shape. Once all components are as-
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sembled, the whole setup has to be moved, making the setup susceptible to small
movements. It is not feasible to measure one exposure condition more than once due
to the long measurement time, so there are no statistics for the individual exposure
conditions.

Due to all these disadvantages, the need for a different exposure system that focuses
on the requirements of both test procedures is high. In this work, an alternative
two-channel linear dipole-based open RF exposure system has been comprehensively
validated and its potential for both test procedures has been investigated. The goal
of this system is to generate a uniform E-field over a large volume inside the medium
filled phantom. During the validation, it was tested for stability, linearity, repeata-
bility, and its E-field distribution in amplitude and phase of the main component and
the combined fields for different polarizations. The measured E-field was compared
with the numerically predicted E-field from the manufacturer for each individual
channel and for different combined polarizations. The results of the stability and
linearity measurements led to general recommendations of a warm-up time of ap-
proximately 15 minutes prior to measurements and an input power of less than
—7dBm. The day to day repeatability of the E-field distribution is validated and
both channels operate symmetrically. The agreement between the measured and
the numerically predicted incident E-field distribution for the polarizations of 0°
and 180° is sufficient and the z-component is confirmed as the main component con-
tributing to the total E-field. Finally, the LES was validated using the recommended
approach of Ref. [4], using a standard TO to measure the AT per incident field.

It was shown, that the LES generates polarization dependent E-field distributions
with large variety. Sufficiently large volumes of homogeneous E-fields can be gener-
ated for elongated and 3D extended test objects using different polarization settings.
The influence of the incident E-field homogeneity and direction on the resulting AT
at the hot spot of a TO was investigated for elongated objects and 3D extended
objects. Both object groups were placed inside the BC and inside the LES and the
AT was measured according to Ref. [3]. It was discovered that the measured AT for
all tested TOs was significantly higher inside the LES compared to the BC, even in
cases where the homogeneity requirement of +1 dB was fulfilled. Therefore, it is not
possible to adequately estimate the patient risk with the BC. The difference in AT
scaled to the square of the mean incident E-field over the TO volume between the
systems was approximately 4 — 12 % for the elongated objects and 14 — 24 % for the
3D extended objects. In addition, a misplacement of the TO in both x-directions
results in a AT difference of approximately 5% for the BC, while there was no sig-
nificant difference in AT for the LES. The general underestimation of the AT per
incident field of the BC may lead to a patient risk that should be avoided in any
case. With the LES E-field distribution, which represents a possible worst-case AT,
this risk can be drastically reduced.

For both systems, an amplitude readjustment to a stable E-field value during the
measurement time at a reference position is recommended and was included in all
temperature measurements. The current standard approach does not include this
readjustment, which increases the measurement uncertainties.

Furthermore, the accessibility of the LES and its independent channels, offer the
possibility to use a simplified and faster approach for the validation measurements
of the TF of an active implant. It is possible to fix the TO and the measurement
probe simultaneously to a movement system. This whole complex can be moved
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through the entire phantom and additionally the polarization can be changed to
generate a large number of different exposure conditions.

This measurement approach was validated on a standard TO with a known TF. It
was shown that the LES generates a sufficient variety of tangential E-fields along the
TO and that the validation measurement could be performed with an E-field probe
instead of a temperature probe. With a fixed distance between the measurement
probe and the TO for all exposure conditions, one of the dominant measurement
uncertainty factors of approximately +11 % was eliminated. By adding a circulator
in the supply line and readjusting the amplitude, the coupling between the channels
was reduced. This not only improves the overall measurement uncertainty, but also
the agreement between the generated and numerically predicted incident E-field per
polarization.

The measurement uncertainty without any optimization and without a fixed distance
between the measurement probe and the TO was about +22%. The mentioned
optimizations reduce this measurement uncertainty by half to about +12 %.

To accept a TF as validated, the standard deviation of the relative difference between
the measured E-field and the E-field calculated from the TF, should be less than the
measurement uncertainty, which is achieved by the optimized case.

This novel measurement approach not only reduces the measurement uncertainty
and the uncertainty of the predictability of the TF by half, but also drastically
reduces the measurement time. With the novel approach, 6000 to 8000 exposure
conditions can be measured in approximately three hours instead of measuring 25
exposure conditions over several days, reducing not only the time, but also the
necessary resources and costs.

In general, the LES offers various possibilities to optimize both measurement proce-
dures for passive and active implants and to reduce the uncertainties of the estimated
temperature rise AT inside a patient. In the future, the LES could be used to gen-
erate an individual tangential field along a passive implant to ensure worst-case
conditions.

In addition, an automation could be implanted for TF validation to provide the
most appropriate TO trajectory, including its positions within the phantom and the
polarizations, resulting in the greatest variety of tangential E-fields along the TO
and thus exposure conditions.

To complete the general measurement capabilities, other similar LES are under de-
velopment for other frequencies, e.g. 128 MHz and 299 MHz, corresponding to a
magnetic field strengths of 3T and 7T. With a set of different LES, the BCs for the
different frequencies could be completely replaced and one TO could be tested faster
and with less uncertainty for the common frequencies of the available MR scanners
in daily clinical practice.
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A Appendix

A.1 Numerical predicted incident E-field

The E-field distributions in amplitude and phase for the x-, y- and z-components
and the combined E-field are calculated from the numerical predictions provided by
ING Gao for channel 1 (CH1), Fig. A.1, channel 2 (CH2), Fig. A.2 and the channel

combination of 0° phase difference, Fig. A.3.
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Figure A.1: The numerical predicted total E, .-field distribution and the tangential
E, -field distribution for all three components in amplitude in a) E,,
b) E,, c) E, and phase in b) Phase,, d) Phase,, f) Phase, and in g) the
total E-field for channel 1.
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Figure A.2: The numerical predicted total E, .-field distribution and the tangential
E, -field distribution for all three components in amplitude in a) E,,
b) E,, c) £, and phase in b) Phase,, d) Phase,, f) Phase, and in g) the
total E-field for channel 2.

The E-field distributions show a symmetric behavior and the y-component for both
channels and the combination at 0° is negligible. The z-component is the dominant
component in all cases. The amplitude increases near the end plates of the antennas

and decreases towards the phantom center.
The phase distribution is smooth for the z-component, negligible for the y-component

and smooth with a few phase jumps for the x-component.
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Figure A.3: The numerical predicted total E, .-field distribution and the tangential
E, -field distribution for all three components in amplitude in a) E,,

b) E,, c) £, and phase in b) Phase,, d) Phase,, f) Phase, and in g) the
total E-field for 0° phase difference between the channels.
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To calculate the tangential E-field along the U-shaped trajectory of the test object,
SAIMD-U, the trajectory is transformed into one matrix for the x-component and
one for the z-component containing the normalized tangential component of the E-
field. The matrices U, and U, are displayed in Fig. A.4. The hot spot is located
at [0/0] of the matrix and the first straight part is aligned with the z-component,
resulting in +1 entries in the matrix U, and 0 entries in U,. At the turning point
U, =0 and U, = 1 represents the case where the the trajectory is aligned with the
x-component of the E-field.

a)
120 - 1.0
100 - 0.5
80 - £
60 - Il [fo0 2
40 - x
20 - -0.5
01 T T T T T T -1.0
0 50 100 150 200 250
b)
120 — 1.0
100 - 0.5
80 ~ £
60 - 00 ¢
40 - N
50 4 -0.5
0 1 -1.0

0 50 100 150 200 250

Figure A.4: U-shaped trajectory transferred into 121x266 matrices for the normal-
ized first derivation of the x-component in a) and the z-component in
b), where [0/0] is the lead tip and therefore the hot spot position.
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