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Summary

Magnetic resonance imaging (MRI) is a medical diagnostic technique that
produces detailed high-quality images of the anatomy with excellent soft
tissue contrast. Further, functional MRI (fMRI) has emerged in recent years
as another important diagnostic tool with large potential for assessing brain
activity by measuring changes in blood flow. MRI scanners use strong static
magnetic fields, magnetic field gradients, and radiofrequency (RF) fields to
generate images of tissues and organs in the body. As these fields interact
with human body, they pose a potential safety hazard to the patients.

Among the recognized safety hazards of MRI, radiofrequency (RF) in-
duced tissue heating in the presence of conductive implants is the most pub-
licized risk. Serious safety issues (e.g., irreparable tissue damage, implant
device mulfunction) due to excessive heating are possible. Hence, patients
with implants — in particular active implantable medical devices (AIMDs),
such as cardiac pacemakers or deep brain stimulators (DBS) — are ineligible
for MRI diagnostic procedures due to safety concerns related to possible in-
teractions between the implant devices and the electromagnetic fields (EMF)
generated during MRI. As a consequence, patients with medical implants
can not benefit from MRI diagnostics, unless the AIMD has been shown to
be ‘MRI Safe’ or has received ‘MRI conditional’ labeling.

The first technical specification, ISO/TS 10974, developed by a joint
working group of the International Standard Organization /International Elec-
trotechnical Commission (ISO/IEC)[1] describes preliminary procedures for
the assessment of safety hazards, including those caused by RF-implant in-
teraction. However, the specification has several gaps that need to be ad-
dressed before it can become an ISO/IEC standard. These include the fol-
lowing RF-related issues:

xiii
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e to lower the uncertainty budget of the implant RF-heating model,
highly accurate experimental methods and instrumentation with well-
controlled exposure conditions need to be developed

* to minimize patient risk while avoiding overly restricted and conser-
vative imaging conditions that misses vital diagnostic information, a
comprehensive evaluation procedure for in vivo RF-human interac-
tion need to be identified that takes various realistic clinical scenarios
into consideration

* for the determination of the in vivo temperature increase, reliable and
practical assessment methods should be developed. Tissue-specific
thermogenic damage threshold values need to be provided in addition
to guidance on how to evaluate application-specific risk factors for the
determined in vivo temperature increase.

* the test methods described in the technical specification are primarily
designed and intended to address risks related to 1.5 Tesla MRI scan-
ners; practical considerations and limitations related to higher field-
strength, in particular 3.0 Tesla, need to be addressed as well

The goal of this thesis is to close some of these major gaps. Chapter 2
provides an overview of the engineering issues in determining the coupling
of the AIMD with the RF fields of the MRI that had not been solved prior
to the start of this thesis. The review of the current state of knowledge of
MRI safety is presented in Part II. The complex and hostile electromag-
netic MRI environment causes a variety of potential adverse interactions of
the implants with the EMF of the scanner, especially due to enhanced RF
absorption around the implant, which is difficult to quantify and is poorly
understood due to its complexity. To gain a better insight into the implant
exposure environment, Chapter 3 not only provides a comprehensive review
of the current knowledge about MRI safety, including up-to-date mecha-
nisms responsible for the potential MRI safety of patients with and without
implants, it also gain a full picture of the implant exposure environment by
investigating the influence of potential clinical factors (e.g., patient anatom-
ical features, imaging positions, exposure conditions) have on the implant
RF exposure environment.

In vitro experimental methods to enable better and easier characteriza-
tion of implant models are described in Part III. To demonstrate safety of
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an AMID during MRI, a numerical model of the implant’s RF response is
required. The model must be validated under a sufficient number of incident
tangential electrical (E-) field conditions that span the entire range of in vivo
exposures. In the past, such investigations have been very time consuming
and have often resulted in limited exposure conditions for long AIMDs. The
amplitude and phase of the tangential E-field along a lead path in a cylindri-
cal phantom can be sufficiently varied by changing the polarization of the
incident magnetic field of the RF birdcage coil. This allows the introduc-
tion of a novel test field diversity (TFD) method that provides well-defined
diverse exposure conditions and yields an efficient and reliable validation
of the AIMD model with low uncertainty. The TFD method is discussed in
detail in Chapter 4. The proposed TFD method can be applied to evalua-
tions with both 1.5 Tesla and 3.0 Tesla scanners. The steep spatial gradient
(5 — 10dB/mm) of the induced specific absorption rate (SAR) near the im-
plant electrode poses a serious challenge in correct positioning of the sensor
during the measurement of near-field SAR near the implant electrode; even
a deviation of only 0.2 mm can result in an uncertainty of more than 2 dB.
To lessen the strict positioning requirements for accurate near-field mea-
surement and to reduce the uncertainties related to the in vitro experimental
setup, an experimental evaluation method based on image co-registration
algorithms is outlined in Chapter 5. The proposed method is successfully
validated against a variety of implants, exposure levels, and data acquisition
procedures. The uncertainty associated with the proposed method applied to
estimation of implant power deposition is less than 1 dB; a large reduction
from the 2 dB found for traditional methods.

Issues related to the evaluation of in vivo RF-human interaction are ad-
dressed in Part IV. Anatomical human phantoms of the Virtual Population
(ViP) have been used for many years as a key component of realistic dosime-
try studies. However, the uncertainties associated with population sampling
and segmentation are difficult to quantify, and a benchmark has not yet been
established. The objective of Chapter 6 is to establish, for the first time,
uncertainties of in vivo RF induced fields during MRI associated with tis-
sue assignment, segmentation quality, and consistency of the digital human
phantoms. By evaluating the differences between two generations of the ViP
phantoms — ViP 1.x vs. ViP 3.0 covering a targeted patient population — the
anatomical uncertainty associated with tissue assignment and segmentation
quality/consistency established for AIMD-heating is shown to be 0.6 dB.
The RF-induced implant heating is a complex function of multiple factors,
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including, e.g., the MRI system, patient anatomy, imaging position, expo-
sure conditions, etc., therefore, a comprehensive safety assessment cannot
be derived from only a limited number of clinical scenarios. In Chapter 7,
an in silico safety assessment trial that combines a data library with a data
analytics toolset has been established for use in performing comprehensive
evaluations in a timely and traceable manner. The established workflow pro-
vides not only relevant but also comprehensive, consistent, extendable, and
traceable results that facilitate the establishment of a corroborated knowl-
edge base built upon existing and emerging data. It also facilitates the ex-
ploratory analysis of data for identification of exposure conditions that max-
imize both image quality and patient safety.

Issues related to the determination of in vivo temperature increase are
addressed in Part V. AIMD safety evaluation requires the assessment of RF-
induced thermal hazards for exposed patients. Due to the complicated in
vivo human anatomical features and the multi-scale structures — meters for
the human body vs. millimeters for the AIMD structure — involved in the
clinical scenarios, the determination of in vivo temperature increase is ex-
tremely time consuming and computationally expensive. In Chapter 8, we
investigate the modeling features required for efficient and reliable conver-
sion of locally deposited RF power at the AIMD electrode to the in vivo
maximum local tissue temperature increase (P2AT). The modeling re-
quirements and the associated uncertainties are determined by parameter
studies of different implant models, incident field conditions, electrode con-
figurations, and tissue models. With the derived AIMD and tissue model
simplifications, very simplified models of the leads under uniform exposure
can be used to assess P2AT, while the surrounding tissues need to be mod-
eled in detail. With the proposed simplifications, the assessment effort of
P2ATis reduced by a factor of more than 10 times.

In summary, the work performed in this thesis improves and simpli-
fies MRI safety assessment of medical implants through novel methods and
models with well-controlled uncertainties under various clinical scenarios.
It also provides essential information for bridging some of the identified
knowledge gaps in the current safety guidelines for exposure of implants to
RF fields in MRI.



Zusammenfassung

Die Magnetresonanztomographie (MRI) ist eine medizinische Diagnose-
methode, die detaillierte und qualitativ hochwertige Bilder der Anatomie
mit exzellentem Weichgewebekontrast liefert. In den letzten Jahren hat sich
dariiber hinaus das funktionelle MRI (fMRI), welches die Verinderungen
des Blutflusses misst, zu einem wichtigen diagnostischen Instrument mit
grossem Potenzial fiir die Beurteilung von Hirnaktivitit entwickelt. MRT-
Scanner verwenden starke statische Magnetfelder, Magnetfeldgradienten und
Radiofrequenzen (RF), um Bilder von Geweben und Organen im Korper zu
erzeugen. Da diese Felder mit dem menschlichen Korper interagieren, stel-
len sie ein potenzielles Sicherheitsrisiko fiir Patienten dar.

Hinsichtlich der anerkannten Sicherheitsrisiken des MRI zéhlt die durch
RF hervorgerufene Gewebeerwiarmung in der Nihe von leitfahigen Implan-
taten zum am héufigsten publizierten Risiko. Schwerwiegendee Sicherheits-
probleme (z.B. irreparable Gewebeschiden, Fehlfunktion des Implantats)
durch iibermissige Erwdrmung konnen auftreten. Aufgrund der moglichen
Wechselwirkungen zwischen dem Implantat und der elektromagnetischen
Felder (EMF), die wihrend des MRI erzeugt werden, sind Patienten mit
medizinischen Implantaten — insbesondere aktiven implantierbaren medizi-
nischen Geriten (AIMDs) wie Herzschrittmachern oder Tiefenhirnstimula-
toren (DBS) — nicht fiir MRI-Untersuchungen zugelassen und konnen nicht
von der MRI-Diagnostik profitieren, sofern sich das AIMD nicht als MR si-
cherérwiesen oder eine MR mit Einschrinkungen”Kennzeichnung erhalten
hat.

Die erste technische Spezifikation ISO/TS 10974, die von einer gemein-
samen Arbeitsgruppe der International Standard Organization/International
Electrotechnical Commission (ISO/IEC) [1] entwickelt wurde, beschreibt
vorldufige Verfahren zur Bewertung von Sicherheitsrisiken einschliesslich

Xvii
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derer, die durch die RF-Implantat Interaktion verursacht werden. Die Spe-
zifikation hat jedoch mehrere Liicken, die behoben werden miissen, bevor
es ein ISO/IEC-Standard werden kann. Dazu gehoren folgende, mit den RF
zusammenhingenden Probleme:

* um das Unsicherheitsbudget des RF-Heizmodells fiir Implantate zu
senken, miissen hochprizise experimentelle Methoden und Instrumen-
te mit gut kontrollierten Versuchsbedingungen entwickelt werden

e um das Patientenrisiko zu reduzieren und gleichzeitig zu stark ein-
geschrinkte und konservative Untersuchungsbedingungen, bei denen
wichtige diagnostische Informationen fehlen, zu vermeiden, muss ein
umfassendes Auswertungsverfahren, das verschiedene realistische kli-
nische Szenarien beriicksichtigt, fiir die in-vivo-Interaktion zwischen
RF und Mensch ermittelt werden

* fiir die Bestimmung des in vivo Temperaturanstiegs sollten zuverlédssige
und praktische Bewertungssmethoden entwickelt werden. Zusitzlich
zu Leitlinien, wie anwendungsspezifische Risikofaktoren fiir den er-
mittelten in-vivo-Temperaturanstieg bewertet werden konnen, miissen
die gewebespezifischen thermogenen Schadensschwellenwerte ange-
geben werden

¢ die in der technischen Spezifikation beschriebenen Testmethoden sind
hauptsidchlich dafiir ausgelegt, die mit 1,5-Tesla-MRI-Scannern zu-
sammenhiingen Risiken zu adressieren; praktische Uberlegungen und
Einschrinkungen im Zusammenhang mit hoheren Feldstérken, insbe-
sondere 3T, miissen ebenfalls adressiert werden.

Das Ziel dieser Arbeit ist es, einige dieser grossen Liicken zu schlies-
sen. Kapitel 2 gibt einen Uberblick iiber die technischen Fragestellungen
bei der Bestimmung der Kopplung des AIMD mit den in dem MRI ver-
kommenden RF-Feldern, zu denen vor Beginn dieser Arbeit noch keine
Losungen vorhanden waren. Eine Ubersicht iiber den aktuellen Kenntnis-
stand zur MRI-Sicherheit wird in Part II vorgestellt. Die komplexe elektro-
magnetische MRI-Umgebung mit sehr hohen Feldstirken verursacht eine
Vielzahl von moglichen negativen Wechselwirkungen der Implantate mit
den EMF des Scanners, insbesondere aufgrund der erhohten RF-Absorption
um das Implantat herum, die schwer zu quantifizieren und aufgrund ih-
rer Komplexitét nur schlecht verstanden sind. Um einen besseren Einblick
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in die Expositionsumgebung des Implantats zu gewinnen, bietet Kapitel 3
nicht nur einen umfassenden Uberblick iiber den aktuellen Wissensstand zur
MRI-Sicherheit einschliesslich aktuell bekannter Mechanismen, die fiir die
potenzielle MRI-Sicherheit von Patienten mit und ohne Implantat eine Rol-
le spielen, sondern zeigt auch eine Gesamtschau iiber die Expositionsumge-
bung des Implantats, indem der Einfluss von méglichen klinischen Faktoren
(beispielsweise anatomischer Merkmale des Patienten, Bildgebungspositi-
on, Expositionsbedingungen) auf die RF-Expositionsumgebung des Implan-
tats untersucht wird.

In-vitro experimentelle Methoden zur besseren und einfacheren Charak-
terisierung von Implantat Modellen werden in Part III beschrieben. Um die
Sicherheit eines AIMD wihrend eines MRI zu demonstrieren, ist ein nu-
merisches Modell der RF-Reaktion des Implantats erforderlich. Das Modell
muss mit einer ausreichenden Anzahl von einfallenden tangentialen elek-
trischen (E-) Feldbedingungen validiert werden, die sich iiber den gesam-
ten Bereich von invivo Expositionen erstrecken. In der Vergangenheit waren
solche Untersuchungen sehr zeitaufwindig und fiihrten hiufig zu limitierte
Expositionsbedingungen fiir lange AIMDs. Die Amplitude und Phase des
tangentialen E-Felds entlang des lead path in einem zylindrischen Phan-
tom konnen durch Anderung der Polarisation des einfallenden Magnetfel-
des der HF-Birdcage-Spule ausreichend variiert werden; dies ermoglicht
die Einfiihrung einer neuen Testfeld-Diversity-Methode (TFD), die genau
definierte unterschiedliche Expositionsbedingungen bietet sowie eine ver-
besserte und verlassliche Validierung des AIMD-Modells mit geringer Un-
sicherheit ermdglicht. Die TFD-Methode wird ausfiihrlich in Kapitel 4 dis-
kutiert. Das vorgeschlagene TFD-Verfahren kann bei 1.5 Tesla und 3.0 Tesla
Scannern angewendet werden.

Der steile rdumliche Gradient (5 — 10 dB / mm) der induzierten spe-
zifischen Absorptionsrate (SAR) in der Néhe der Implantatelektrode stellt
eine grosse Herausforderung hinsichtlich der genauen Positionierung des
Sensors bei der Messung der SAR im Nahfeld dar; sogar eine Abweichung
von nur 0,2 mm kann in eine Unsicherheit von mehr als 2 dB resultieren.
Um die strengen Positionierungsanforderungen fiir eine genaue Nahfeld-
messung zu mindern und die mit dem experimentellen in vitro Versuchsauf-
bau einhergehenden Unsicherheiten zu verringern, wird in Kapitel 5 eine
datengesteuerte experimentelle Auswertungsmethode, die auf Bildregistrie-
rungsalgorithmen basiert, dargestellt. Die vorgeschlagene Methode wird er-
folgreich gegen eine Vielzahl von Implantaten, Expositionsniveaus und Da-
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tenerfassungsverfahren validiert. Die mit dieser Methode zur Abschitzung
der Energieaufnahme in der Nihe des Implantats verbundene Unsicherheit
betrdgt weniger als 1 dB; eine starke Abnahme gegeniiber den 2 dB, die fiir
traditionelle Methoden gefunden wurden.

Probleme im Zusammenhang mit der Bewertung der Interaktion zwi-
schen RF und dem Menschen invivo werden in Part IV behandelt. Anatomi-
sche menschliche Phantome der Virtual Population (ViP) werden seit vielen
Jahren als Schliisselkomponente fiir realistische Dosimetriestudien verwen-
det. Allerdings sind die mit der Bevolkerungsstichprobe und -segmentierung
verbundenen Unsicherheiten schwer zu quantifizieren, und bislang wurde
noch kein entsprechender Richtwert aufgestellt. Das Ziel von Kapitel 6 be-
steht darin, erstmalig die Unsicherheiten der in vivo RF-induzierten Felder,
die mit der Gewebezuordnung, der Segmentierungsqualitidt und der Kon-
sistenz der virtuellen menschlichen Phantome zusammenhéngen, wéhrend
des MRI zu ermitteln. Durch Auswertung der Unterschiede zwischen zwei
Generationen der ViP-Phantome — ViP 1.x vs. ViP 3.0, die jeweils eine be-
stimmte Patientenpopulation abdecken — kann gezeigt werden, dass die mit
der Gewebezuweisung und der fiir die AIMD-Erwidrmung ermittelte Seg-
mentierungsqualitéit/-konsistenz verbundene anatomische Unsicherheit 0,6
dB betragt.

Die RF-induzierte Implantaterwidrmung ist eine komplexe Funktion meh-
rerer Faktoren, einschliesslich z. B. des MRI-Systems, der Anatomie des
Patienten, der Bildgebungsposition oder der Expositionsbedingungen, wes-
halb eine umfassende Sicherheitsbewertung nicht aus einer nur begrenzten
Anzahl klinischer Szenarien abgeleitet werden kann. Kapitel 7 fasst eine
insilico Sicherheitsbewertungsstudie zusammen, die eine Datenbibliothek
mit einem Datenanalyse-Toolset kombiniert, um umfassende Auswertungen
zeitnah und nachvollziehbar durchzufiihren. Der etablierte Workflow liefert
nicht nur relevante, sondern auch umfassende, konsistente, erweiterbare und
nachvollziehbare Ergebnisse, die den Aufbau einer bestitigten Wissensbasis
aufgrund bestehender und neu aufkommender Daten erleichtern. Es fordert
ausserdem die explorative Analyse von Daten zur Identifizierung von Ex-
positionsbedingungen, was sowohl die Bildqualitit als auch die Patientensi-
cherheit maximiert.

Probleme im Zusammenhang mit der Bestimmung des invivo Tempe-
raturanstiegs werden in Part V behandelt. Die Sicherheitsbewertung von
AIMD erfordert die Beurteilung der RF-induzierten thermischen Gefahren
fiir exponierte Patienten. Aufgrund der komplizierten anatomischen Merk-
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male des Menschen in vivo und der Multi-Skalen-Strukturen — Meter fiir den
menschlichen Korper vs. Millimeter fiir die AIMD-Struktur — in klinischen
Szenarien ist die Bestimmung des Anstiegs der in vivo -Temperatur extrem
zeitaufwindig und rechnerisch teuer. Kapitel 8 gibt einen Uberblick iiber
die Modellierungsmerkmale, die fiir eine effiziente und zuverldssige Um-
wandlung der lokal abgelagerten RF-Leistung an der AIMD-Elektrode in
den maximalen lokalen Gewebetemperaturanstieg in vivo (P2AT) erforder-
lich sind. Die Modellierungsanforderungen und die damit verbundenen Un-
sicherheiten wurden durch Parameterstudien mit verschiedenen Implantat-
modellen, Einfallsfeldbedingungen, Elektrodenkonfigurationen und Gewe-
bemodellen bestimmt. Mit den daraus abgeleiteten AIMD- und Gewebemo-
dellsimplifizierungen konnen vereinfachte Modelle der Leads unter einheit-
licher Exposition zur Beurteilung von P2T verwendet werden, wihrend die
umligenden Gewebe im Detail modelliert werden miissen. Mit den vorge-
schlagenen Vereinfachungen wird der Bewertungsaufwand P2ATum mehr
als das Zehnfache reduziert.

Zusammenfassend lédsst sich sagen, dass die im Rahmen dieser Dis-
sertation durchgefiihrten Arbeiten mit Hilfe von neuartigen Methoden und
Modellen mit gut kontrollierten Unsicherheiten in verschiedenen klinischen
Szenarien die MRI-Sicherheitbewertung von medizinischen Implantaten ver-
bessert und vereinfacht. Sie liefert ausserdem wichtige Informationen, um
einige der bestehenden Wissensliicken in den aktuellen Sicherheitsrichtlini-
en hinsichtlich der Exposition von Implantaten mit RF-Feldern im MRI zu
schliessen.
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Chapter 1

Background, Motivation,
and Objectives

1.1 Background

The fundamental principle of magnetic resonance imaging (MRI), the nu-
clear magnetic resonance (NMR) phenomenon, was discovered indepen-
dently by Edward M. Purcell and Felix Bloch [2] in the late 1940s. NMR
phenomenology is based on the propensity of some atomic nuclei (e.g.,
'H) to possess an inherent angular momentum, which causes a magnetic
moment to be generated due to the charged particles in the nucleus. The
time-dependent behavior of nuclear moments under the external static and
time-dependent magnetic fields can be described by the Bloch equation[2].
In MRI, pulses of radiofrequency (RF) waves are used to excite the nuclear
spin energy transition, thereby generating a detectable RF signal, which then
applies magnetic field gradients that localize the signal in space. The first
MRI, depicting two tubes of water, was published by Paul Lauterbur in 1973,
followed by an image of a mouse thoracic cavity in 1974. The term MRI
is preferred over NMR imaging as it avoids negative associations patients
may have with the word ‘nuclear’ [3]. It is further sensible to use a term
that distinguishes MRI from the NMR spectroscopy methodologies used in
chemical analysis.
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1.1.1 MRI Safety in the Absence of Implants

MRI, which enables the generation of high-quality images of the inner tis-
sues of the human body without ionizing radiation, has become a widely
used medical diagnostic technique. Figure 1.1 shows the fundamental com-
ponents of an MRI system, comprising the strong static magnetic field (By)
for alignment of the spins, pulsed gradient magnetic fields (G) for applying
spatially and temporally different effective magnetic fields, and a pulsed RF
field for the spin nutation at the Larmor resonance frequency. Apart from
some specialized areas, such as RF hyperthermia, there is no other modal-
ity whereby patients are exposed to such high static, low-frequency (kHz),
and RF (MHz) fields. The complex environment of electromagnetic fields
(EMF) to which patients are exposed during an MRI procedure has raised
questions about MRI safety since the 1970s [4, 5, 6, 7].

Radio Frequency Coil 1 i

Gradient Coil — — — —

Static Magnet J

A\
(8,) (Gx, Gy, Gz) B,)

Y

pc 10° vy 10t 10 100 402 10t 10° 108 1010 10712
1 1 1 1 1 1 1 1 1 1
Wavelength (meters; . .

ot (meters) not applied in MRl
Frequency (Hz)
T T T I B == i i
Dc  10? 10* 108 108 100 102 103G 510 10 10%
ELF Radio Infrared g X-ray and r-rays

(RF) Microwave

1370!,

Non-ionizing lonizing

Non-thermal Non-thermal | Thermal Optical Broken bonds

v
vertigo Low induced currents  High induced currents. Electronic excitation DNA damages

Neuro stimulation Heating Photochemical effects Cancer, etc

Figure 1.1: Fundamental components of an MRI system with the corre-
sponding wavelengths and frequencies of the magnetic fields generated by
these components.
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Potential hazards intrinsic to MRI environments — including, e.g., static
vertigo induced by the static field By, peripheral nerve stimulation induced
by the high switching rate of the gradient fields, tissue heating induced by
RF fields, etc. — have been widely acknowledged [8, 9, 10, 11, 12, 13, 14,
15]. Guidelines and safety standards relating to interactions of EMF with
humans have existed since 1998 [16, 17], and different exposure limits are
recommended for the general public than for those under working condi-
tions. As a compromise between risk and benefit in MRI, the standardized
exposure limits established for patients approach the physiological limits
and are much higher than levels of exposure considered safe for the gen-
eral public and occupational exposure levels, i.e., 50 times higher than for
the general public and 10 times higher than the occupational limits. MRI-
related patient safety standards have been considered by several organiza-
tions, including the U.S. Food and Drug Administration (FDA) [18], the
International Commission on Non-Ionizing Radiation Protection (ICNIRP)
[19], and the International Electrotechnical Commission (IEC) [20]. In the
international standard codified in IEC 60601-2-33, one of the most com-
mon product standards complied with by MRI manufactures, the tempera-
ture limits are set at 38°C in the head, 39°C in the trunk, and 40°C in the
extremities. Despite the uniquely high exposure to EMF during MRI, most
of the potential hazards for patients are avoided or mitigated when proper
procedures and guidelines [21, 22, 23, 24, 20] for MRI safety are followed.

1.1.2 MRI Safety with Implants Present

As the population of patients with chronic diseases — e.g., Parkinson’s dis-
ease, heart disease, chronic pain, etc. — has rapidly increased, the number
of patients implanted with medical devices has also constantly and rapidly
grown and now comprises several million patients worldwide [25]. The va-
riety of implantable medical devices currently being marketed is large and
includes both passive implants — such as metal screws, stents, and artificial
hips — and active implants, such as pacemakers and deep brain and spinal
cord stimulators. As shown in Figure 1.2, the typical active implantable
medical device (AIMD) includes a signal generator that houses the control-
ling electronics and one or more conductive leads that transfers the treatment
signal to the relevant tissues, e.g., the right ventricle for a pacemaker. Due
to the complex electrical structure and components of AIMDs, we focus in
this work mainly on the safety problems imposed by AIMDs.
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Figure 1.2: An example AIMD: (a) the Medtronic pacemaker; (b) the ba-
sic components of the pacemaker; and (c) a typical in vivo position of the
pacemaker and the structure of the lead.

The various potential problems that exist for a patient with an AIMD un-
dergoing an MRI procedure include mechanical movement or dislodgment
through force or torque induced by the magnetic field [26, 27], damage to
the electrical circuitry of the device through exposure to EMF during the
operation of the MR system [28, 29], and heating of the device and adja-
cent tissue through absorption of RF energy. Aside from any direct harm
caused by MRI-induced effects on the AIMD itself, the electrically con-
ductive material of the AIMD may generate distortions in the MRI scan.
Such distortions are caused by the disruption of the homogeneity of the local
magnetic field, which leads to a change in the position-frequency relation-
ship that is crucial for accurate reconstruction of the image [30]. Figure 1.3
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demonstrates image artefacts caused by a cochlear implant with and without
a magnet [31].

Source: Medical Procedures for MED-EL CI Systems. https://s3.medel.com/documents/AW/AW33290_50_Manual_Medical_
Procedures_CI_Systems_EN-english-US.pdf

Figure 1.3: Image artefacts (axial view) caused by the presence of a cochlear
implant during a spin echo pulse sequence in a 1.5 T MRI scanner (left im-
age) compared to image artefacts resulting after the magnetic implant was
replaced with a non-magnetic spacer (right image).

Among these safety hazards, the RF-induced heating inside a patient
with an active implantable medical device is one of the most serious safety
concerns, due to the potential for highly concentrated in vivo local tissue
heating near the implant electrode. The repeated RF pulses used for sig-
nal induction in MRI can generate strong electric fields inside the body and
lead to high local deposition of energy density in the tissue surrounding
the conductive ends, e.g., electrodes, of the implant leads. The amount of
RF-induced tissue heating can potentially be significant for elongated im-
plants such as cardiac pacemakers, defibrillators [32, 33], and neuro stim-
ulators [34, 35], and the high local levels of deposited power may conse-
quently cause irreversible damage to tissue. The magnitude of RF-heating
depends on a multitude of variables specific to the MRI system (e.g., RF-
coil design and manufacturer’s power calculation algorithm [36]), the im-
plant (e.g., geometrical built and location [33, 37]), and the patient imaging
conditions (e.g., patients anatomy, posture, and position with respect to the
RF-coil[38]).
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The severity of the risk to the patient caused by RF-induced heating is
difficult to generalize with thermal metrics alone. For example, although
substantial tissue heating in the vicinity of a cardiac rhythm device has
been reported during MRI scanning [32], the results of several recent stud-
ies demonstrate that MRI scanning of patients with implants can be safe
[39, 40]. On the other hand, while substantial tissue heating in the vicinity
of a cardiac pacemaker can be tolerated and does not cause consistently de-
tectable histological alteration [32], a relatively small temperature increase
of brain tissue induced by a deep-brain stimulator may be detrimental. Fig-
ure 1.4 shows an example of a brain lesion caused by an inappropriate set-
ting during an MRI scan of a patient implanted with a deep brain stimulator
(DBS) for Parkinson’s disease labelled as ‘MRI conditional’. Therefore,
extreme precautions must be taken to carefully limit the RF exposure in
patients with implanted AIMDs, and the guidelines of the implant manufac-
turers must be followed strictly.

Source: J.M. Henderson, et al., “Permanent Neurological Deficit Related to Magnetic Resonance
Imaging in a Patient with Implanted Deep Brain Stimulator Electrodes for Parkinson’s Disease:
Case Report ", Neurosurg., 57(5), 2005

Figure 1.4: CT scan images of patient implanted with a DBS revealing the
lesion — caused by the interaction between the RF field inside the MRI and
the DBS inside the patient’s brain — surrounding the left electrode of the
DBS [34].
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1.1.3 RF Safety Assessment of AIMDs

Because of the established potential hazards, introduced in Section 1.1.2,
millions of patients with implanted AIMDs are excluded from the benefits
of safe MRI diagnoses. On the other hand, MRI scans are recommended for
more than 40% of patients with implant devices [41]. Implant manufactures
have exerted tremendous effort to the development of AIMDs labelled ‘MRI
safe’ or ‘MRI conditional’, and there is, consequently, a large demand for
the advancement of methodologies that enable trustworthy assessment of
AIMD safety during MRIL

As in vivo assessment within the patient is generally not feasible, in
silico trials and animal experiments are often used as a proxy to allow as-
sessment of implant safety without posing potential health risks to patients.
Unfortunately, both of these approaches have limitations. The computa-
tional resources required for in silico trials to resolve the multi-scale struc-
tures during full-wave modeling of clinical scenarios are so extremely de-
manding as to preclude the possibility of performing the safety evaluations
through in silico trials alone. Animal experiments, on the other hand, are
very costly — which limits the number of experiments that can be performed
— and the exposure conditions are difficult to control, which leads to high
experimental uncertainty. Clinical trials are, thus, under consideration as a
potential alternative to provide a clear path to safety assessment. However,
clinical trials of a limited number of scenarios are unlikely to provide suffi-
cient data to ensure safety for all potential clinical scenarios. At a minimum,
a comprehensive safety evaluation must take a significant number of cases
of relevant RF exposures into consideration and provide a concrete method
for RF characterization of implants.

In consideration of these practical limitations and restrictions of in sil-
ico and clinical trials, technical specification ISO/TS 10974 for AIMDs in
MRI has been developed by a joint working group of the International Stan-
dard Organization (ISO) and the IEC [1] to provide guidance for the safety
evaluation of AIMDs. According to ISO/TS 10974, a comprehensive as-
sessment of RF-induced heating for patient with AIMD can be performed
in a progressive manner by first estimating the RF power deposition near
the AIMD, then converting the power deposition to an in vivo temperature
increase.

Four tiered approaches for determining RF power deposition around the
AIMD electrode are proposed in Clause 8 of the ISO/TS 10974 [1]. The four
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tiers are arranged in order of increasing complexity of evaluation methodol-
ogy, as well as increased accuracy of the resulting estimation:

 Tier 1, the most conservative approach to the determination of power
deposition, requires no electromagnetic (EM) modeling — the maxi-
mum induced electrical field is used as the incident field.

* Tier 2 relies on EM modeling of the interaction of RF fields with
human tissue to evaluate the electric field in the implant volume of
interest, and the maximum electric field within the volume of interest
is used as the incident field.

¢ Tier 3 involves EM modeling to determine the tangential electric field
(E..) along AIMD routing tracks, which is used as the incident field.

* Tier 4 involves concurrent modeling of human and AIMD models for
the relevant RF exposure conditions and results in the smallest amount
of overestimation.

Tiers 1 and 2 can be used to assess only electrically short AIMDs due
to phase effects, as described in Annex K of [1], while Tier 4 requires the
use of extremely expensive computational resources to carry out concurrent
modeling of a human, on the scale of meters, and AIMDs on the millimeter
scale. Tier 3, however, is based on a synergy of in vitro experimental testing
and in silico analysis to enable assessment of patient risk due to RF-implant
interaction during MRI. Tier 3 is designed to significantly reduce the numer-
ical complexity of multi-scale full-wave evaluation in Tier 4, thus increasing
the assessment efficiency sufficiently that it can be applied to a wide range
of clinical scenarios. The biggest advantage of the Tier 3 approach is that it
separates implant-RF interactions — characterized by the AIMD RF transfer
function — from human-RF interactions — characterized by the B;-induced
tangential electrical field along the AIMD routings inside the human body.
The combination of these two parts can provide an estimation of the local
power deposition in tissues due to the AIMD. The evaluation of implant-
RF interactions is often conducted through in vitro experiments, while the
evaluation of human-RF interactions is accomplished through in silico mod-
eling.
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1.2 Motivation

In recent decades, comprehensive research efforts and implant development
have led to a lowered risk for unintended coupling of the conductive im-
plants with the RF fields. Several products have been approved by the FDA
or European Medical Agency (EMA) for clinical use[42, 43]. The first de-
vice to be officially labelled ‘MRI conditional’ by the EMA was released
in 2008, and the first FDA-approved device followed in 2011. However, re-
ports of several patient tissue damage cases associated with AIMDs during
MRI [32, 34] reinforces the realization that caution is required when imag-
ing patients with biomedical implants or devices. Thus, it is important that
MRI compatibility be demonstrated by proper procedures as defined by the
standards or a recognized authorization body such as the FDA or EMA[25].

Although the procedure for testing RF-induced heating inside patients
with AIMD:s is provided in the technical specification [1], the characteriza-
tion method and uncertainty control must be designed and determined by
practitioners. The rapid expansion of the types and models of AIMDs —
with varied and complex structures — being introduced on the market com-
plicates the process of being able to provide up-to-date device information
to ensure that the evaluation of the device is as thorough as possible. Fur-
thermore, when the literature indicates that an implant or device is MRI
safe, the thoroughness and competence of the assessment result should also
be considered with respect to the MRI system, pulse sequence, and exam-
ination setup used. Given the relative risks posed by the large number of
implantable electronic devices, MRI systems, and pulse sequences, the es-
tablishment of an effective pre-MRI evaluation is critical for the safety of
all individuals with AIMDs entering the MRI environment.

As the implant RF-heating model is derived from in vivo experimental
characterization and validation tests, to improve the accuracy of the implant
model, both measurement accuracy and the exposure conditions of the in
vitro radiated tests must be well-characterized and well-controlled to mini-
mize the uncertainty and errors due to the experimental design.

The extreme field gradients generated near the implant electrode (5 —
10 dB/mm) are one aspect of the major limitations of the measurement ac-
curacy; with a sensor position error of 0.2 mm, the uncertainty caused by
the sensor position can be more than 2 dB. Another limitation comes from
the exposure field diversity achievable during the radiated test. Although
several phantom and implant routing combinations to achieve the exposure
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field diversity are recommended in the current guidelines, the feasible field
diversity is still limited by the meter-scale implant structure and finite test
phantom volume. If, during the design of the implant routings, we take
into consideration the phantom boundary reflection and adjacent implant
segments coupling effects, the available implant routing and phantom com-
binations for the exposure diversity will be greatly restricted. These prac-
tical experimental limitations need to be considered and addressed with in
vitro experimental evaluation methods. Sufficient diversity and high accu-
racy must be established to enable accurate characterization of AIMD RF-
heating models.

The in vivo power deposition inside patients with implantable medical
devices during MRI depends not only on the characteristics of the implant
but also on the in vivo exposure environment caused by the interaction of
RF-fields with human tissues. Anatomical human phantoms are a key com-
ponent of dosimetric studies designed to investigate how the absorption of
EMF by the human body impacts the assessment of implant safety [44, 45].
It is important to note, however, that uncertainties related to the anatomical
phantoms are difficult to quantify, and that a benchmark does not yet exist.
Therefore, questions related to the uncertainty due to the limitations posed
by the phantoms with respect to population sampling, segmentation, tissue
parameters, and discretization must be addressed and clarified. While the
latter two factors can be easily evaluated through a sensitivity analysis, the
first two are difficult to quantify, as the number of samples and the level of
segmentation cannot be easily increased or varied; the workload involved
in data acquisition, segmentation, model generation and validation is ex-
tremely high, requiring at least one person-year for each new model. On
the other hand, the in vivo RF-human interaction depends on many clini-
cal factors, including the MRI scanner technology (e.g., RF coil and pulse
sequence design), patient anatomy (e.g., patient size, body mass index),
imaging position, exposure level, etc. Therefore, a comprehensive safety
assessment cannot be derived from limited scenarios possible in a clinical
trial, and it is important that a comprehensive evaluation of different clini-
cal factors be performed in a timely and traceable manner. It is, therefore,
necessary to take these various clinical factors into consideration when the
RF-induced fields inside the human body are investigated and analyzed.

The ultimate goal when evaluating RF-induced heating in a patient is to
determine the degree of potential tissue damage, for which the temperature
increase is the most logical metric. Given the in vivo power deposition, the
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estimation of temperature increase in the tissue is achieved by converting
local in vivo power deposition into in vivo temperature changes, for which
thermal simulation algorithms can be used. However, the complicated in
vivo tissue environment inside human body and the multi-scale structure —
meter scale for human body and millimeter scale for AIMD structures —
involved in the clinical scenarios make computations extremely time con-
suming and expensive. A more efficient way to derive the in vivo thermal
response of an AIMD is needed.

1.3 Objectives

The goal of this thesis is to develop better, easier, and more comprehensive
evaluation methods for RF-induced heating inside a patient with an AIMD
during MRI exposure. The problem definition is divided into three parts :
(1) in vitro experimental methods used for accurate characterization and val-
idation of an AIMD RF-heating model; (2) evaluation of in vivo RF-human
interaction; and (3) determination of in vivo temperature increase. To ad-
dress these problems, it is necessary to identify the practical experimental
limitations and quantify the related uncertainties inherent in the in vitro ex-
perimental testing, develop an experimental evaluation method to reduce
the inaccuracy caused by the specific absorption rate (SAR) and the high
temperature gradients near the implant electrodes, formulate experimental
methods for the characterization and validation of the RF-heating model
under diverse and well-controlled exposure conditions, quantify the contri-
bution of the anatomical uncertainty due to the segmentation in the phantom
to the evaluation of in vivo AIMD power deposition, investigate the in vivo
implant exposure environment with various clinical scenarios taken into ac-
count towards providing the workflow for timely and traceable evaluation of
a wide range of patient exposure scenarios, and derive procedures for sim-
plification of implant and tissue models to enable more efficient conversion
of in vivo power deposition to in vivo temperature increase.

1.4 Synopsis
This thesis is organized into six parts.

e Part I — Introduction
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— Chapter 2: Practical Considerations in Experimental Evalua-
tions of RF-Induced Heating of Leaded Implants: an overview
of the engineering issues in determining the coupling of the
AIMD with the RF fields of the MRI are provided, the related
uncertainties are quantified.

e Part I — Review of State-of-Knowledge: A comprehensive review
of the current knowledge about the MRI safety is provided

— Chapter 3: Electromagnetic MRI Safety with and without Im-
plantable Metallic Devices: A Review: to better understand the
potential adverse interactions of the MRI scanner with the im-
plant, the complex and hostile electromagnetic environment has
been summarized. The influence of patient anatomy, imaging
position, and exposure conditions have on the implant in vivo
exposure environment in MRI has been investigated.

e Part IIl — In Vitro Experimental Methods: in vitro evaluation meth-
ods to allow accurate characterization and validation of RF-implant
models under diversified and well-controlled exposure conditions are
proposed

— Chapter 4: Novel Test Field Diversity Method for RF Transfer
Function Validation Required for Demonstrating MRI Safety of
Active Implantable Medical Devices: a carefully designed test
setup is introduced for an efficient and reliable method to char-
acterize the AIMD RF-heating model by means of test-field-
diversity testing; the proposed method provides diverse inci-
dent conditions to the implant under test while preserving the
fidelity of the incident conditions; the implementation of the
proposed test-field-diversity method is applied to a 90-cm-long
spinal cord stimulator lead in both 1.5 T and 3.0 T MRI-exposure
systems

— Chapter 5: Data-Driven Experimental Evaluation Method for
the Safety Assessment of Implants with Respect to RF-Induced
Heating During MRI: a new, data-driven experimental method
is proposed to reduce the inaccuracy of the available methods
caused by the high spatial gradients of SAR distribution near the
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electrodes of AIMDs; the proposed method increases the accu-
racy over that of traditional methods through the use of simple
numerical modeling and imaging co-registration algorithms to
overcome the stringent requirements on sensor positioning

e Part IV — In Vivo Human-RF Interaction Evaluation: the uncertainty
related to the impact of anatomical segmentation on the determination
of in vivo power deposition is characterized and quantified to establish
a workflow for thorough assessment based on a comprehensive in vivo
data library

— Chapter 6: Anatomical Model Uncertainty for RF Safety Eval-
uation of AIMD Under MRI Exposure: to quantify the uncer-
tainty associated with tissue assignment and segmentation qual-
ity and consistency of digital human phantoms, we used two
generations of virtual population phantoms (ViP 1.x and ViP
3.0) to assess AIMD-related risk during MRI: the RF-induced
10g-averaged E-fields, the tangential E-field distribution along
AIMD routings, and the estimated in vivo power deposition are
determined for five phantoms available from both ViP 1.x and
ViP 3.0.

— Chapter 7: A Comprehensive Data Library Combined with an
Analytics Toolset for Standardized, Validated, and Effective Safety
Assessment of Patients with Medical Implants during MRI Ex-
posure: the RF-induced heating in a patient implanted with an
AIMD is a complex, multi-factor function; to enable a compre-
hensive safety assessment in a timely and traceable way, we es-
tablished a standardized and effective safety assessment work-
flow based on a comprehensive data library combined with an
analytics toolset

* Part V— Determination of the In Vivo Temperature Increase: implant
and tissue model simplifications that enables accurate conversion of in
vivo power deposition to in vivo temperature rise for AIMDs exposed
to MRI environment are established.

— Chapter 8: Efficient and Reliable Assessment of the Maximum
Local Tissue Temperature Increase at the Electrodes of Medical
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Implants under MRI Exposure: to enable efficient and accurate
conversion of in vivo power deposition into in vivo temperature
increase, implant and tissue model simplifications for the deriva-
tion of the in vivo thermal response of AIMDs are proposed; the
feasibility and efficiency of the proposed simplification has been
validated for two common clinical scenarios

e Part VI — Epilogue: conclusions and outlook

Chapter 9: Conclusions and Outlook on Related Future Re-
search Topics

e Part VII — Appendices: includes supporting information for chapters
3 and 4, lists of acronyms, symbols, tables, and publications

Appendix A Supporting Information for Chapter 4
Appendix B Supporting Information for Chapter 5
Appendix C List of Acronyms

Appendix D List of Symbols

Appendix E List of Publications



Chapter 2

Practical Considerations in
Experimental Evaluations
of RF-induced Heating of
Leaded Implants

2.1 Abstract

I'This study illustrates some practical considerations to accommodate the
non-ideality of experimental conditions needed in the Tier 3 assessment of
RF-induced heating of leaded implants. The method, based on Tier 3 safety
assessment during MRI exposure of ISO/TS 10974, is currently used for the
rapid modeling of RF-implant interactions. We summarize the theoretical
accuracy of Tier 3 method and the practical considerations for its actual
implementation.

IThis Chapter has been published in [46]

17
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2.2 Introduction

The Tier 4 method [1] requires the direct modeling of electromagnetic field
(EMF) interactions of the implant under clinical MRI conditions, which can
be achieved by computational electromagnetic (CEM) modeling of the im-
plant integrated within the human body under MRI-based RF exposure. Tier
4 remains the only method whereby RF-implant interactions within a com-
plex anatomy are not compromised by any simplifying assumptions. Al-
though the Tier 4 method is intuitively simple, it is computationally de-
manding — especially for leaded implants. The spatial resolution of the
numerical model is usually dictated by the smallest geometry within the
computational domain. For the case of RF-implant interactions during MRI
exposure, submillimeter resolution is often required to resolve the geometri-
cal features of the implant. Such fine resolution, also extended to the RF-coil
and the patient anatomy, would render the size of the whole computational
domain exceedingly large.

The Tier 3 method of [1] is designed to alleviate the computational bur-
den inherent in Tier 4 evaluation. Simplifying assumptions regarding RF-
implant interactions inside the complex human anatomy are introduced to
enable the separation of this computationally large problem. Tier 3 method
involves a separate evaluation of (a) RF-induced heating characteristics of
the implant and (b) RF exposure of patients undergoing MRI; these are com-
bined to provide an estimate of the local power deposition in tissues by the
implant. Implementation of the Tier 3 method was demonstrated in several
studies [47, 48, 38]. The evaluation of (a) is often conducted experimentally,
while the evaluation of (b) is accomplished through in silico trials. There-
fore, in vitro experiments are an intrinsic part of Tier 3 evaluation. Here, we
summarize some of the difficulties encountered during experimental imple-
mentation tests of (a) and their mitigation strategies.

2.3 Experimental Characterization of Implant
RF-induced Heating

Piece-wise excitation (7X) is a Tier 3-compliant method that can be used
to characterize RF-induced heating of medical implants. The characteriza-
tion is based on the technique proposed in [49] where a transfer function,
henceforth referred to as the 7X model, h(l), is defined as the relationship
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between the locally induced electric field around an electrode pole and ex-
citation along length [ of the implant. Figure 2.1 depicts a schematic of the
method.

L Ei=g0

1 J INL

Figure 2.1: Schematic of the piece-wise excitation method. l is the unit
tangential vector to the implant at length [.

The tangential component of the local incident electric field, E.,,, is cou-
pled with the implant at length [ and the induced electric field around a re-
gion of high-heating (e.g., in the vicinity of stimulating electrodes) at point
r, E,.(r), is evaluated. Therefore, the total induced power of the tip elec-
trode (Pyyp), attributed to E,,, coupling along the entire implant of length L
can be estimated from the relation:

Ny, Np,
Prp = Wo(O_ h(l) Ea(l5)A5) (O (1) Eu(l5)A)* 2.1)

where W) is the Py, of an implant for E,,, = 1V/m.

The most evident simplifying assumption in the derivation of a Tier 3
model is that the complex tissue composition is approximated with a tissue-
simulating medium (TSM). In practice, Tier 3 model is often derived from
in vitro experiments with the implant submerged in a TSM-filled test phan-
tom. We shall demonstrate our considerations during the design of the ex-
perimental system using two generic implants. The generic implants are
400-mm and 800-mm long insulated wires comprising a 1.5-mm diameter
conductor with a 0.5-mm thick insulation layer. The insulation is removed
at one termination, leaving a 10-mm long exposed conductive tip. To derive
the 7X model, each generic implant is placed in a homogeneous TSM-filled
phantom and local excitation tracks along the length of the leaded implant,
similar to the schematic of Figure 2.1. In this study, the dielectric properties
of the TSM are similar to those specified in [1]. We shall illustrate the eval-
uation at 64 MHz (1.5 T MRI). Figure 2.2 depicts our experimental system
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(7X), designed to derive a Tier 3 model of RF-induced implant heating.

> >
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. i
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Figure 2.2: The experimental system for deriving 7X models of implant
RF-induced local power deposition. (a) The 7X system. (b) Close-up of
the local excitation source and the exposed 10-mm conductive tip of the
800-mm implant.

The TSM has an attenuation constant of o = 0.082 Np/cm (v = 0.72
dB/cm). Our first prototype of the 7X system comprised a 20 Liter (L) ho-
mogeneous TSM-filled phantom and the implant is placed at 6 cm away
from all boundaries; we anticipated that with such extreme loss of the TSM,
the finite boundaries would insignificantly affect the 7X models derived
with experimental system. However, we found that the 7X models notice-
ably deviate from the numerical solution, derived from full-wave CEM sim-
ulations assuming implant immersion in an unbounded medium. The simu-
lations are performed with SEMCAD X (SPEAG, Zurich), a platform based
on the finite difference time-domain method [50]. It will be shown that this
oversight substantially affects the prediction of the power deposition of the
implants, calculated by the 7X models. The 7X systems was revised to in-
clude a 70 L homogeneous TSM-filled phantom with the distance between
the implant and all boundaries of 12cm. In Figure 2.3, we compare the
7X models derived from full-wave CEM simulations, the experimental sys-
tem with 20 L phantom, and the experimental system with 70 L phantom. It
is clearly shown that the 7X models derived from the revised experimental
setup converge to the numerical solutions.

For each implant, the induced power deposition at the conductive tip of



2.3. EXPERIMENTAL CHARACTERIZATION 21

numerical e 70L phantom «eseeeees 20L phantom

800-mm sample 400-mm sample
1.5

(a.u.)

h()] (a-u.)
()|

600 800

Lh(l) (rad)
Lh(l) (rad)

o\\——w

0 200 400 600 800 0 200 400 600 800
| (mm) ! (mm)

Figure 2.3: The 7X models of the 400- and 800-mm implants, derived from
numerical simulations with unbounded medium (black solid), the experi-
mental system with 20 phantom (orange dotted), and the experimental
system with 70L phantom (blue dotted). Up: magnitude of the models;
Down: phase of the models;

the implants from approximately 40 different exposures are computed from
direct modeling of the implant-RF interactions via full-wave CEM simula-
tions. The power deposition of the two implants are compared with the val-
ues predicted by the 7X models, numerically derived from CEM and the 7X
models, experimentally derived from the two versions (20 L and 70 L TSM-
filled phantoms) of the 7X system. Same RF exposure conditions as those
considered in the direct implant-RF modeling, are used for the 7X predic-
tions. The considered exposure conditions are shown in Figure 2.4. Figure
2.5 illustrates the power deposition of each generic implant under different
RF exposures, obtained from (a) direct modeling of implant-RF interactions
via full-wave CEM simulations; (b) Equation 2.1 with numerically-derived
wX model; (c) Equation 2.1 with 7X model experimentally-derived in 20 L
phantom; and (d) Equation 2.1 with the 7X model experimentally derived



22 CHAPTER 2. PRACTICAL CONSIDERATIONS

in 70 L phantom. For the short implant (400 mm), the estimated P, ob-
tained with both experimental systems are within 1 dB of those obtained
from direct CEM modeling and numerically-derived 7X model; whereas
for the long implant sample (800 mm), the estimated Py, obtained with the
experimental system with 20 L phantom is significantly below (more than
5x) those obtained from direct CEM modeling and the numerically-derived
X model.
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|E.(1)] is always unity. (a) Phase- reversal exposure. (b) Linear-phase ex-
posure.
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Figure 2.5: The power deposition of each generic implant per unit
|E...(1)| obtained from the direct implant-RF modeling ("o’ makers), the
numerically-derived mX model (black solid), the experimentally-derived
model in 20 L phantom (blue dotted), and the experimentally-derived model
in 70 L phantom (orange dotted).

2.4 Experimental Radiated Testing of Implant
RF-induced Heating

Experimental radiated immunity test is also an integral part of RF-induced
heating evaluation. For example, it is needed for the validation of an implant
model. A radiated immunity test generally comprises a TSM-filled phantom
where the implant is submerged and an RF exposure source. For leaded im-
plants, the RF-induced heating is dominated by the coupling of the implant
with the tangential component of the electric fields along its length, E,,(1).
Therefore, different exposure conditions can be carefully designed by ad-
justing the implant routing paths within the phantom. Several examples are
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provided in [1].

Despite that the provisional guidelines may suggest, the experimental
uncertainty of the exposure design must still be carefully investigated be-
fore its experimental implementation. Here, we demonstrate the design of a
phase-reversal exposure condition which is commonly used in the radiated
test of leaded implants. Figure 2.6 illustrates two example experimental
setups to achieve phase-reversal RF-exposure to the implant. The leaded
implants are bent at the phase-reversal position and the different segments
of the implants are separated by a finite distance.

Figure 2.6: Two examples of radiated test experimental setup providing a
phase-reversal incident condition to the implant. The implant routing paths
are shown as red solid lines. The phase distribution of F,,,(l) of the phase-
reversal incident conditions are illustrated in Figure 2.4a

In practice, this separation distance is limited to a small value to accom-



26 CHAPTER 2. PRACTICAL CONSIDERATIONS

modate the finite size of the experimental phantoms. Depending on the elec-
trical properties of the implants, the presence of the adjacent lead segment
may have appreciable effects on P;,. We investigated this affect using full-
wave CEM simulations of two 400-mm insulated wires positioned parallel
to each other with a separation distance, d and are immersed in unbounded
medium (e, = 78 and ¢ = 0.47 S/m). The implants are exposed to incident
TEM waves with the electric fields polarized in the direction of the long
axes of the leaded implants and the propagation vector perpendicular to the
common plane of the implants’ axes. Figure 2.7 illustrates Py, as a func-
tion of the separation distance, d. The results indicate that the scattering
from the adjacent segment of a leaded-implant caused by a phase-reversal
experimental configuration may significantly affect P, when d < 10 cm.

2.5 Summary

We have demonstrated that the experimental assessment of RF-induced heat-
ing of implant must be conducted under carefully designed test setup. Ex-
amples of two types of experimental evaluations were provided. First, we
showed that the 7X models obtained with an unoptimized experimental
system (20L phantom) lead to a significantly different prediction of the
RF-induced heating of implants and the power deposition was estimated
to be significantly less than the direct implant-RF CEM simulations and
the numerically-derived mX models for the 800-mm implant. Alternatively,
the estimated power deposition evaluated from the 7X model obtained with
the optimized experimental system (70 L phantom) has excellent agreement
with those obtained from numerical solutions. Second, we demonstrated
that radiated test configurations specified by provisional guidelines may not
be suitable for all implants and their practical performance must be investi-
gated prior to their implementation.

It is essential that the accuracy of the experimental methods and the
instrumentation be assessed prior to their application to evaluated implant
RF-induced heating performance. Admittedly, some inherent experimental
uncertainties cannot be avoided, which is why optimizing the in vitro in-
vestigation is necessary to minimize the experimental uncertainties and to
dismiss any potential false assumptions.
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Figure 2.7: (a) Py, as a function of separation distance, d. The estimated
power is illustrated with respect to Py, when only 1 lead is present, P, is
shown in black. The |E,,(1)|, averaged over the length of the implant, with
respect to the average |E,,({)| when only 1 lead is present, E, is plotted in
red. (b) Estimated |E,,(1)| to the lead due to the presence of a neighboring
parallel lead at distance, d.
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Chapter 3

Electromagnetic MRI
Safety with and without
Implantable Metallic
Devices: A Review

3.1 Abstract

! The image quality of magnetic resonance imaging is directly related to the
strength, uniformity and quality of the static magnetic, low-frequency gra-
dient and radiofrequency (RF) fields generated in the field of view by the
scanner. The gradient fields can cause unwanted nerve stimulation and the
RF fields localized thermal heating. The fields can also interact with im-
planted medical devices; potentially causing harm by displacement forces,
localized temperature increase near the implant or malfunctions of active
implants. Here, we provide a comprehensive review of the strength and
distributions of the fields and the associated risks for the patients as a func-
tion of patient anatomy, imaging position, and exposure condition. In cases
where the published data was insufficient, additional simulations were per-

IThis Chapter has been published in [51]
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formed. The review also includes a critical evaluation of the MRI safety
related standards. All results can be directly applied by researchers and
practitioners for specific hazard identifications.

3.2 Introduction

The discourse on safety of magnetic resonance imaging (MRI) exposure
is long-lasting and started in the 1970s [4, 5, 6, 7]. After the U.S. Food
and Drug Administration (FDA) reclassified MRI scanners from class III
to class II devices in the late 1980s, market adoption accelerated and to-
day there are approximately 50,000 scanners installed worldwide. The po-
tential hazards intrinsic to the MRI environment have been evaluated and
acknowledged [8, 9, 10, 11, 12, 13, 14, 15]. To avoid or mitigate adverse
events, adequate MRI procedures and safety guidelines have been estab-
lished [21, 22, 23, 24, 20]. Unfortunately, there are still numerous docu-
mented cases of accidents involving MRI scanners that have resulted in per-
sonal injury and even death, some of them due to metallic implant devices
inside the human body [52, 53, 54, 55, 35]. Various additional potential
hazards exist for a patient with conductive passive and active implantable
medical devices (PIMD and AIMD) undergoing MRI scanning as they may
strongly couple with the EM fields during the scan. Potential hazards in-
clude mechanical movement or dislodgment due to magnetic field induced
forces and torques [15, 56]; damage to the circuitry of the device due to
exposure to the EM [57]; and heating of the device and adjacent tissue due
to radiofrequency (RF) energy absorption [29, 58, 30, 59]. Apart from the
direct harm occurring during the scan, the MRI image can also be distorted
around implants [60], compromising the accurate diagnostics and subse-
quent medical decisions. Ensuring a safe scanning environment is a contin-
uous challenge for MRI radiologists and technicians as they have to weigh
the benefit of a superior diagnostic against the risk assessments provided by
both, MR scanner and PIMD/AIMD manufacturers. Although the potential
safety issues and information for different implant types has been summa-
rized and discussed [15, 25], the amount of biomedical implants and devices
is steadily increasing; many of which have not been adequately tested with
respect to MRI safety. Furthermore, the potential hazards of an implant de-
pend on a variety of parameters, such as the MR system, patient anatomy,
implant location, imaging position, exposure level, configuration, and du-
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ration. The exposure environment of the PIMD/AIMD thus needs to be
investigated thoroughly to better understand the relative risks posed to the
patient.

This review starts by outlining the standardization framework before
providing a comprehensive overview of the EM fields relevant for the safety
assessment of both patients with and without PIMD/AIMD. In cases where
information in the literature on the RF fields was insufficient, additional
simulations were performed to augment the knowledge of the EM field dis-
tributions. The discussions provide guidelines how the risks of different
scanning conditions can be evaluated.

3.3 Standardization

MRI guidelines and safety standards have existed for many years. The three
most influential documents covering patients without implants are (i) IEC
60601-2-33 [20], (ii) ICNIRP 2004 [19](with amendment of 2009), and (iii)
FDA 2014 [18]. All of them involve very similar limitation approaches. The
major differences are the head-averaged specific absorption rate (SAR) limit
(i,iii: 3.2 W/kg; ii: 3.0 W/kg), the local SAR limit averaged over 10 g of
tissue in the controlled mode (i: 20 and 40 W/kg; ii: 10 and 20 W/kg; iii: no
explicit limits given), and the averaging time (i,ii: 6 min; iii: 10 and 15 min).
Further, the latest edition of (i) does not apply the local SAR limit to volume
coils, which effectively permits local SAR values far beyond 40 W/kg in
case of body coils [61, 62]. Manufacturers generally comply with the most
comprehensive product standard of IEC (i). Since 2015, IEC includes a
so called ‘Fixed Parameter Option (FPO:B)’, designed for the compliant
scanning of patients with implants. Yet, the main focus still remains on
patients without implants.

As conductive PIMD/AIMD couple with the fields, which generally re-
sults in locally enhanced fields, additional safety evaluations must be per-
formed when scanning patients with metallic implants. Two safety evalua-
tions methods are currently applied ASTM F2182-11a [63] for PIMD and
the more advanced methods of IEC/TS 10974 [1] for AIMD.

The ASTM F2182-11a [63] provides guidelines to assess tissue-heating
near PIMD during exposure to the RF field in MRI. It is a primarily experi-
mental assessment of the implant heating within a test phantom. While this
is the most widely accepted safety assessment method for PIMD today, it
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is a greatly simplified proxy for the implant exposure in the patient. First,
the test electric (E)-field in the phantom does not reflect the actual fields
in the patient. Second, the permittivity and conductivity of the phantom
material may substantially differ from actual tissue, especially for implants
inside bone or fat (the surrounding tissue defines the electric lengths of the
implant). Finally, larger implants may not properly fit the phantom, and are
exposed to a non-uniform E-field, where the lateral decay-rate towards the
front and back is depending on the scanner geometry.

Figure 3.1 illustrates the differences between a real patient and the ho-
mogenous test phantom as defined by the ASTM standard test method. The
normalization to 2 W/kg phantom-averaged SAR results in much smaller
delivered power than for a heavy patient. The local SAR can be seven
times higher in the patient, and the square of the induced E-field more than
50 times higher. For typical implant routings inside the torso (such as pace-
makers, evaluated later in this review), the average incident E-field remains
below 150 V/m, which is similar to the field level in the ASTM phantom.
However, for orthopedic implants (trajectories on the femur, ulna and clavi-
cle were evaluated), the incident E-field can exceed 200 V/m. As these high
E-fields tend to occur in fat-tissue (illustrated in Figure 3.1 for the thigh),
it does not lead to high local incident SAR values, because of the low con-
ductivity in fat. Therefore, relating the local incident SAR inside the ASTM
phantom to the in vivo SAR (as suggested in 9.1 of the ASTM test method
[63]) is a questionable approach, considering tissues can have very different
dielectric parameters than the ASTM phantom material. In conclusion, even
though the risk assessment using the ASTM is conservative for most PIMD,
the risk might be underestimated for some implants. This underestimation
could be addressed by introducing additional evaluations steps for high field
implant locations, similar to those developed in IEC/TS/SD 10974.

The more recently developed standard IEC/TS/SD 10974 for AIMD
overcomes the shortcomings of ASTM F2182-11a [63] and considers the ac-
tual induced fields in patients. The working group developing this standard
assembles the expertise of the International Organization for Standardiza-
tion (ISO) TC150/SC6 on AIMD and IEC SC62B MT40 on MR equipment
for medical diagnosis. IEC/TS 10974 includes a Tier 4 approach that allows
simplified evaluations for short implants while also including the most elab-
orated evaluations for complex AIMD. To eliminate the major shortcomings
of the older ASTM standard, the same or an adopted approach could also be
applied to PIMD.
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Figure 3.1: Induced E-field comparison (Elcm?) between FATS (maximum
intensity projection for all imaging positions) and the ASTM phantom (slice
view at the vertical center, where the implant is placed). When both are nor-
malized to a wbSAR of 2 W/kg, the local SAR is about a factor 7 higher in
FATS, the maximum Elcm3 about a factor 7 in field (factor 50 in power).
This large difference in the E-field is at least partially due to high E-fields
in fat-tissues. Due to the low electric conductivity of fat, the difference is
not reflected in the local SAR. When evaluating the tangential E-field (F,,,)
along three orthopedic implant trajectories (evaluated for one imaging posi-
tion each), E,, can be considerably higher than in ASTM testing (factor >
3 in power). Note the factor 3.3 (10 dB) difference in the scale normaliza-
tion. The box illustrates the thigh region, where SAR is typically highest in
muscle, but the E-field in fat (x).

3.4 Analysis of the PIMD/AIMD Environment

The fundamental components of the MRI system are usually composed of
three parts: the strong static magnetic field (By), three orthogonal pulsed
gradient magnetic fields (G, Gy, G) and the pulsed modulated radiofre-
quency magnetic fields (B;). All three field components will be reviewed in
the following paragraphs. In cases where the available data was considered
insufficient, this information was added through additional simulations.
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3.4.1 The Static Magnetic Field (5,)

By is a component of the MRI system that is continuously present. Most
clinical scanners use superconducting magnets with cylindrical bores. 1.5
Tesla (T) and 3 T are the most commonly used scanners, with a few 7T
systems now approved for clinical use in humans [64]. A smaller number of
ultra-high field MR systems in the range of up to 10.5 T are used in research
institutions worldwide. The static magnetic field has the highest patient
accessible magnitude at the iso-center of the MRI scanner, and the greatest
patient accessible gradient usually at the edge of the MRI scanner bore,
typically around 2 — 4 T/m.

3.4.2 The Gradient Field (&)

G in three orthogonal directions (X, y, and z-axis) are used for spatial MRI
signal encoding. For a supine patient position, the x-axis would go from
left to right, the y-axis would go from front to back, and the z-axis would
go from head to feet. For applications that requires high-speed imaging
(e.g., for functional MRI), higher gradient field change-rates are required.
These time-varying fields will lead to induced E-fields and resulting cur-
rents within the body. For typical clinical MRI systems, the gradient field
strengths are about 15 — 50 mT/m with maximum slew rates of 100 —200 T/m/s
within the field of view (FOV). Gradient fields in ultra-high field systems
can be as high as 100 mT/m with slew rates of 800 T/m/s. Gradient coils are
designed to generate highly linear gradients within the FOV around the iso-
center of the scanner. Typical frequencies of these gradient fields are around
1 kHz, the spectral content of the gradient pulses can vary from 100 Hz —
10kHz depending on the different sequences.

The induced E-field and current density strongly depend on the body ge-
ometry, the direction of the field gradient, and the distribution of tissue con-
ductivity within the human body; various studies show that the y-gradient
coil induces the largest E-fields in the body [65, 66]. The induced E-field
shows a strong correlation with the local value of resistivity, and the induced
current density exhibits strong correlation with the local tissue conductivity
[66]. Therefore, people with high body mass index (BMI) and tissue with
low conductivity (e.g., fat) tend to show the highest values of induced E-
fields. Spatial discontinuities of the induced E-field will occur at the bound-
aries between tissues with different conductivity. Regions with high current
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density tend to occur in tissue with high conductivity (e.g., muscle).

3.4.3 Radio Frequency Fields B,

The in vivo induced RF fields depend on many factors, such as the human
anatomy, imaging positions, and RF coil geometry and design. In general,
large patients with a high BMI, and imaging position around the abdomen
tend to have higher induced E-fields inside the body. The RF coil length has
a higher influence on the induced E-field than the coil diameter.

Field Level at the Exposure Limits

Bj is applied at the Larmor frequency, which is proportional to the static
magnetic field of the MR system. With about 43 MHz/T, the RF frequency
is typically 64 MHz and 128 MHz at 1.5 T and 3 T, respectively. In conven-
tional cylindrical bore systems, the main body coil is usually a birdcage coil
designed to achieve a spatially uniform B, field (the rotational component
of the B field) in the FOV.

When investigating whole-body and local SAR without implants, the
variation seen between different patients is a function of their anatomy and
imaging position, with a strong influence of the trunk dimension on the in-
duced eddy currents [67].

The current limitation scheme in the safety standard IEC 60601-2-33
[20] is based on separate limits in head-SAR (hdSAR), whole-body aver-
aged SAR (wbSAR) and partial-body averaged SAR (pbSAR). As illus-
trated in Figure 3.2, hdSAR is typically reached first in head and neck imag-
ing, wbSAR from neck to knee, and pbSAR for below the knee. For the
depicted normal operating mode, pbSAR is less relevant than in first level
controlled mode, where pbSAR is often reached already from below the
pelvis [62]. In this review, we focus our evaluations on the normal operat-
ing mode for circular polarization (CP), as MRI examinations for patients
with PIMD/AIMD are typically limited to this configuration.

Figure 3.3 shows the allowed B, s values for the normal operating
mode. B, ms Was derived by spatially averaging B, over the central axial
slab of the patient, as suggested in the IEC standard [20]. The root-mean-
square (rms) refers to the temporal average over the pulsed RF sequence of
the scanner. In leg imaging, especially below the knees, very large B4, ms
values of up to uT (1.5T) and 10T (3.0 T), respectively, would be allowed
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Figure 3.2: Total minimum-maximum spread of SAR levels reached in the
normal operating mode for Virtual population (ViP) model FATS (obese
phantom) and THELONIOUS (child phantom), at 1.5 T and 3 T in more than
seven different body-coil geometries, covering all major MRI bore sizes.
The hdSAR limit is always reaches first in head imaging; the wbSAR is
always reached first from sternum to knee imaging. In the neck imaging po-
sition, the limit for either hdSAR or wbSAR can be reached first, depending
on the patient and body-coil geometry; the same applies to imaging below
the knees for wbSAR and pbSAR. The actual ppbSAR limit is between 2—
10 W/kg, depending on the exposed partial body mass. Exposure is in CP
only (no RF shimming).

by the standard. However, most manufacturers are not exploiting this region
due to RF amplifier limitations and safety considerations. Clinical experi-
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ence shows that scans with B}, ms values above 6 pT (1.5 T) and above 3
uT (3 T) can typically not be configured on human scanners. The AIMD-
specific FPO:B mode [20] defines a maximum By, s of 3.2 pT at 1.5T.
Implant manufacturers typically label their implants to the maximally al-
lowed SAR, but By, s labeling is becoming more frequent as well.
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Figure 3.3: Total minimum-maximum spread of allowed B}, s values to
reach the normal operating mode limit for FATS and THELONIOUS at 1.5 T
and 3 T in seven different body-coil geometries. The body-coil with 70 cm
length and 60 cm diameter is indicated as dashed line, as we performed other
evaluations with this geometry only. The spread includes coil lengths be-
tween 4070 cm, with diameters between 60-75 cm. A minimum of 3.5uT
(1.5T) and 2uT (3.0 T) can be applied regardless of model, imaging posi-
tion, and body-coil geometry, in the normal operating mode (red horizontal
lines).
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Induced E-field as Incident Field for the PIMD/AIMD

The heating around PIMD/AIMD predominantly depends on the induced
tangential E-field along the implant (E,,). Instead of performing simula-
tions with the implant present — which results in divergently many place-
ment and configuration permutations — the exposure can be approximated
by decomposition into (i) the incident field to the implant, without the im-
plant present, and (ii) the local field enhancement near the implant as a func-
tion of this incident field. This approach is used in Tier 1-3 of the technical
specification ISO10974 [1], while the full simulation including the implant
is called ‘Tier 4°. The incident field for two different anatomical models is
illustrated in Figure 3.4. The visualization shows the E-field averaged over
cubes of 1 cm? (Elcm®), which results in a reasonable distribution given
that the heating-relevant implants are larger than 1 cm. A maximum inten-
sity projection has been chosen to visualize all ‘hotspots’ in a single plane,
and to combine various imaging positions. For example, the ‘upper torso’ in
Figure 3.4 shows the maximum E-fields for the imaging positions from up-
per sternum to upper abdomen, vertically projected through the anatomical
model.

In addition to the incident E-field distribution, the F.,,, average along
typical AIMD trajectories are shown in Figure 3.5. The evaluated routings
are shown in Figure 3.4 for a deep brain stimulator (DBS), a pacemaker
(PM), and a spinal cord stimulator (SCS).

From Figure 3.4 we can visually estimate that the AIMD routings for the
PM and SCS are only marginally exposed for head/neck and leg imaging.
DBS routings on the other hand have low E-fields in lower torso and leg.
This visual estimation is confirmed by the actual E,,, evaluations of the three
implant-categories in Figure 3.5.

When diverging from circular polarized (CP) to elliptical or linear polar-
ization (as typically applied in 2-port RF shimming at 3 T), the maximally
induced Elcm’ magnitude can change by up to about +3 dB (approximately
factor 1.4 in E-field), similar to the evaluation for the 10g-average SAR
[62]. As the E,, along the trajectories of PIMD/AIMD includes more lo-
calized and directional E-field components, the difference between CP and
RF-shimming can be up to +6 dB (factor 2 in E-field, as shown in Fig-
ure 3.5), or—in the case of favorable RF shimming—mitigated by -30 dB
(factor 33 in E-field; factor 1000 in induced power). To avoid the potential
+6 dB enhancement, most implant manufacturers restrict the RF exposure
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to circular polarization in their PIMD/AIMD labeling.

E1cm?® maximum intensity projection for FATS in 1.5 T, Normal Mode, CP

| e
L.’ |

(0 dB = 850 V/m) 8

head & neck uppertorso lower torso

E1cm?® maximum intensity projection for THELONIOUS in 1.5 T, Normal Mode, CP (0 dB = 700 Vim)

head & neck uppertorso lower torso

Figure 3.4: Maximum intensity projection of the induced E-field averaged
over 1 cm?® for FATS (top) and THELONIOUS (bottom). The maximum
is projected orthogonal to the depicted plane and for the various imaging
positions highlighted in white. Typical routings or AIMDs (DBS, PM, SCS)
are shown on the very right images. Note the different dB-scale-reference
for FATS and THELONIOUS.

Typical Hotspot Locations

The induced Eddy currents increase with radial distance from the patient
center, and are altered by local anatomical features such as dielectric con-
trasts between different tissues or constrictions. We identified seven typical
E-field hotspots, where substantial field enhancements occur due to the in-
trinsic human anatomy. The seven locations can be further classified to four
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Figure 3.5: Tangential E-field (F,,) magnitude average along the prede-
fined implant routings shown in Figure 3.4. The patches show histograms
obtained for different exposure polarizations (RF shimming), the lines rep-
resent the corresponding value obtained with CP exposure. All values nor-
malized to the normal operating mode. The worst-case polarization typically
shows up to a doubled E,, compared to CP.

underlying patterns of (i) lateral enhancement due to higher lateral Eddy
currents, (ii) dielectric contrast, (iii) anatomical body-constrictions, and (iv)
tissue-constrictions around bones. Figure 3.6 illustrates these hotspot loca-
tions.

3.5 Brief Review of Risks without PIMD/AIMD

The complex EM exposure of patients during MRI scans is one of the high-
est people of the general population may be exposed to. Other high-field
medical applications include targeted tissue heating (e.g., EM dia- and hy-
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organ/tissue
interfaces

N\around pelvis

Figure 3.6: Seven identified typical E-field hotspot locations. Lateral En-
hancement: (a) shown for the thighs, exists also for the lateral torso and
arm. Dielectric contrast: (b) pronounced effect around the inner organs.
Anatomical body-constrictions: (c) around the neck towards the shoulders,
(d) axilla, and (e) groin. Tissue constriction around bones: (f) shown for
the wrist and knee, also exists in the other extremity joint of the elbow and
ankle, (g) around the pelvis bone.

perthermia) or nerve excitations (e.g., transcranial magnetic stimulation).
The accepted field levels in MRI are about 10 times higher than the lim-
its in occupational exposures, and 50 times higher than general public ex-
posure limits [16]. Risk-Benefit considerations based on clinical indica-
tions resulted in standardized exposure limits close to physiological limits.
Thus, even in the absence of PIMD/AIMD and in full compliance with the
standardized limits, MRI may result in risks to the patient having special
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health conditions with potentially compromised thermoregulation abilities
(e.g., diabetes).

Static fields can induce vertigo, nausea, and a metallic taste in the mouth
[20], but are generally well tolerated by living matter. The highest risk are
ferromagnetic objects that are drawn into the MRI bore, potentially injuring
the patient.

The switching rates of the gradient fields can induce peripheral nerve
stimulation (PNS). The limit for the first level controlled operating mode is
set at the threshold for PNS. Thus, the patients may report some sensations
of pressure, tingling, or muscle twitching. However, the threshold for po-
tentially fatal cardiac stimulations is consistently higher than for PNS, and
the gradient fields therefore do not pose significant risks.

The RF exposures from the B field may lead to considerable thermal
load with the risk of (i) systemic core-temperature heating and (ii) localized
heating or burns. The risk is typically higher in tall and obese patients as
they have a smaller surface-to-weight ratio with subsequently lower heat-
dissipation ability for the same whole-body averaged exposure, and the lo-
calized exposure is higher due to the higher body-cross-section [67]. In
addition, local contact-burns can occur for highly localized field enhance-
ments. This usually originates from incorrect placement of the patient, by
forming so-called ‘RF-loops’ (e.g., hand-hip touching, or ankle touching),
or by placing parts of the patient in direct contact to the inner bore-surface
near capacitive elements of the body-coil.

Despite the very high EM exposures during MRI imaging, the history of
use for patients without PIMD/AIMD within the past 30 years has proven
MRI to be a remarkably safe modality, with only a few incidents per million
scans [68]. Human thermoregulation has strong capacities to counteract
the thermal load of MRI examinations [69]. It also should be pointed out
that all MRI manufactures have implemented additional safety margins such
that the actually reached systemic and local exposures in the patient are
considerably lower than defined by the standard. Thus, the history of safe
use only reflects the actual exposure levels, which are presumably more than
30% lower than the guideline limits.
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3.6 Review of Risks with PIMD/AIMD

Most PIMD/AIMD today are non-ferromagnetic, e.g., made from titanium
or stainless steel (which is usually non-ferromagnetic, despite the high iron-
content). Ferromagnetic implants would experience very strong torque and
displacement forces by the static magnetic field. This section therefore fo-
cuses on the potential risks posed from non-ferromagnetic or slightly fer-
romagnetic materials. Table 1 summarizes the MRI-related hazards, as ad-
dressed by the technical specification ISO/TS 10974 [1].

Table 3.1: Potential patient hazards and corresponding test methods list in
ISO/TS 10974 [1]. In this review, we classify the hazard into mechanical,
malfunction, and thermal, and add the image distortion as a potential indi-
rect harm.

Category General hazard Test method Clause
Thermal Heat RF field-induced heating of the AIMD 8
(device and electrodes)
Gradient field-induced device heating 9
Mechanical Vibration Gradient field-induced vibration 10
Force Byg-induced force 11
Torque Byp-induced torque 12
Malfunction  Extrinsic electric potential ~ Gradient field-induced lead voltage 13
(unintended stim)
Rectification RF field-induced rectified lead 15
(unintended stim) voltage
Malfunction Byg-induced device malfunction 14
RF field-induced device malfunction 15

Gradient field-induced device malfunction 16

3.6.1 Mechanical Risks

Translational and torque forces can be exhibited on non-ferromagnetic metal-
lic implants by the static magnetic field (By) through induced Eddy currents,
known as the ‘Lenz effect’ [70, 71]. Any change in magnetic flux density
through a metallic loop causes induced currents, which result in a force op-
posing to the applied force. This can be felt as a sort of ‘nertia’, counteract-
ing rapid motion. The translational force is highest, where a strong By gra-
dient exists (near the magnet portal). The torque force, in contrast, is highest
in an area with the strongest B (near the center of the magnetic bore). Eddy
current torque has been reported for metallic heart valves [70], but it is not
believed to pose an MRI safety issue for most other PIMD/AIMD.
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Mechanic vibrations can be caused by the gradient fields (&), with vibration-
frequencies in the kHz region. This cannot result in any direct mechanical
damage to the patient’s tissues or organs, but could trigger device malfunc-
tion [27], as discussed later in this review.

3.6.2 Risks Due to AIMD Malfunctions

The complex EM fields of the MR system can interfere with AIMD and
cause malfunction or change operational functions. The By field could in-
teract with device switches, alter the sensed electrocardiogram, e.g., of de-
fibrillators, or saturate transformer core materials. The pulsed gradient field
(G) could also interact with device switches, and additionally lead to inap-
propriate sensing and triggering because of the induced voltages. The latter
is also true for the pulsed RF fields (B;), which can be de-modulated by
non-linear electronic elements, which results in signals in the kHz-region
[28, 72,73, 74].

A particular concern arises for AIMD deliberately tuned to receive RF
radiation. One example is the cochlear hearing restoration implant [75, 76],
where the auditory input is transmitted as RF signal. The significant cou-
pling between the MRI RF field and such implants raises the possibility of
very high currents being generated in implant with deleterious effects to the
implant and injury to the patients [25].

3.6.3 Risks Due to Thermal Effects

Local tissue heating is a well-known safety concern for people with im-
plants undergoing MRI. Dempsey et al [77] reviewed numerous reported
burn injuries sustained during MRI and addressed the underlying heating
mechanisms possibly causing these events. A permanent injury caused by
a deep brain stimulator during MRI is documented [77], and reports on in-
creased pacing thresholds in patients with pacemakers after MRI indicate
local tissue heating and scar formation around the lead tip [78, 79].

A potential heating hazard may originate in some cases from gradient
(G)-induced heating [80]. Simple direct electromagnetic induction causes
Eddy currents in conductive loops, which subsequently results in device
heating, especially in large pulse generator devices of AIMD or orthope-
dic metallic meshes, which encompass large 2D loops.
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The major concern, however, is generally associated with RF-induced
heating [77, 81]. AIMD with elongated isolated lead structures can become
resonant resulting in large currents on the lead [82], high localized power de-
positions in the tissues at the electrodes or considerable voltages at the lead
terminals. In IEC 10974, the piece-wise excitation methodology[49, 83] was
developed to determine the deposited power at the electrodes or at terminals
inside the pulse generators for any excitation. Other mechanisms for elec-
trically short implants have been proposed and numerically validated [84],
where the metallic implant acts as short-circuit between the two endings of
the implant.

The amount of actual power deposition in tissue depends on many clin-
ical factors such as patient anatomy; imaging position; lead configuration,
position, and orientation; exposure level in terms of the E-field amplitude
and phase along the implant; RF frequency; and tissue properties at the
implant ending. The resulting temperature increase also depends on e.g.,
the thermal tissue properties, rate of blood perfusion, and RF absorption
distribution. Careful selection of the clinical exposure scenario and proper
RF-shimming [48] can substantially reduce potential heating hazards in the
patient.

Lastly, the actual thermal tissue damage is not only a function of the
reached temperature, but also of the exposure time. The thermal dose (for
example assessed via cumulative equivalent minutes at 43°C, CEM43 [85])
correlates best with tissue damage. However, due to the highly localized ex-
posure around PIMD/AIMD, the heating can be orders of magnitude higher
than for patients without implants. The initial temperature increase over
several degrees Celsius can be too fast (< 2 min) for local thermoregulation
to initiate, which allows even higher temperatures to be reached than for
slower heating profiles.

3.6.4 Risks Due to Image Distortion

In addition to the direct harm caused by the electrical medical device, the
MR image may be distorted by electrically conductive materials. This is
caused by the disruption of local By, field homogeneity. The degree of the
image distortion depends on the magnetic susceptibility, configuration and
position of the device, as well as the MR sequence used and strength of the
magnetic fields in the MR system. The image distortion can considerably
affect the diagnostic accuracy of MRI, particular if the medical device is
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implanted close to the area of interest (e.g., in cardiac or breast imaging).

3.7 Discussion and Conclusions

This paper provides a comprehensive review about the induced fields and
the associated risks in patients with PIMD/AIMD undergoing MRI scans,
including current standards. It specifically illustrates the typical hotspot re-
gions, which may help to assess the safety for specific high-exposure im-
plant locations. Figure 3.4 allows to quickly assess potentially harmful im-
plant locations and configurations, and identify safe patient imaging posi-
tions, when a problematic implant has a certain distance to the region of
interest. For example, in all leg imaging positions (Figure 3.4 on the very
right), any pacemaker or DBS devices are essentially not exposed, while the
SCS routing still encompasses some high-field regions. This is confirmed
by the E-field average evaluated in Figure 3.5. The actual magnitude for
a specific routing may still be considerably lower than seen in Figure 3.4,
because E,, only considers one spatial component and the routing does not
necessarily encompass the highest values shown in the maximum-intensity
projection.

We have also compared the induced fields considered for the ASTM test
method compared to the more advanced IEC/TS 10974. It has been shown
that the fields induced in the ASTM phantom have very little correlation
with the fields induced in patients but is historically applied as a conservative
testbed for PIMD. Figure 3.1 also shows that it not conservative in all cases.
The scaling of the results to the local SAR in patients is also questionable
for low conductivity tissues. All listed shortcomings could be overcome if
the concept developed for IEC/TS 10974 would be adopted for PIMD.

Restriction to CP prevents a potential +6 dB enhancement originating
from RF shimming, which is therefore often required by the implant label.
On the other side, it also prevents a potential mitigation by using a favorable
RF shimming configuration. The identified hotspot locations may serve as
initial assessment of implant safety. If the target site of an implant is close
to such a region, refined safety considerations may be necessary.

Over the last decades, considerable efforts have been put into under-
standing the interaction between implanted medical devices and the hostile
electromagnetic environment inside MRI scanners. Several implants have
received FDA or EMA labeling as MR conditional devices. As both the
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MR technology and biomedical implant devices are being further devel-
oped, new potentially hazardous situations in patients with implants may
arise, e.g., due to multi-transmit or high-field scanners. On the other hand,
implant specific scanning protocols may be utilized that can substantially re-
duce the induced current on the implants. In view of the growing complexity
and legacy of some devices, it is important to simplify and clarify the MR
labeling of medical implants, to support MRI radiologist and operators in
reducing the potential risks for patients.
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Chapter 4

Novel Test Field Diversity
Method for RF Transfer
Function Validation
Required for Demonstrating
MRI Safety of Active
Implantable Medical
Devices

4.1 Abstract

"Purpose: Radio frequency (RF) safety of elongated active implantable
medical devices (AIMD) during magnetic resonance imagining (MRI) re-
quires an RF response model of the implant. The model must be validated
in a sufficiently large set of incident tangential electrical field (Fy,,,) condi-

IThis Chapter has been published in [86]
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tions that provide diversified exposure. Until now, this procedure was very
time consuming and often resulted in poorly defined F,,, conditions. In this
paper, we propose the novel test field diversity (TFD) validation method pro-
viding more diverse exposure conditions of high fidelity, thereby decreasing
the number of implant routings to be tested.

Methods: The TFD method is based on the finding that the amplitude
and phase of E,,, along a single lead path in a cylindrical phantom can
be sufficiently varied by changing the polarization of the incident 64 and
128 MHz magnetic field inside standard test birdcages, respectively. The
method is validated, an uncertainty budget is developed, and its benefits are
demonstrated.

Results: First, the numerically determined field conditions were exper-
imentally verified. The RF transfer function of a 90 cm long spinal cord
stimulator was successfully validated using the TFD approach and excita-
tion conditions that cover a >10dB dynamic range of enhancement factors
(for identical trajectory-averaged incident field strength).

Conclusion: The new TFD method yields an improved and reliable val-
idation of the AIMD model with low uncertainty, i.e., <1.5dB, for 1.5 and
3.0 Tesla evaluations, respectively. The results demonstrate that the test con-
figurations can be further reduced without compromising the rigidness of the
validation.

4.2 Introduction

To assess the risk of the radiofrequency (RF) electric (E) field induced in
patients with active implantable medical device (AIMD) during magnetic
resonance imaging (MRI), a four tiers approach has been defined in ISO/TS
10974 [1, 87]. The four tiers are designed such that the resulting overesti-
mation of the local deposited power (or temperature rise) in tissue, due to
the presense of an AIMD electrode, is decreased with increasing tier num-
ber. However, tiers with higher numbers requires a more and more complex
and elaborated evaluation. For example, Tier 1 and Tier 2 represent the least
complex test methods, but are based on the local maximum absolute expo-
sure and produce the most conservative results. They are, therefore, only
suitable for electrically short implants for which an overestimation of the
risk is acceptable. The highest tier, Tier 4, requires the full simulation of
all relevant clinical scenarios (including modeling of the patient, RF coils,
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and AIMD) and, accordingly, provides the most accurate estimation. Even
today, Tier 4 is computationally expensive, as most commercial leads re-
quire pm discretization in a computational domain of several meters (i.e.,
days of simulation time for one clinical scenario using high performance
computers). Therefore, this approach is practical only for very short (e.g.,
cochlea implants) or passive implants in limited clinical scenarios. On the
other hand, the in vitro investigation of AIMD with long leads experimen-
tally [88, 33, 37, 89] is cumbersome and does not take into consideration the
inhomogeneity of the human body tissues. Therefore, the only practical tier
for the evaluation of AIMD with elongated leads is currently Tier 3.

Tier 3 is designed to alleviate the computational burden of Tier 4 by
splitting the evaluation into two steps. In the first step, the entire range of
in vivo exposure conditions of the AIMD in patients is obtained in silico,
i.e., by simulations. For typical implants, such as pacemakers or spinal cord
stimulators, this includes millions of individual exposure conditions com-
posed of combinations of RF coils that represent all installed geometries, po-
larizations of the magnetic field, varying patient anatomies in different pos-
tures and imaging positions, as well as clinical lead trajectories. These expo-
sure conditions are evaluated as tangential electric fields (E,,,(l1)) along the
implant length. In the second step, the AIMD RF transfer function model
for each electrode of the AIMD [49] is created independently according to
Tier 3 [1]. The transfer function describes the scaling amplitude and phase
of the E-field in the tissue close to an electrode of the implant for very local
piecewise tangential field excitations along the AIMD (Section 8.4). The
combination of both the exposure condition F,, and the AIMD RF trans-
fer function, together with knowledge about the local tissue properties, en-
ables the determination of the local power deposition or local temperature
increase. As the results directly depend on the quality of the AIMD RF
transfer function, its conclusive and robust validation plays a key role for
the reliable and accurate power deposition estimation.

To date, validation tests generally comprise a test phantom filled with
tissue simulating medium (TSM) in which the AIMD is submerged. To
achieve multiple distinct F,, characteristics, different combinations of phan-
toms and implant routings are commonly used during the validation process
[1, 90], the objective of which is to verify by measurements the values of
local deposited power as estimated with the AIMD RF transfer function
model. However, the number of achievable distinct sets of incident fields
E.,, is limited, due to the long AIMD length (>50 cm) and the limited phan-



56 CHAPTER 4. TEST FIELD DIVERSITY METHOD

tom size. Moreover, the separation distance from the phantom walls and
between AIMD segments needs to be considered to minimize the influence
from phantom boundary reflections and scattering at adjacent AIMD lead
segments [46]. These considerations add constraints on the implant place-
ment during the test procedure and reduce the achievable diversity of £,
(e.g., less than four distinct £, are available for an AIMD with a lead length
of 90 cm under circularly polarized exposure). In addition, testing time and
characterization efforts increase with the number of test configurations for
methods using different combinations of phantoms and routings (more than
one hour per test configuration). Furthermore, remounting of the implant
during each test configuration introduces extra positioning uncertainties.

In order to achieve an improved scheme for the AIMD RF transfer func-
tion validation, we propose a way of gaining F,,, diversity through manip-
ulation of the RF coil exposure instead of the implant geometry. In this
paper, the test field diversity (TFD) method is applied to long AIMDs (Sec-
tion 8.4) to establish a set of transfer function validation tests that benefits
from high test condition diversity and fidelity along the AIMD. The TFD de-
rives directly from the idea of RF shimming [91] used to control the electric
field distribution inside a birdcage RF coil. The incident field distribution
can also be manipulated using more sophisticated and difficult to implement
techniques, like the employment of passive scatterers, such as passive reso-
nant RF coils, that could be placed at various locations around the phantom
or dielectric shimming [92, 93].
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4.3 Methods

The TFD method is designed to validate an independently determined AIMD
RF transfer function with a minimal physical set of routings inside a phan-
tom filled with TSM, by changing the polarization of the incident field ra-
diated from the MRI birdcage test system (i.e., diversifying the exposing
E..).

Parameters used to characterize the field polarization ellipse are intro-
duced in Section 4.3.1. The incident condition definition is explained in
Section 4.3.2. A dedicated exposure setup for validation has been estab-
lished and is described in Section 4.3.3. Section 4.3.4 summarizes the ap-
plication of the TFD method for the validation of an implant RF transfer
function, using a 90 cm spinal cord stimulator lead as an example implant
under test (IUT).

4.3.1 Polarization Ellipse

The polarization state of any electromagnetic wave can be represented as
a tilted ellipse with different ellipticity (roundness) and tilt angle. Fig-
ure 4.1(a) illustrates a typical elliptical polarized magnteic field (ﬁ ) in right-
hand rotation, where two parameters (¢ and 7) are defined to characterize the
ellipticity and tilt angle of the field polarization [94]. The ellipticity (€) is
defined as:

€ =« arccot(AR) 4.1)

where AR is the axial ratio of the polarization ellipse, defined to be the ratio
of the major axis (signed) magnitude of the polarization ellipse to the minor
axis one. « indicates the rotation of the polarization ellipse, o = 1 for left-
hand rotation, & = —1 for right-hand rotation. For instance, for left-hand
circularly polarized fields, € = 45°; for right-hand polarized fields, € = -45°;
for linear polarized fields, ¢ = 0°. Figure 4.1(b) illustrates the polarization
states of electromagnetic (EM) fields in the (e,7) space.

4.3.2 Incident Condition Definition

Based on the superposition principle of the Maxwell equations the com-
bined magnetic field for birdcage RF coils with N individual channels can
be expressed as:
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Figure 4.1: (a) The polarization ellipse of the magnetic fields H, H can be
decomposed to two orthogonal component of H, and H y- € and T are two
parameters used to characterize the ellipticity and tilt angle of the ellipse.
(b) Selected polarization states of H fields as a function of € and 7.

N
Hytar = »_ (U;)H; (4.2)
0

where v; and ﬁi are the complex driving coefficient and magnetic field
of channel 7, respectively. For RF coils with two orthogonal channels (chan-
nel x and channel y):

Hlotal = ﬁzﬁw + 771/ﬁy (43)
For tangential F-fields along a certain implant E}an,x and Eﬁmnyy (for the

x and y channels) the total tangential F-fields can be expressed as:
Etan,tolal - ﬁxE_:tan,x + gyElan,y (44)

However, to ensure that RF-heating enhancement factors remain com-
parable (a requirement when selecting diversified F,,, exposure conditions),

the exposure magnitude is scaled such that |Elan,lota1\ = 1, namely,

Elan,total = (Uwﬁtan,x + 5yEtan,y)(|5xEtan,x + ﬁyﬁlan,y|)_l 4.5)

where the overline denotes the value of a quantity averaged along the
AIMD trajectory.
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4.3.3 Exposure Systems

Two exposure systems were used for the experimental assessment. (i) a
64 MHz birdcage (length = 65 cm, diameter = 70 cm) (MITS1.5, ZMT Zurich
MedTech AG, Switzerland) with an iso-symmetrically loaded 44 cm-diameter
cylindrical phantom filled with tissue simulating liquid (e, =78, o = 0.47 S/m)
to the height of 19 cm, and (ii) a 128 MHz birdcage (length = 50 cm, diam-
eter = 70cm) (MITS3.0, ZMT Zurich MedTech AG, Switzerland) loaded
with the same phantom. The Q-I ports can be driven with RF square pulses
with 40% duty cycle over a wide range of phase differences and amplitude
ratios.

Two implant routings are established with the following design goals:
(i) minimal reflections from truncated boundaries, (ii) minimal scattering
between two parallel segments of the implant leads, and (iii) supporting im-
plant lengths up to 90 cm. This ensures at least 5 cm separation between
the implant body to any truncated boundaries and at least 10 cm separation
between parallel segments of the implant as determined by [46]. Different
polarization states of the B; field are achieved by controlling the driving
vectors of the two-port RF coils, which, are monitored by two optical mag-
netic field probes HITDSx/MR (SPEAG, Zurich, Switzerland) with a fre-
quency range of 10 MHz to 6 GHz and a dynamic range of 120dB at 1 Hz
resolution bandwidth. The accuracy in amplitude and phase is better than
0.4 dB and less than 3%, respectively. Figure 4.2 illustrates the test setup
and the two implant routings used in this work.

To validate the exposure system, the RF-coils are driven to achieve three
reachable polarization states: P1 (left circular polarization), P2 (linear po-
larization), and P3 (right circular polarization). The spatial distributions
of the total electric field over the plane where the IUT will be located are
experimentally verified by measuring the field components with the near-
field pseudo-vector electric field probe EU2DV3 (SPEAG, Zurich, Switzer-
land) [95]) and compared with values obtained from full-wave simulations
of the exposure setups with the Sim4Life software platform (ZMT Zurich
MedTech AG, Switzerland). The unique probe design enables to accurately
determine the polarization ellipse and the magnitude of the induced fields.
The linearity of the probe is = 0.2dB with a dynamic range of 10 V/m to
1000 V/m and the sensor positioning uncertainty is less than 0.3 mm. The
deviation between experimental and numerical evaluations of the total elec-
tric field was found to be less than the total (simulation and measurement)
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Figure 4.2: (a) TFD experimental setup and instrumentation. (b) Top view
and side view of the predefined implant routings Rval, R1, and R2 (see
Figure 2a) that ensure at least 5 cm separation distance between IUT and
phantom boundaries, and 10 cm between parallel lead segments. Rval is
used for calibration, R1 and R2 are for validation test. The location of the
distal termination of an IUT is indicated by a blue ”0” marker. Only the lead
routings are shown here; the leads are connected to the implanted pulse gen-
erator (IPG) when placed in the setup, in the same way they are connected
when the AIMD REF transfer function is obtained.

combined standard uncertainty of 0.2 dB (k=1).

4.3.4 Tier 3 RF Transfer Function

To characterize the implant-RF interaction, the transfer function concept is
introduced in Tier 3 of ISO/TS 10974 to determine the RF-induced heating
[1, 49]. Figure 8.3 illustrates the Tier 3 RF transfer function of the IUT
at 64 MHz and 128 MHz, respectively, derived in homogeneous TSM ac-
cording to the piecewise excitation method described in [83]. The principal
assumption of the method is that the total induced field at an electrode is the
superposition of the induced field contributed by local excitations along the
implant [49]. Therefore, the method offers a sound strategy to determine
the total RF-induced power deposition resulting at each electrode from any
arbitrary incident field condition.
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If we normalize the Tier 3 RF transfer function h(l) magnitude such that

L L *
1= (/o h(l)dl) (/0 h(l)dl) 4.6)

the RF-heating enhancement of the IUT can be expressed as:

L L *
Pdepzpo( /0 h(l)Em<Z>d1> ( /0 hmEm(l)dl) @

where P,, is the power deposition of the IUT under the incident E,,, defined
in (4.4) and P, (W/(V/m)?) is the power deposition of the IUT under unit
iso-electric incident field (Etan(l) = 1e7% V/m, where ¢ is a constant).
Eun(l) is the tangential electric field at location [ along the IUT.

The transfer function of the AIMD is then calibrated with selected rout-
ing Rval, using 2 selected exposues — (7,, €4) and (7p, €5). The resulting
E,, ratio from the two exposures can be expressed as:

Ean(Tas€a) _ |5 oitou=ot 4.8)
Etan(7b7 Eb)

Where A is the E,,, amplitude ratio between the two exposures, ¢, — ¢p
are the phase difference, for the selected orthogonal exposures, ¢, — ¢p =
/2. The calibrated P, are 22.4 and 6.03 (pW/(V/m)Q) for 64 MHz and 128
MHz, respectively.

4.3.5 RF-Heating Derived from the AIMD Transfer Func-
tion

The RF-heating enhancement factor of the IUT, y, is defined as follows:
X = P,/ Py 4.9)

The theoretical RF-heating enhancement factor (hereafter denoted as
XTier3) Which is derived from the Tier 3 AIMD transfer function can be ex-
pressed by combining (4.7) and (4.9) as:

L L *
XTier3 = < /O h(l) E,, (l)dl) ( /0 h(l)E., (1) dl) (4.10)
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Two other quantities, x, and X, shall be used throughout the rest of the
paper. Y, is the enhancement factor of the IUT under the unit iso-electric
incident condition, Elan(l) = 1e7%0 V/m. By definition (normalization of
h(l)) xo=1. x, shall be the maximum enhancement factor achievable with
an E,, of the form 1e7¢() (iso-magnitude exposure condition), where ¢(1)
is an arbitrary phase function. It can be achieved, e.g., by setting ¢(1) =
—Z (h(1)). In this case, x,= ([, |h(1)|dl)>.

For any unit iso-magnitude exposure condition, 0 < xTier3 < X,. When
the incident E,,, does not have a constant magnitude (but still has the same
length-averaged magnitude), phase functions can be found that result in
Xtier3 that exceed x,. However, for real-world conditions, we have found
that ,, is not far from being an upper bound (Figure 4.4).

0 10 20 30 40 50 60 70 80 90 100 .0 10 20 30 40 50 60 70 80 90 100

18 64 MHz 128 MHz

(1) (1/m)

8

10

o 0 12
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 8 90 100
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Figure 4.3: Tier 3 RF transfer function of the IUT derived in homogeneous
TSM (e, =78, 0 =0.47 S/m).

4.3.6 RF-heating Measured from TFD Experiments

To maximize the validation power, exposure conditions were selected such
that they sample a wide range of expected enhancement factors, assuming
that large enhancement factor differences must be the result of important
exposure differences (either because of important changes in the E,, phase
distribution, or because of a shift of high exposure locations to another re-
gion of the transfer function A (1)). Section 4.5 provides a systematic math-
ematical framework that could be used to further optimize the selection of
exposure conditions.
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Twenty exposure conditions of the IUT were selected in this study (1-10
for routing R1, 11-20 for routing R2, see Figure 2) based on the distribution
of xTier3 (7,€) of the IUT. For that purpose, XTier3 Was calculated according
to (4.10) for the full range of exposure polarization states (0° < 7 < 180°
and -45° < e <45°).

Figure 4.4 shows the distributions of yTier3 (7,€) of the IUT at both 64
MHz and 128 MHz for the two selected routings, R1 and R2. x, and .,
are highlighted with red solid lines on the colorbars. Diverse incident con-
ditions to the IUT can be obtained by sampling xTie3 in the (7,€) space.
The selected exposure conditions and associated yTier3 are marked in Fig-
ure 4.4 for each frequency band and routing. As different routings have
been selected for calibration and validation, the resulting F,,, distribution
from calibration and validation are completely different as expected. Fig-
ure 4.5 shows the E,,(l1) characteristics of the selected exposures for each
frequency band. These selected exposures are then used in the radiated test-
ing of the IUT. The selected exposures for the same IUT routing resulting a
phase difference of roughly 7 /2 for different segments along the routings,
with which different segments of the routing can be validated. In addition to
that, exposures for routing R1 and R2 resulting a dramatically different I,
along the entire routings, with the two combination, all the IUT segments
can then be successfully validated.

The IUT is placed along the selected routings within the phantom of the
experimental setup depicted in Figure 4.2. The RF-coil is driven to achieve
each polarization state of the B; field selected above (Figure 4.4). Dur-
ing each exposure, the B, polarization state is reconstructed from the time-
domain information recorded by the optical magnetic-field probes and the
magnitude of exposure is determined from the magnitude of electric fields
at predefined location recorded by the dosimetric probe EX3515 (SPEAG,
Zurich, Switzerland), which can measure the RF-heating enhancement fac-
tor of the IUT, xtpp, with a dynamic range of 10 pW/g to 100 mW/g and a
sensor positioning uncertainty of & 0.2 mm.

4.4 Results

The validation power deposition results are summarized in Table 1, and Fig-
ures 4.6 and 4.7 summarize the resulting RF-heating enhancement factors
of the IUT obtained from the TFD experiments at 64 MHz and 128 MHz,
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(a) 64 MHz 128 MHz

Figure 4.4: (a) Distributions of XTie3 in the (7,6) space at 64 MHz and
128 MHz, respectively, with the IUT placed along routing R1. x, and x,
are highlighted with red solid lines on the colorbars. (b) Same as (a), but for
IUT placement along routing R2.

(a)

64 MHz
®(rad)

128 MHz

Figure 4.5: Characteristics of the complex-valued E,, of the 20 selected
exposure conditions identified for the TFD experiment. (a) Amplitude | Eq,,|
(left) and phase ¢ (right) of the E.,, (1) along the implant routing trajectory
[ as a function of exposure condition at 64 MHz. (b) Same as (a), but for
128 MHz.
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respectively. The comparison of xtier3 calculated from (4.10), and the ex-
perimentally obtained xrgp is provided. The maximum deviations of xtgp
from Xtier3 are 1.0dB and 1.5dB for 64 MHz and 128 MHz exposure, re-
spectively, which is within the estimated combined standard uncertainty of
XTier3 and XTrp.

The effective B polarization states during the exposure tests can slightly
deviate from their theoretical target values and, therefore, each X ier3 shown
in Figures 4.6 and 4.7, is re-evaluated for the B; polarization state recorded
during each exposure.

As shown in Figures 4.6 and 4.7, test exposure configurations 1-10 show
a different dynamic range of the enhancement factor x than that of test con-
figurations 11-20. This is due to the distinct routing selected for configura-
tions number 1-10 (R1) and number 11-20 (R2). We find that the observed
RF-heating enhancement factor () dynamic range of the IUT reaches from
0 to about y, for 64 MHz exposure and up to 0.5y, for 128 MHz. This
is likely due to the roughly twofold higher transfer function phase range at
128 MHz, which increases the probability of destructive interference.

The uncertainty budget of the study comprises uncertainty factors asso-
ciated with the TFD validation method and the transfer function approach.
The TFD method uncertainty includes both experimental and numerical fac-
tors (Table 4.2). The total combined uncertainty (obtained as the root-sum-
square value of the various experimental and computational uncertainty con-
tributions) of X ier3 and X 7ep is found to be 1.36 dB and 1.5 dB, respectively
(Table 4.2). It is, however, worth to notice that for the comprehensive uncer-
tainty budget analysis of in vivo Tier 3 power deposition, uncertainty related
to the in vivo incident evaluation (e.g., the anatomical routing, anatomical
modelling, tissue variety and etc.) should also be included.
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Figure 4.6: Summary of the TFD experiment on RF-induced heating en-
hancement, evaluated for the IUT at 64 MHz. Twenty exposure test con-
figurations were selected to sample the dynamic range of IUT RF-induced
heating enhancement. Top: B; polarization states of the selected exposure
test configurations. The left-hand and right-hand polarized exposures are in-
dicated in green and purple, respectively. Middle: Measured and calculated
RF-heating enhancement factors, xtrp and XTier3, Of the selected exposure
test configurations. Bottom: Deviation between measured ytpp and Tier 3
[1] calculated X Tier3-
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Figure 4.7: Summary of the TFD experiment on RF-induced heating en-
hancement, evaluated for the IUT at 128 MHz. Twenty exposure test con-
figurations were selected to sample the dynamic range of IUT RF-induced
heating enhancement. Top: B; polarization states of the selected exposure
test configurations. The left-hand and right-hand polarized exposures are in-
dicated in green and purple, respectively. Middle: Measured and calculated
RF-heating enhancement factors, xtrp and Xrier3, Of the selected exposure
test configurations. Bottom: Deviation between measured xtrp and Tier 3
[1] calculated X ier3.
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Table 4.1: Summarized power deposition obtained from Tier 3 [1] prediction
(Paep,Tier3) and validation tests (Pep,TFD)

64 MHz 128MHz
Radiated Paeptiers  Paepip  PaepTiers  Faep.TFD
test number (mW) (mW) (mW) (mW)

1 0.044 0.055 0.016 0.015
2 0.025 0.027 0.014 0.020
3 0.027 0.025 0.020 0.026
4 0.043 0.052 0.010 0.009
5 0.041 0.047 0.027 0.025
6 0.047 0.053 0.024 0.021
7 0.049 0.052 0.026 0.037
8 0.050 0.051 0.016 0.016
9 0.055 0.065 0.021 0.021
10 0.054 0.063 0.019 0.020
11 0.144 0.112 0.013 0.010
12 0.131 0.126 0.013 0.010
13 0.112 0.107 0.012 0.010
14 0.070 0.066 0.009 0.008
15 0.025 0.028 0.008 0.007
16 0.082 0.084 0.009 0.008
17 0.132 0.130 0.009 0.008
18 0.136 0.135 0.010 0.008
11 0.111 0.139 0.011 0.009
20 0.174 0.194 0.011 0.009
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Table 4.2: Uncertainty budget of enhancement factor () evaluation

XTier3 XTFD
Source Uncertainty Uncertainty
(dB) (dB)
TFD exposure
experimental setup - 0.86
numerical modeling 0.68 0.68
Local enhancement evaluation
data acquisition system - 0.52
TSM - 0.25
post-processing [96] 0.88
Tier 3 model [49]
piecewise excitation system [83] 1.18 -
Combined Uncertainty (k = 1) 1.36 1.50

4.5 Discussion

In this paper, we propose a new method that reduces the required number
of different routings and improves the exposure fidelity for a comprehen-
sive transfer function validation of AIMDs with elongated leads. With the
proposed TFD test setup, each routing provides sets of diverse distinguished
exposure conditions through changing the polarization of B.

The diversity of the exposure conditions has been maximized by select-
ing polarization states that exploit the full achievable enhancement factor
(x) range. Further diversification could be achieved by introducing other
unique test routings, or by increasing the number of the birdcage coil chan-
nels. At this point it is useful to present a mathematical framework that
could be employed to systematically select exposure conditions that maxi-
mize sensitivity and validation information content, potentially allowing to
further reduce the required number of test conditions.

Despite the fact, that Ey,,, exposures for different (channel-)driving vec-
tors ¥ are just linear combinations of the F,,,, exposures of the N individ-
ual channels (EY,,, where N = 2 and i = z,y in our experimental setup),
they still provide additional validatory information. This can readily be un-
derstood when applying variational calculus to determine the influence of
errors in the amplitude (A(1)) or phase (¢(1)) of the transfer function h(l) =
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A(1)e**M) on the enhancement factor y = (fOL h(l)Etan(l)dl)(foL h(1) Etan (1)dl)*:

dx (ip(1)) T
SAD 0 = 2Re {Et,m(l) e Fno7‘m:| “4.11)
57X — (io(1)) pr*
56(0) = —2Im [Etm(l) A(De Fmrm} 4.12)

Where % and % represent the sensitivities of the IUT Tier 3 power
deposition enhancement factor () with respect to transfer function am-
plitude errors (6A(l)) and phase errors (d¢(1)) , respectively. Re|[] and

Im[] indicate the real and imaginary parts, and Form = fOL Ean () -
A(l") exp(ig(l”))dl’. Tt is apparent from (4.11) and (4.12), that y is sen-
sitive to errors at locations where Ey.y, (1) (resp. Eian(l) - A(l)) is large.
Therefore, linear combinations of the different channels, which — thanks to
complex interference — maximize exposure at locations of interest along the
lead, can produce measurements that are particularly sensitive to errors in
h(l) at these locations (provided |h(1)| is not too small at these locations,
which would again reduce sensitivity). Figure 4.8 shows the sensitivities
of the IUT Tier 3 power deposition with regard to transfer function ampli-
tude and phase errors for different ¥ (linear and circular polarization (CP)
modes). It can be seen, how the two different channels have vastly different
sensitivities, and how the combined CP mode is also sensitive to localized
erTors.

To demonstrate the ability of using different y measurements with vary-
ing 7/ to constrain the error of h(l), we have investigated the suitabil-
ity of such measurements to reconstruct h(l), independently from the h(l)
measurement approach by piecewise excitation. For that purpose, we as-
sume that A(l) and ¢(l) can be approximated by a finite number (n 4 and

ne) of cosine expansion terms: A(l;E4) = Zio_l ca,pcos(2mpL) and

o(l; Cp) = ZZial Cp,q c08(2mqL). Then we can define the residual func-
tion:

~ - 2 2
fres(Car o) =32, 37; (‘foL Etant,5(1) - A(l; €a)exp(ig(l; 5¢))dl‘ — Xmeas,t.j
(4.13)
where Eiansj = Soi(#7); - Eb,, is the tangential incident field along
trajectory t, for the coil driving vector #/. Subsequently f,.., can be mini-
mized using the fminsearch function from MATLAB (The MathWorks, Inc.,



4.5. DISCUSSION 71

——  implant placed along R1 and exposed with horizontal linear exposure
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Figure 4.8: Sensitivities of the Tier 3 power deposition enhancement factor
(x) at 64 MHz with regard to errors in transfer function amplitude (left) and
phase (right) for different linear and circular polarization (CP) modes.

Natick, Massachusetts, USA). To provide comparable weight to the differ-
ent excitations ¥, the field intensities have been scaled such that | Ey.y,| = 1.
We have found that values in the order of 10 are suitable (a balance between
accuracy and convergence) for n4 and n.

Figure 4.9 illustrates, how well i(1) (phase and amplitude) can be recon-
structed by minimizing f,.s(Ca, ). Three reconstructions are compared:
i) using the measurement data from routing R1 only, ii) using only the data
from routing R2, and iii) using both. The reconstruction quality is compara-
ble to how well h(l) can be approximated by its cosine transformation (see
Appendix: Suitability of cosine expansion) and also depends on the preci-
sion of Ei,,. Figure 4.10 shows, how well the different approaches manage
to fit the measured y values (in comparison also to the ones evaluated with
the measured i(1)). As expected, the exposure configurations that were used
to reconstruct k(1) fit the results best. To assure independent validation, it is
important that the transfer function is determined in a completely different
system than the validation system, e.g., using the piecewise excitation tech-
nique [83] that employs a different phantom and very different exposures
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(dipole antenna).

reconstruction from measurements with implant placed along R1
——  reconstruction from measurements with implant placed along R2

- = - measured transfer function
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Figure 4.9: Amplitude (left) and phase (right) reconstruction of the IUT RF
transfer function at 64 MHz by using the measurement data with implant
placed along routing R1 and R2 to minimize the residual function f,.s in
(4.13). The RF transfer function measured by the piecewise excitation tech-
nique is also shown with the dashed line.

A further increase in validation power (and a reduction of the associated
h(l) uncertainty) could be achieved by optimizing @ such that i) sensitiv-
ity to errors in A(l) and ¢(l) is maximized, along with ii) the additional
independent information provided by each individual ¢’ (minimization of
Eyan,t,; correlations). This can be done based on (4.11) and (4.12).

The methodologies introduced in this study (maximization of E,,, diver-
sity by full sampling of the enhancement factor variability range) can be
used to optimize the validation power of the TFD method and to reduce the
associated uncertainty on an individual implant basis. In view of the sim-
ilarity of many transfer functions for certain device classes and frequency
bands, it is also possible to prescribe corresponding, carefully chosen, fixed
and generally applicable exposure conditions for routine evaluations. One
limitation of the TFD method is its sensitivity to misplacement of the trans-
verse plane normal to the (z—)axis of the birdcage test coil, where the im-
plant lies, because of the strong dominance of the electric field component
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Figure 4.10: RF-heating enhancement factors of the IUT at 64 MHz for
different test number (Figure 4.6) obtained with differently reconstructed
RF transfer functions.

in this axis.

While the TFD method has been developed and optimized for the de-
scribed exposure system, it is also applicable to other test systems (e.g.,
different RF coil geometries, tissue simulating media, etc.). However, its
performance and associated uncertainties would have to be re-investigated
for each implementation. The next step is to extend the methodology to
ultrahigh fields that requires development of the corresponding equipment
and reassessment of all the sensitivities.

4.6 Conclusion

Based on the finding that amplitude and phase of the incident tangential
electrical field along a single lead path in a cylindrical phantom can be suf-
ficiently vareid by changing the polarization of the incident magnetic field
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inside standard birdcage RF coils, a TFD method has been proposed in this
work to provide diverse incident conditions to the implant under test while
preserving the fidelity of the incident conditions, which allows an effient and
reliable characterization of transfer function of AIMD with elongated leads.

The proposed AIMD exposure setup has been characterized and vali-
dated and meets the requirements regarding negligible backscattering effects
between AIMD sections and phantom boundaries. The uncertainty (k=1) of
the incident conditions associated with the phantom and provided IUT is
0.86 dB (Table 4.2).

The TFD method has been successfully applied to a 90 cm long IUT, and
the deviation of the experimentally evaluated RF-heating from theoretical
values is less than the combined standard uncertainty of 2dB (root-sum-
square of 1.36 and 1.5 dB in Table 4.2). With the proposed TFD method, for
the same number of validation test configurations (20 in this case), the time
required by TFD is about 20 times less than that for the methods applied in
[1, 88, 33,89, 97, 37, 90].

Appendix: Suitability of cosine expansion

The approximation of the phase and amplitude of A (l) for an AIMD without
lumped elements by a cosine expansion is motivated by the following fac-
tors: 1) appreciation of the curve shape (continuous, without sharp bends, but
oscillating); ii) desire to avoid complex-valued decompositions (such as the
Fourier transformation), because of the real-valued nature of A and ¢ and
because performing a complex derivative to evaluate (4.11) and (4.12) is not
possible (violation of the Cauchy-Riemann equations); iii) numerical inves-
tigations have shown that the cosine approximation can approximate h(l)
well, with a moderate number of terms. However, it should be noted that
the cosine transformation assumes a symmetric function, which enforces a
zero derivative at [ = 0 that is not present in h(l) — in fact 1’(0) is rela-
tively steep. Therefore, the fitting cannot be expected to be perfect in that
region. Investigations involving seven experimentally determined AIMD
transfer functions have shown that the cosine transformation provides su-
perior results in comparison with the sine function and is always able to
approximate h(l) with a small standard deviation.



Chapter 5

Data-driven Experimental
Evaluation Method for the
Safety Assessment of
Implants with Respect to
RF-induced Heating During
MRI

5.1 Abstract

'Small (mm-size) distal electrodes of active medical implants can cause lo-
calized radiofrequency (RF)-induced power deposition with extreme spatial
gradients (5-6 dB/mm). We propose a method that aims to improve the
accuracy of the traditional experimental evaluation, which relies solely on
hardware instrumentation. A numerically-derived local deposition distribu-
tion is used to assist the estimation of power deposition. The method was

IThis Chapter has been published in [98]
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successfully validated against numerical simulations, considering three dif-
ferent generic implants with a single electrode. The power deposition in the
surrounding region of the implant electrodes estimated with the proposed
method was validated with less than 1 dB (30%) uncertainty.

5.2 Introduction

Magnetic resonance imaging (MRI) is now considered one of the most widely
used technologies in the assessment of global and regional tissue and in-

ner organ function. The number of patients receiving MRI increases as the

imaging modality becomes more commonplace. Likewise, the number of

patients with medical implants, both with and without electronic compo-

nents, is rapidly and constantly growing [15, 65, 25, 99]. At the intersection

of these two populations lies a serious safety concern.

The presence of implants poses several potential risks for a patient un-
dergoing MR imaging. Radio frequency (RF) induced heating is one of
the most critical safety issues for implants — especially, those with elon-
gated configurations (e.g., neurostimulator, cardiac pacemaker, etc.) The
RF exposure can induce strong electric fields inside the body which leads to
temperature elevations of more than several degrees in the body tissues[69].
This may cause an unacceptable health risk to the patient [77].

As invasive electromagnetic (EM) or temperature measurements within
the human body are generally not feasible, RF-induced heating assessment
of implants is customarily conducted via in vitro (in phantoms) and ani-
mal experiments. [100, 57, 101, 102, 78, 103, 32, 104]. Although in vitro
experiments cannot be used directly to evaluate conclusively the in vivo
RF-heating of implants within the patient, they are an integral part of RF-
heating assessment of implants. It is necessary in practice to investigate
RF-heating characteristics of implants under well-controlled test conditions
[63, 105, 38, 106, 26].

Traditional in vitro experiments generally entail a measurement of in-
duced temperature rise (T) or specific absorption rate (SAR) at sampled
locations in the vicinity of the implant by ways of temperature or dosimet-
ric sensors [59, 57, 101, 102, 107, 97]; the sampled locations are typically
within the regions of high heating, such as locations close to the interface
between tissue and electrode contact. Due to the high spatial gradient of
the induced temperature and SAR distributions (e.g., 2 dB/mm for tempera-
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ture and 5 dB/mm for SAR are not uncommon), highly accurate positioning
of the sensors (sub-mm accuracy) is required to obtain measurement values
with reasonable experimental uncertainty.

In Section 5.3, we elaborate the limitations of the traditional in vitro ex-
perimental method for assessing RF-heating of implants and thus, the moti-
vation for our work. In Section 5.4, we propose a complementary evaluation
method that improves upon the traditional method by using simple numer-
ical modeling and image processing algorithms to overcome the stringent
requirement on sensor positioning. In the proposed method, only a lim-
ited part of the implants need be numerically modeled to derive the high-
resolution induced SAR distribution over the region of high-heating. There-
fore, substantial computational resources are not required. We apply the
proposed evaluation method to three different generic implants and the esti-
mated power deposition of the implants is validated against full-wave com-
putational electromagnetics (CEM) simulations of the completely modeled
implants and RF exposure conditions. As a comparison, the power depo-
sition of the three generic implants estimated using the traditional method
as described in [97] is provided as well. The results are compiled in Sec-
tion 5.5.

5.3 Motivation

There are several guidelines describing in vitro experiments required in the
RF-heating assessment of implants [63, 1]. A test phantom filled with tis-
sue simulating medium (TSM) is commonly used to submerge the implant
under test. The phantom is then exposed to RF energy, usually generated
with an RF source which provides MRI-like RF exposure conditions. The
induced temperature or SAR at sampled locations, typically within the re-
gion of high heating, such as locations in close proximity to electrode-TSM
interface, is measured with temperature or dosimetric sensors, respectively.
The region of high-heating exhibits an extremely high spatial gradient in
the induced T and SAR (5 — 6 dB/mm and 1 — 2 dB/mm spatial gradient
in SAR and T, respectively, are not uncommon). Sub-millimeter accuracy
in the positioning of the sensors is required to obtain measurement values
with reasonable experimental uncertainty. Figure 5.1 plots the spatial gra-
dients of induced SAR and T at the locations in the vicinity of the exposed
metallic tip of two generic implants with a tip length of 2 mm and 10 mm.
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The induced SAR and T are extracted from full-wave FDTD numerical sim-
ulations, along a line near the exposed metallic tip. The region where the
experimental evaluation is usually performed is colored in gray.

Normalized SAR (dB)
PO
Normalized T (dB)

0 2 4 B 8 10 Y 2 4 6
z position (mm) z position (mm)
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_extraction line
. .
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Figure 5.1: Examples of normalized SAR and T at locations in the vicinity
of two generic implants with 2 mm (blue) and 10 mm (red) tip size, obtained
from numerical simulations. 0 dB is referenced to the SAR and T values at
z = 0 mm (touch) position. The gray region indicates the locations where
measurements are usually performed.

The ultimate goal of RF-induced heating evaluation is to determine po-
tential tissue damage in the patient and temperature increase seems most
suitable metric. However, it must be reiterated that in vivo temperature
increases in tissue cannot be directly inferred from temperature increases
found in phantom experiments, as most in vitro experiments do not reflect
the thermal conditions resembling that of the in vivo situation. The results
of in vitro experiment are limited to a power metric (SAR or power deposi-
tion) to promote corroboration of results from different studies. The power
deposition can then be translated to tissue heating, considering appropriate
thermal conditions [47].

To assess power deposition, either SAR-based or T-based experiments
can be used. Although the induced T profile in the vicinity of the electrodes
has a spatial gradient that is much lower than that of the induced SAR, T
evaluations suffer from other practical drawbacks. In order to prevent heat
convection, the temperature sensors must remain stationary during expo-
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sure. A sensor is required at each sample measurement location, thus lim-
iting the number of sampled locations allowed in a concurrent acquisition.
Repositioning of the sensors is feasible but time-consuming and becomes
an overwhelming task when extrapolated to multiple tests. On the contrary,
SAR evaluation can be performed with a single dosimetric sensor and a po-
sitioning system that allows repositioning of the sensor at multiple sample
locations. Therefore, a SAR evaluation method is preferable in practice if
the high-spatial-gradient restriction need to be overcome.

5.4 Proposed Method

RF-induced heating evaluation is not a trivial process. Obtaining an esti-
mate of power deposition in tissue caused by the RF-implant interactions
requires dedicated instrumentation and a robust evaluation protocol. In this
section, the implementation of our proposed evaluation method is described
in detail. We divide our method into three parts: 1) exposure definition, 2)
data acquisition, and 3) post-processing. The method, described in this sec-
tion, is applied to three generic implants and the results are consolidated in
Section 5.5.

5.4.1 Exposure Definition

First and foremost, an incident condition or exposure condition must be de-
fined. For this study, we choose a constant magnitude and constant phase
tangential electric field along the implant (hereafter, referred to as iso-electric)
as the exposure condition. This is one of the most commonly used incident
conditions in RF-induced heating evaluation of implants [1].

A two-port generic birdcage coil is used to provide an RF exposure at
64 MHz. An elliptical phantom filled with TSM (¢, =78, o = 0.47 S/m) and
a dedicated implant holder are designed to provide an approximately iso-
electric incident condition to the implant (magnitude and phase variation of
less than 0.5 dB and £5 degrees, respectively). Figure 5.2 illustrates the ex-
perimental setup comprising the two-port RF coil, the TSM-filled elliptical
phantom, the dedicated implant holder, and an implant sample.
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Figure 5.2: (a) Two-port RF coil and the robotic acquisition system. (b)
EX3DV4 dosimetric probe positioned inside the elliptical phantom at a sam-
ple location. (c) TSM-filled elliptical phantom, positioned optimally within
the RF-coil for iso-electric exposure. (d) Implant placement on the implant
holder, optimally designed for iso-electric incident condition to the implant.

5.4.2 Data Acquisition

To perform the measurement, a high-precision robotic measurement system
is used to position a dosimetric probe. Figure 5.2 demonstrates the data ac-
quisition system used in this study; it comprises the DASY52 robotic mea-
surement system and the EX3DV4 dosimetric probe (SPEAG, Switzerland).
The RF-induced point SAR is measured at the sampled locations illustrated
in Figure 5.3: a scan volume of 80 mm x 6 mm x 2 mm with scan resolution
of 2mm x 1 mm x 1 mm. Three generic implant samples (see Figure 5.3)
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are considered in this study:

e Sample A: A 150 mm-long solid conductor with 1.5 mm-diameter
and a 0.5 mm-thick insulation layer. The insulation is removed at one
end, leaving a 2 mm-long exposed metallic tip. The other termination
is left isolated.

e Sample B: A 150 mm-long solid conductor with 1.5 mm-diameter and
a 0.5 mm-thick insulation layer. The insulation is removed at one end,
leaving a 10 mm-long exposed metallic tip. The other termination is
left isolated.

e Sample C: A 110 mm-long coiled conductor. The conductor is 0.2
mm in diameter. The pitch and diameter of the helical coil are 0.3 mm
and 0.6 mm, respectively. The coil insulation layer is 0.4 mm-thick.
The coil is terminated at one end in a 1 mm-diameter, 5 mm-long
copper tip and the other termination is isolated.

2mm " 150 mm
T Sample A U
Sample C 1l 14 ,,16
QI

150 mm \
(i
Sample B
Sample B ample A | 1 14 5 .“6 .
(a)
40 mm 40 mm
3mm 3 mm
ETl |
5 Fimm ] i Lo
2 - grmm | S mm
z Implant Sample
L., v <

()

Figure 5.3: (a) Implant samples used in this work. (b) The detailed geom-
etry of implant samples A, B, and C. (c) Top view and side view of the
measurement grid. The sample locations are indicated by red dots.
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5.4.3 Post-processing

In our proposed method, only a limited part of the implants need be numer-
ically modeled to derive the high-resolution induced SAR distribution near
the electrode. Therefore, substantial computational resources are not re-
quired. This high-resolution profile (hereafter refer to as SAR,) is used in
a feature-based registration of the measurement data and provides the sub-
mm accuracy unavailable in the traditional method. Figure 5.4 illustrates
the S ARy for implant samples A, B, and C. The power deposition of the
tip electrode (F,) is calculated from a volume integral containing the -30 dB
contour relative to the maximum deposition.

The induced SAR measured by the dosimetric probe at the sample lo-
cations, SAReas, are co-registered with the SAR,;. The co-registration
is implemented as a simple translation of SAR,, along the three cardinal
axes by A = (Az, Ay, Az), and down-sampling to the measurement loca-
tions, 7;. In short, a linear least-square is applied to solve for the real-valued
scalar, o, and the translation vector, A:

N
. 2
gl’gl ;:1 |aSARw(1; + A) — SAR,...(7:)] 5.1

where N is the number of sample measurement points. An optimal so-
lution set, copt and Agpy = (AZopt; AYopt, AZopt ), 18 determined by the
set of aw and A that produces the minimum square error. For brevity, we
define:

SAROpt = OéoptSARHR(Ti + Aopt) (52)

and Py = aopi B 1s the estimated power deposition of the implant with
P, defined by:

P=p / SAR(r)dv (5.3)
\4

where V is the volume containing the -30 dB contour relative to the
maximum deposition and p = 1000 kg-m~3 is assumed for TSM.
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Figure 5.4: SARy; of implant samples A, B, and C (0 dB is the maximum
SAR of each implant), with the -30 dB contour marked by a white solid line.
The x-z plane of the measurement region is shown as the white rectangular
box.

5.5 Results

The results obtained from our proposed method are validated against ref-
erence simulations of the experimental setup. Contrary to the simulations
of 5.4.3 used to obtained S'AR,, where only a small part of the implant is
modeled, the objective of the reference simulations is to mimic the experi-
mental condition as closely as possible. Therefore, the RF-source, phantom,
and generic implant samples, must be rendered in details. A generic shielded
1.5 T (64 MHz) RF coil loaded with a TSM-filled elliptical phantom, with
each implant sample placed inside the phantom, resembling that used in the
experiment, is numerically modeled and induced EM fields are calculated
from full-wave FDTD simulation. Figure 5.5 shows the full-wave reference
simulation setup for all implant samples. The power deposition of the ref-
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erence simulation is calculated from a volume integral similar to (5.3). The
uncertainty of the power deposition derived from the reference simulations
is assessed to be 0.3 dB (see supplemental material for details Chapter B).

Figure 5.5: Reference simulations setup for implant samples A, B, and C.

The proposed experimental method, described in Section 5.4, is applied
to the three implant samples and the estimated power deposition (FPy,) of
each implant electrode is obtained. The uncertainty budget of the estimated
power deposition obtained with the proposed method and with the tradi-
tional method is provided in Table 5.1 (see supplemental material for details
Chapter B).

The main difference between the traditional [97] and proposed meth-
ods is the use of a data-assist co-registration algorithm in the proposed
method as described in Section 5.4.3. For the traditional method, ciopt = 1
and Agp, = (0,0,0), while aopy and Agp, are derived from (5.1) for the
proposed method. Table 5.2 summarizes the deposited power of the three
implant samples obtained with the proposed evaluation method, traditional
method, and those obtained from reference simulations. The deviations of
the results between the proposed method and reference simulations, |A,,,|,
are less than 0.4 dB for all experiments considered in this study — well
within the combined uncertainty budget of the proposed evaluation method.
Whereas with the traditional method, the deviations, |A,,,|, are between 1 —
2.3 dB, incontestably higher than the proposed method.

The implants are exposed to Fi,. = 35 — 70 V-m™"; where Ej,. is
the magnitude of the tangential component of the electric fields along the

1
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Table 5.1: Uncertainty budget of the estimated power deposition of the
AIMD obtained with the traditional method and with the proposed method.

Traditional Method Proposed Method

Source Uncertainty (dB) Uncertainty (dB)
Exposure Definition

Exposure Drift 0.20 0.20
Phantom 0.19 0.19
TSM 0.27 0.27
Combined Uncertainty (k = 1) 0.39 0.39
Data Acquisition

Data Acquisition Electronic 0.32 0.32
Truncated Boundary 0.29 0.29
Field Sensor Position 1.45 0.00
Combined Uncertainty (k = 1) 1.52 0.43
Post Processing

S ARur 0.39 0.39
Power Calculation 0.46 0.46
Co-registration 0.00 0.29
Combined Uncertainty (k = 1) 0.60 0.67
Total Combined Uncertainty (k = 1) 1.68 0.88

implant, measured during the exposure without the implant present. Fig-
ure 5.6 shows the results of our evaluation for samples A, B, and C at in-
cident field level E;,. = 50 V-m—!. The data collection was done with the
EX3DV4 dosimetric probe which comprises 3 small electric dipole sensors
in a 2.5 mm-diameter PEEK enclosure. Figures 5.6(a), (c), and (e) com-
pare the SARyeas and SAR,p,: 2D-distributions of the three implants. Fig-
ures 5.6(b), (d), and (f) show the pixel-to-pixel correlation of S AR, ,c.s and
S AR of Figures 5.6(a), (c), and (e).

Next, we perform the evaluation with two different types of dosimetric
probes: EX3DV4 and ET1DV4. The ET1DV4 has a single electric dipole
sensor and a 1.2 mm-diameter PEEK enclosure. The difference in the results
obtained from the two dosimetric probes is ~ 0.4 dB.

In practice, a high incident field magnitude (Fj,. > 200 V-m~') may be
difficult to achieve. We verified that the experimental data can be acquired
over any moderate exposure level, provided that the experiment is within
a valid operating range of the instrumentation (e.g., dosimetric probe and
acquisition electronics). Different levels of the induced SAR were provided
by adjusting the input power to the RF coil to achieve Ej,. = 35, 50, and 70
V-m~! along the implant. Figure 5.7 shows Py, evaluated for implant sam-
ple A exposed to different F;,. levels. The experimental results from the
three incident field levels are indicated by the red ‘0’ markers and the nu-
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Table 5.2: Summary of estimated power deposition obtained from proposed method, traditional method, and ref-
erence simulations. The deviation of the values obtained with proposed and traditional method from the reference
values, ||A,,|| and ||A.||, are provided in dB.

Prip
Sample  Scenario  Proposed Method  Traditional Method  Ref. Simulation || A o] [1Aaal|
(mW) (mW) (mW) (dB) (dB)

A Sc2 60.0 39.9 579 0.2 1.6

B Sc2 78.0 48.9 81.7 0.2 2.3

C Sc2 53.0 64.0 50.3 0.2 1.0

A Scl 31.0 - 284 0.4 -

A Sc2 60.0 - 57.9 0.2 -

A Sc3 111.0 - 113.0 0.1 -

A Sc2 60.0 - 57.9 0.2 -

A Sc4 53.0 - 57.9 0.4 -
Scl, Sc2, and Sc3: implant exposed to Eip.= 35, 50, and 70 V-m ™, respectively. EX3DV4 dosimetric probe used in data
acquisition.

Sc4: implant exposed to Ei,e= 50 V-m~!. ET1V4 dosimetric probe used in data acquisition.
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merical results, derived from the reference full-wave simulation of implant
sample A, are indicated by the blue solid line. The results show excellent
linearity with 2 . and the evaluation method can be applied to any moder-
ate exposure levels. Thus, the result obtained at a certain incident field level
can be translated to any target incident field magnitude.

It has been demonstrated that the proposed method is objective to the
different AIMD types, exposure definitions, and data acquisitions — an op-
timal solution was consistently obtained within 1 dB uncertainty. No cus-
tomizations of the evaluation protocol with respect to the particular tested
implant samples, exposure definitions, or data acquisitions, were needed.
Most importantly, only approximate positioning of the sensor with respect
to the implant was needed which substantially relaxes the strict requirement
on sensor positioning accuracy.

5.6 Conclusion

The steep spatial gradient of the induced SAR distribution in the vicinity
of the implant electrodes (on the order of 5 — 6 dB/mm) poses a great
challenge to the experimental evaluation method used in practice. Tradi-
tional SAR-based evaluation of implant RF-induced heating inevitably suf-
fers from large uncertainty associated with sensor positioning with respect
to the implant. Our proposal supplements existing experimental methods
and hardware to improve the resulting accuracy of RF-heating estimation.
We provide a method where a numerically-derived induced SAR distribu-
tion is used to assist in the estimation of RF power locally deposited by the
implant.

The robustness of the method was examined with respect to a variety of
implants (3 different implant samples), exposure levels (3 different Ej,,. lev-
els), and data acquisition procedures (2 different types of dosimetric probes).
No customization of the protocol was required in the evaluation of the three
generic samples. The proposed method was successfully validated against
reference CEM simulations resembling the true experimental setup for three
generic implants. The power deposition of the implants obtained with the
proposed method has an associated standard uncertainty of less than 1 dB
(30%). This is much reduced from that of the traditional SAR-based evalu-
ation method, estimated to be at least 2 dB.

Lastly, the limitations of the current study must be noted. The study is
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limited to implants with a single electrode (i.e., single high-gradient SAR/deposition
profile) exposed to a single (iso-electric) incident condition. In theory, the
proposed method can accommodate devices with multiple electrodes — a
characteristic common to medical implants currently in clinical usage, and

any exposure condition. However, further investigation is needed. It must be
determined if additional sources of uncertainty will compromise the accu-

racy of the method. Minimum requirements of the method befitting a variety

of exposure conditions and implant characteristics shall be derived in future
studies.
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Figure 5.6: Evaluation results of implant sample A (top), sample B (middle)
and sample C (bottom), exposed to Ej,,. = 50 V-m~—!. (a) XY-plane view of
SARmeas and SARqp¢. From top to bottom, the SAR distribution in three
measurement slices from closest to furthest from the implant is depicted.
The measurement slices are the same as those defined in Figure 5.3. (b) The
pixel-to-pixel correlation of SARyeas and SARqps. (c) - (d) show similar
information as (a) - (b) for sample B. (e) - (f) show similar information as

(a) - (b) for sample C.
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E . (Vim)

Figure 5.7: Quadratic relationship of Py, with Fj,. (i.e., linear relationship
of Py with Efnc). P evaluated for implant sample A exposed to Ej,. =
35, 50, and 70 V-m~! are indicated by the red ‘0’ markers. The total power
deposition of implant sample A as a function of incident tangential electric
fields along the implant, derived from the reference full-wave simulation, is
indicated by the blue solid line. (a) Py, as a function of Fi,.. (b) Py as a

function of E2, ..
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Chapter 6

Anatomical Model
Uncertainty for RF Safety
Evaluation of AIMD Under
MRI Exposure

6.1 Abstract

! The Virtual Population (ViP) phantoms have been used in many dosime-
try studies, yet, to date, anatomical phantom uncertainty in radiofrequency
(RF) research has largely been neglected. The objective of this study is
to gain insight, for the first time, on the uncertainty in RF induced fields
during magnetic resonance imaging associated with tissue assignment and
segmentation quality and consistency in anatomical phantoms by evaluat-
ing the differences between two generations of ViP phantoms, ViP1.x and
ViP3.0. The RF-induced 10 g-average electric (E-) fields, tangential E-fields
distribution along active implantable medical devices (AIMD) routings, and
estimated AIMD-heating were compared for five phantoms that are part of
both ViP1.x and ViP3.0. The results demonstrated that differences exceeded

I'This Chapter has been published in [108]
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3 dB ((-29%, +41%)) for local quantities and 1 dB (£12% for field, £25%
for power) for integrated and volume-averaged quantities (e.g., estimated
AIMD-heating and 10 g-average E-fields), while the variation across differ-
ent ViP phantoms of the same generation can exceed 10 dB ((-68%, +217%)
for field, (-90%, +900%) for power). In conclusion, the anatomical phan-
tom uncertainty associated with tissue assignment and segmentation qual-
ity/consistency is larger than previously assumed, i.e., 0.6 dB or £15% (k =
1) for AIMD-heating. Further, multiple phantoms based on different volun-
teers covering the target population are required for quantitative analysis of
dosimetric endpoints that depend on patient anatomy, e.g., AIMD-heating.
Phantoms with the highest fidelity in tissue assignment and segmentation
should be used, as these ensure the lowest uncertainty and possible underes-
timation of exposure. To verify that the uncertainty decreases monotonically
with improved phantom quality, the evaluation of differences between phan-
tom generations should be repeated for any improvement in segmentation.

6.2 Introduction

Anatomical human phantoms are a key component in dosimetric studies
investigating the absorption of electromagnetic fields in the human body in
implant safety assessments [44, 45]. With the exception of a few phantoms
based on cryosection images [109, 110], most of the available phantoms
were derived from images of Computational Tomography (CT) or Magnetic
Resonance Imaging (MRI) scanners [111, 112, 113, 114, 115, 116, 117].

High-fidelity phantoms of the human body represented by polygon meshes
were developed by the IT’IS Foundation in collaboration with the U.S.
Food and Drug Administration, Center for Devices and Radiological Health
(FDA/CDRH) [117]. This widely utilized set of anatomical phantoms is
known as the Virtual Population Version 1.x (ViP 1.x). The ViP 1.x has
been used in a variety of computational electromagnetics (CEM) studies,
such as (i) dosimetry of mobile phones, e.g., [45, 118, 119], (ii) exposure
assessment of home appliances, e.g., [120, 121], (iii) hyperthermia therapy,
e.g., [122, 123, 124], (iv) implant-radiofrequency (RF) interactions, e.g.,
[87, 48, 125, 126], (v) medical imaging research, e.g., [127, 128, 129, 130].
ViP 1.x has also been applied in more than 200 submissions to the FDA,
mainly for demonstration of MR safety of active implants.

As tools and knowledge have evolved over recent years, the review of
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ViP 1.x has revealed some limitations in the local detail and accuracy related
to the segmentation of organs, poor tissue surface mesh quality, insufficient
structure continuity and details, and inconsistent tissue assignment across
all phantoms. A considerable research and development effort to overcome
these deficiencies resulted in the release of the latest generation of ViP 3.0
[131]. In particular, the ViP 3.0 has been enhanced and refined to better suit
medical applications, where higher fidelity in the local anatomical features
is required [132, 133]. Four of the ViP 3.0 phantoms (Duke, Ella, Billie,
and Thelonious) were simplified to contain 22 separate tissue groups and
optimized for finite-element modeling; these phantoms are freely distributed
as ViP 2.0.

An important question to be addressed relates to the uncertainty posed
by the limitations of the phantoms with respect to population sampling, seg-
mentation, tissue parameters, and discretization. While the latter two factors
can be easily evaluated by means of a sensitivity analysis, the first two are
difficult to quantify, as the segmentation and number of samples cannot be
easily increased and varied, and the effort to segment and validate one model
requires more than one year of effort for a very experienced physician or
biologist. Presumably for this reason, population- and segmentation-based
uncertainty contributions associated with exposure evaluations have not pre-
viously been systematically studied in the literature. In this paper, we char-
acterize the RF-exposure uncertainty posed by segmentation by comparing
the results of ViP 1.x and ViP 3.0 from multi-tier safety assessments of MRI
RF-induced heating of active implantable medical devices (AIMD), accord-
ing to Clause 8 of ISO/TS 10974 [1].

6.3 Method

The following phantoms, tools, and evaluation protocols were applied to
assess the impact of the use of ViP 3.0 versus ViP 1.x in safety evaluations
of AIMDs in MRIL

6.3.1 Anatomical Phantoms

Five ViP phantoms that occur in both versions 1.x and 3.0 were included in
the study (Table 1). The stated differences in height and mass are the results
of differences in discretization.
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6.3.2 Simulation of the MRI Environment

The incident field was generated by a generic 1.5 T (64 MHz) high-pass RF
body coil with dimensions similar to those of a typical 70-cm-bore scanner
(75-cm-coil diameter, 50-cm-coil length, 150 cm shield length) [134, 135].
This well represents the typical clinical magnetic RF fields with clock-
wise circular polarization in its iso-center with respect to the positive z-axis
(pointing from feet to head). The field has been verified by measurements
performed in [136]. For each anatomical phantom, three imaging positions,
namely at the head, thorax, and pelvis, were evaluated. Furthermore, left
and right AIMD routing groups per imaging position were defined: (i) left
and right deep brain stimulator (DBS) routing groups (DBS, and DBS;) at
the head imaging position: the routings run underneath the skin from the
proximal ends of the left and right pectoral muscles, along the side of the
neck behind the left and right ears, up to the crown of the head, and through
the skull, terminating in the distal end of the thalamus; (ii) left and right
pacemaker (PM) routing groups (PM, and PM,) at the thorax imaging posi-
tion: the routings run underneath the skin from the proximal ends of the left
and right pectoral and along the veins, terminating in the distal end of the
left heart ventricle; and (iii) left and right spinal cord stimulator (SCS) rout-
ing groups (SCS, and SCS;) at the pelvis imaging position: the routings run
underneath the skin from left and right buttocks below the waistline, along
the epidural space from the T10 vertebra, and terminating at the C1 vertebra.
Figure 6.1 illustrates the three imaging positions and the associated routing
groups considered for each phantom.

CEM simulations of the RF-exposures were conducted by means of the
finite difference time domain (FDTD) simulation platform, Sim4Life V2.0
(ZMT Zurich MedTech, Zurich, Switzerland). It was ensured that a steady-
state was attained before the simulations were determinate. The phantoms
were discretized with a maximum grid size of 2.0 x 2.0 x 2.0 mm?, and
dielectric tissue properties at 64 MHz [137] were assigned to the tissues.
All evaluations were performed at the normal MRI operating mode limit
[20].

6.3.3 Evaluation

An elongated conductive AIMD behaves like an antenna, potentially ac-
cumulating RF power that is absorbed very locally, e.g., at the electrodes,
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Figure 6.1: From left to right: ViP phantoms Fats, Duke, Ella, Billie, and
Thelonious. Top: left and right deep-brain stimulator (DBS, and DBS;)
routing groups at the head-imaging position. Middle: left and right pace-
maker (PM, and PM,) routing groups at the thorax-imaging position. Bot-
tom: left and right spinal-cord stimulator (SCS, and SCS;) routing groups
at the pelvis imaging position.
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and may pose a risk to the patient due to very local thermal tissue damage.
A four-tier approach to the evaluation of risk of RF-induced local tissue-
heating for a large variety of AIMDs has been defined by [1]. All four tiers
are designed to be conservative, with decreasing overestimation and increas-
ing complexity of evaluation as a function of increasing tier number. Tier
1 and 2 can be used to assess only electrically short AIMDs; Tier 3 is the
most practical approach, as it allows for experimental generation of a field-
response model of the AIMD that can be combined with the induced field in
the body along any implant trajectory, i.e., requiring only the fields induced
in the patient without implants. This allows evaluation of millions of ex-
posure configurations. The highest Tier, Tier 4, provides the most accurate
estimation of local power deposition via full modeling of the clinical scenar-
ios. However, until now, this approach is practical only for very short and
mainly passive implants due to computational limitations; a typical AIMD
would require pm resolution in a multi-meter domain. The impact of using
ViP 3.0 versus ViP 1.x has been evaluated for all four tiers.

Tier 1 and Tier 2 evaluations

In the Tier 1 approach, the AIMD-induced enhancement is evaluated for a
uniform incident field with a strength pre-defined in the ISO/TS specifica-
tion. This value corresponds to the maximum induced spatial peak 10g-
averaged Erys fields (hereafter, referred to as E),,) estimated to occur at
the SAR limits of MRI normal operating mode, i.e.: head SAR less than 3.2
W/kg, whole body SAR less than 2 W/kg, partial body SAR less than 2-10
W/kg (depending on the exposed patient mass) [20]. The E,,, values were
derived from four ViP 1.x phantoms (Fats, Louis, Ella, and Duke) inside an
RF cylindrical body coil operating at 64 MHz, at head through knee imaging
positions.

The Tier 2 approach differs from that of Tier 1, in that E,, is derived
from user-defined exposure conditions (i.e., without specific patient and
imaging positions are defined for Tier 2 in ISO/TS [2012]) in the region
of the body where the AIMD is located. The maximum 95" percentile of
E\,, across all conditions considered concludes the incident field condition
for Tier 2 evaluation

We defined p, I, as the p-th percentile of F,,, computed within a vol-
ume of interest. The E),, was computed using a method consistent with
IEEE C95.3 [138]. At each voxel of the body model, a 10 g averaging vol-
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ume in the shape of a cube was found by expanding the cube in all directions
from the centre voxel until the mass reaches 10 g. The uncertainty of F,,
evaluation was determined on the basis of the modeling parameters uncer-
tainties from [67] as 0.5 dB.

For the Tier 1 evaluation, p = 99 was chosen to avoid the spatial loca-
tions with an irregular averaging volume of E,, (e.g., fingers) and pgg L\,
within the whole body of each phantom was computed for the head-, thorax-
, and pelvis-imaging positions shown in Figure 6.1.

For the Tier 2 evaluation, the exposure of the pacemaker AIMD was
evaluated, and the incident conditions for the AIMD PM region — defined
as the volume encompassing both PM, and PM, routings — were evaluated.
The PM region is illustrated in Figure 6.2 for the ViP phantom Duke. The
Pos E, within the PM region of each phantom was computed for the three
imaging positions, and the maximum pgs E),, g across all exposure condi-
tions (patients and imaging positions) is defined as the Tier 2 in vivo incident
condition for the PM region.

Figure 6.2: Pacemaker active implantable medical device (AIMD) evalua-
tion area (PM region) used in Tier 2 evaluation, illustrated for the Virtual
Population (ViP) phantom Duke.

Tier 3 evaluation

In the Tier 3 evaluation, the in vivo local power deposited in the tissue caused
by AIMD is estimated from:

P, =W, ( /0 : h(l) B, (1) dl) ( /0 ’ h(l) E. () dl) 6.1)
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where h(l) is the E-field transfer function of the AIMD [49], and E,,(I) is
the tangential component of the incident E-field along the implant routings.
Both quantities are defined along the routing length, {. W, is the power
deposited at the vicinity of the electrodes when the implant is exposed to an
incident E-field of constant amplitude and phase (E,, = 1 V-m™1).

For each of the implant routing groups previously defined (DBS,, DBS;,
PM,, PM;, SCS,, and SCS;), 100 routings were randomly generated. For
each exposure condition, E,,(l;) was extracted from ViP 1.x and 3.0 and the
local RF-induced power deposition of each implant routing (P,,) was esti-
mated from (6.1). The predictive RF heating model, h(I) and Wy of generic
AIMDs, represented by insulated wires of three different lengths (40, 60, or
80 cm depending on the length of the AIMD routings in each ViP phantom)
were assumed. The insulated wires comprise a 1.5 mm diameter conductor
and 0.5 mm-thick insulation layer, with insulation at the distal termination
removed over a length of 10 mm, the other termination is capped. Wy and
h(l) of the generic AIMDs were characterized according to [96].

Tier 4 evaluation

Tier 4 evaluation requires a numerical model that approximates the actual
clinical scenario, and therefore the implant model is incorporated into the
body model. The evaluation is straightforward but is computationally de-
manding, as the multi-scale structures must be sufficiently resolved to pro-
vide accurate results of the electromagnetic interactions between the RF ex-
posure and implant embedded in the complex anatomy. This means that the
safety evaluation cannot be performed for a comprehensive set of clinical
scenarios (e.g., permutations of multiple imaging positions, patients, and
AIMD routings) at reasonable computing cost. Therefore, only the Duke
phantom from the ViP 1.x and 3.0 was considered in the Tier 4 analysis.
For the Tier 4 evaluation, one of the 100 randomly generated routings
for the Tier 3 evaluation was selected per routing group, and six clinical
scenarios — DBS, and DBS; at head imaging position; PM, and PM; at
thorax imaging position; and SCS, and SCS; at pelvis imaging position —
were defined for the phantom. The insulated wires, previously described
for the Tier 3 evaluation, were incorporated into the phantom along the six
selected routings, and a full-wave FDTD simulation was then performed for
each scenario. The power deposition was calculated from a volume integral
of the power density contained within the -30 dB contour relative to the
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maximum deposition.

6.4 Results

6.4.1 Anatomical Comparison

As described in [131], ViP 1.x phantoms suffer from several shortcomings,
including limitations in the local detail and accuracy of organ segmentation,
insufficient tissue continuity between separately acquired and merged image
regions, and inconsistent tissue classification and segmentation across the
different phantoms. Most of these issues were addressed in ViP 3.0 phan-
toms, resulting in improved fidelity to the original patient data. As a conse-
quence, the transition from ViP 1.x to ViP 3.0 introduced large anatomical
differences over several regions of the body. Here, we summarize some of
the most clearly identified differences in the tissue regions relevant to this
study.

To be able to segment thin and small tissue structures without holes or
stair-casing artifacts, and without exaggerating tissue thickness or volume,
the sampling resolution in ViP 3.0 has been increased from 0.9x0.9x0.9
mm? (ViP 1.x) to 0.5x0.5x0.5 mm? by applying Lanczos interpolation
[139] and more than 150 additional tissues have now been segmented in ViP
3.0 compared with ViP 1.x. After a review of ViP 1.x, a set of guidelines
was established to ensure that ViP 3.0 segmentations are consistent irrespec-
tive of the operator performing the segmentation and the image dataset. As
a result of the improved segmentation consistency in ViP 3.0, the standard
deviation of the tissue number across different models decreased from 16.3
(ViP 1.x) to 2.7 (ViP 3.0). Figure 3 shows a comparison of how tendons and
the circulatory system were segmented in ViP 1.x and ViP 3.0, revealing
substantial inconsistencies in the tissue assignment of tendons, especially
near the vertebrae, in ViP 1.x (Figure 3a) versus ViP 3.0 (Figure 3b). Con-
sistency in tendon tissue mass ratio across different models in ViP 3.x are
improved by more than 40% compared to ViP 1.x. With the improvements
in the alignment and merging algorithms of the image stacks and the tissue
assignment [131], the positions of some segmented tissues are shifted; the
most significant change is about 5 mm, found in Ella, in the veins. The im-
proved quality of the circulatory system of the ViP 3.0 is shown in Figure
3c and d. Compared with ViP 1.x, discontinuities in veins and arteries have



102 CHAPTER 6. ANATOMICAL MODEL UNCERTAINTY

been eliminated, and the segmentation of the circulatory network has been
made consistent across all ViP 3.0 phantoms. The heights and masses of the
discretized ViP 1.x and ViP 3.0 models are summarized in Table 1. A uni-
form grid size of 0.5x0.5x0.5 mm? was used to compute the heights and
masses. The differences in height and mass were 0 - 0.02 m and 0.1 -1.7 kg,
respectively. With the improved segmentation, the mass error of the seg-
mented models compared to the original scanned volunteers are decreased
from 3.8% in ViP 1.x to 1.2% in ViP 3.0.

Figure 6.3: Improvements in the quality and consistency of tissue segmen-
tation in Virtual Population (ViP) 3.0 compared with ViP 1.x phantoms:
tendons of (a) ViP 1.x and (b) ViP 3.0; the circulatory system of (c) ViP 1.x
and (d) ViP 3.0.

The improved quality of the segmentation of the ViP 3.0 leads to inter-
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nal organ, e.g., lungs, liver and kidneys, of more realistic shapes that are
clearly recognizable from the tissue distributions (Figure 6.4). The peak
spatial averaged specific absorption rate (SAR) values averaged over 10 g
(psSAR10g) were selected for local SAR distribution comparison, as this is
defined by the safety guidelines [1] as relevant metric, and is supported by
studies [140]. The optimal averaging strategy depends on factors such as the
properties of the exposed tissue and the exposure, as evident from the tissue
property dependence of the characteristic heating spread (e.g., quantified by
length of decay of Green’s function of the Pennes bioheat equation [47]).
The psSAR10g at the thorax imaging position for circularly polarized B;
excitation was computed. Differences of up to 5x (lower limbs) and 3x
(upper body) were found between ViP 1.x and ViP 3.0 (Figure 6.4(d)).

Thorax Image Position

Thorax Image Position

Figure 6.4: Improvements in the quality of tissue (permittivity €, is shown)
and SAR,, distributions in ViP 3.0 compared with ViP 1.x phantoms for the
ViP phantom Ella: €, of (a) ViP 1.x and (b) ViP 3.0; (c) difference in tissue
permittivity distribution (Ae,.) between ViP 1.x and ViP 3.0; (d) difference
in SAR,,, distribution (ApsSAR10g) between ViP 1.x and ViP 3.0.

6.4.2 Tier 1 and Tier 2 Evaluations

The pgg E,y, obtained at the normal MRI operating mode limit [IEC, 2010]
for all phantoms and imaging positions are summarized in Table 6.2 and
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Figure 6.5(a). The maximum pggFE), across all considered exposures is
identified as the Tier 1 in vivo incident condition. The values derived from
ViP 1.x and 3.0 are 237 V-m~! and 235 V-m~!, respectively, showing a dif-
ference of less than 0.1 dB (£1.5%). The largest difference (1.1 dB £13%)
in pgg ), was found in Fats at the head-imaging position. The variation
across the phantoms, |Ay;|, is higher in all exposure scenarios, i.e., 1.4 —
3.4dB (confidence interval of (-15%, +17%) to (-32%, +48%)). The in-
fluence of anatomical variation within the patient population on worst-case
whole-body exposure is considerably higher than that of the model fidelity.

Similar results are seen for the Tier 2 evaluation: the posE), within
the PM region for all phantoms and imaging positions is summarized in
Table 6.3 and Figure 6.5(b). The Tier 2 in vivo incident conditions derived
from ViP 1.x and ViP 3.0 are both 177 V-m~—! — a difference of less than
0.1 dB (£1.5%). The largest difference in pgsE,, 1.0 dB (£12%) was
found in Ella at the pelvis imaging position. Once again, the variation across
the phantoms, |Ay;|, is considerably larger, i.e., 2.2 — 5.9 dB (confidence
interval of (-22%, +29%) — (-49%, +97%)), indicating that the influence of
anatomical variation within the patient population on the worst-case regional
exposure exceeds that of the model fidelity.

6.4.3 Tier 3 Evaluation

For each phantom of the ViP 1.x and 3.0, the E,,,(l1) of six exposure scenar-
ios (Figure 6.1) were evaluated. Local differences of E,, (1) as large as 3 dB
(confidence interval of (-29%, +41%)) were found between ViP 1.x and 3.0.
The E,,(l1) comparison of the ViP phantom Ella is depicted in Figure 6.6.

Next, the local power deposition, P,,, was calculated from (6.1) for ViP
1.x and 3.0. The distributions of P, for the six exposure conditions obtained
with the five ViP 1.x and 3.0 models is compared in Figure 6.7; the 95th
percentile values of P, of each phantom, as well as the variation across
the phantoms, for each exposure condition are summarized in Tables 6.4 —
6.6. The maximum difference in the 95" percentile values of ViP 1.x and
3.0 was 1.0 dB (confidence interval of £25%), found in Ella for PM;. The
variation across the patient population taking into account all positions and
routings was between 3 — 11 dB (confidence interval of (-50%, +99%) —
(-92%, +1160%)), depending on the exposure scenarios and, considerably
higher than the differences between ViP 1.x and 3.0.
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Table 6.2: p, I, (99th Percentile of the 10g-Average E-field) at head, thorax, and pelvis imaging positions. Tier
1 exposures are indicated in bold.

Tier 1: p, E1g (p = 99) at the normal MR operating mode A<.E\J

Head Thorax Pelvis [AT] (dB)

(Confidence interval (%))
Phantom ViP 1.0 ViP 3.0 ViP 1.0 ViP 3.0 ViP 1.0 ViP 3.0 Head Thorax Pelvis
Fats 157 139 207 201 237 235 1.1 0.3 < 0.1
(£13%) (£3.5%) (£1.5%)
Duke 127 118 160 153 190 184 0.6 0.4 0.3
(£7.0%) (£5.0%) (£3.5%)
Ella 122 119 177 181 207 214 0.2 0.2 0.3
(£2.5%) (£2.5%) (£3.5%)
Billie 136 125 171 166 208 193 0.7 0.3 0.6
(£8.4%) (£3.5%) (£7.0%)
Thelonious 130 133 140 156 163 179 0.2 1.0 0.8

(£2.5%)  (£125%)  (£9.6%)
[|Avip|] (dB) 1.6 27 26 29 25 27 - - -
(Confidence interval (%)) (-22,+29)  (-15+17)  (-32,+48)  (-24,.432)  (-31,4#46)  (-24,432) - - -
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Figure 6.5: Visual depiction of the information in Tables 6.2 and 6.3: (a)
pog E\, With the derived Tier 1 incident values and (b) pgs Ey, With the de-
rived Tier 2 incident values within the pacemaker at the normal MRI operat-
ing mode limit for the head-, thorax-, and pelvis-imaging positions; the bars
illustrate the p, ¥\, for each ViP phantom, with the value derived from ViP
3.0 indicated by the orange inset bar. Lower y axis: the difference Ap,E,,
in dB between ViP 1.x and ViP 3.0.
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Table 6.5: Tier 3 power deposition, evaluated for the AIMD along PM, and PM;, at the head imaging position. The
95th percentile value of P, are summarized for ViP 1.0 and ViP 3.0. ||A|| is the absolute value of the difference in
95" percentile of P,, for ViP 1.0 and ViP 3.0. ||A;|| indicates the variation of P, across the patient population.

Tier 3: 95" percentile of Py, for PM routings at thorax imaging position

PM (mW) PMg (mW) TTAT (dB)
(Confidence interval (%))
Phantom ViP 1.0 ViP 3.0 ViP 1.0 ViP 3.0 PM. PMg
Fats 29.9 275 27.5 28.1 0.4 <0.1
(£9.6%) (£2.3%)
Duke 475 46.4 17.6 16.9 <0.1 0.2
(£2.3%) (+4.7%)
Ella 26.4 29.4 6.8 8.4 0.5 1.0
(£2.2%)  (£25.8%)
Billie 28.5 28.3 155 15.3 < 0.1 <0.1
(£2.3%) (£2.3%)
Thelonious 16.2 3.6 3.6 3.8 0.3 0.2

(£7.0%)  (£4.7%)
[| Avip|| (dB) 47 49 8.8 8.7 - -
(Confidence interval (%)) (-66,+195)  (-68,4209)  (-87,+658)  (-87,+641) - -
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Figure 6.6: Magnitude (top) and phase (bottom) of E.,(l;) averaged over
100 routings (solid lines) and the variations within 100 routings (shaded
regions) for each routing group in the Virtual Population (ViP) phantom
Ella with ViP 1.x results in blue and ViP 3.0 results in orange.

6.4.4 Tier 4 evaluation

The local power deposition calculated for all six AIMDs in Duke by means
of the Tier 4 approach is summarized in Table 6.7. The differences be-
tween ViP 1.x and ViP 3.0 across all evaluated scenarios are less than 0.7 dB
(£16%). Figure 6.8 summarizes the results from the Tier 4 evaluation of the
left generic deep-brain stimulator AIMD, DBS,, in Duke at the head imag-
ing position. SAR distributions in a sagittal plane through the electrode of
the DBS, are shown for ViP 1.x and ViP 3.0. Histograms of SAR within the
tissue region at close proximity to the distal tip of the DBS, show similar
distribution for ViP 1.x and ViP 3.0.

6.4.5 Discussions

For evaluations on the whole-body scale, the differences in pgg E), (99"
percentile of the 10 g-average E-field) obtained with ViP 1.x and ViP 3.0
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Figure 6.7: Distribution of Tier 3 power deposition (F,,) for deep brain
stimulator (DBS) (blue), pacemaker (PM) (green), and spinal cord stimula-
tor (SCS) (red) active implantable medical devices (AIMDs) in all five Vir-
tual Population (ViP) 1.x (lower histogram) and ViP 3.0 (upper histogram)
phantoms.

are <0.8 dB (confidence interval of £9.6%), all of which can be explained
by the effect of improved segmentation. More stable values can be expected
when sampling the position with finer resolution. It must be noted that these
findings are not inconsistent with the published and widely applied Tier 1
values, as these values remain conservative for testing implants, and, fur-
thermore, the differences between ViP 1.x and ViP 3.0 are much smaller
than the observed variation across the five phantoms of 2 — 6 dB (confidence
interval of (-21%, + 26%) — (-50%, +100%)).

For local evaluations, considerable (>3 dB or confidence interval of
larger than (-29%, +41%)) deviation in the tangential E-fields were found
for Tier 3 evaluation. The results of this study show that all differences
can be explained by local anatomical differences and the more precise and
consistent tissue segmentation in ViP 3.0. Hence, detailed and accurate seg-
mentation is key for accurate representation of the actual patient, especially
when local effects are of relevance.

For evaluations involving an integral throughout the anatomy, as for Tier
3 evaluation of deposited power, the differences were always <1 dB (confi-
dence interval of +25%). These differences were consistently caused by the
changes in segmentation and tissue assignments. For example, the largest
difference observed in PM; of Ella is caused by the differences in the po-
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ViP 3.0
Pdep = 113 mW

]

0 dB = 2000 W/kg (b)

Figure 6.8: Tier 4 evaluation of the left generic deep-brain stimulator
(DBS,) active implantable medical device (AIMD) in Duke at the head-
imaging position. Specific absorption rate (SAR) distribution in a sagittal
plane through the tip of active implantable medical device (AIMD) for (a)
Virtual Population (ViP) 1.x and (b) ViP 3.0; (c) the surface enclosing the
tissue volume at the vicinity of the distal tip of the DBS, AIMD with the
local SAR contained tissue volume within the -30 dB contour line relative
to the maximum SAR of ViP 1.x (red) and ViP 3.0 (blue); (d) histogram of
SAR within the tissue region at close proximity to the distal tip of the DBS,
AIMD (shown as a yellow box in (a) and (b) for ViP 1.x (red) and ViP 3.0
(blue).
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Table 6.7: Tier 4-estimated in vivo power deposition obtained with Duke
phantom of ViP phantom Duke for the selected clinical scenarios. ||A|| is
the absolute value of the difference in the Tier 4-estimated in vivo power
deposition of ViP 1.0 and ViP 3.0.

Tier 4: in vivo power deposition at the normal MR operating mode

AIMD  ViP 1.0 (mW)  ViP 3.0 (mW) [|A]] (dB)
(Confidence interval (%))
DBSL 112.6 113.0 0.07
(£1.6)
DBSr 90.0 91.0 0.05
(£1.1)
PML 39.1 39.4 0.04
(£0.9)
PMg 23.3 24.3 0.17
(£4.0)
SCSL 17.0 19.0 0.48
(£12)
SCSg 18.8 22.0 0.64
(£16)

sitions of segmented veins between ViP 1.x and ViP 3.0. Once again, the
variation across the ViP phantoms is considerably larger, with differences
of 3 — 11dB (confidence interval of (-29%, +41%) — (-72%, +255%) and
(-50%, +99%) — (-92%, +1160%) for field and power, respectively) found
among the exposure scenarios considered. The finer tissue and organ details
of ViP 3.0 lead to an increase of about 15% in the voxelling and computa-
tional time required, compare to that required for ViP 1.x.

It must be noted that the Tier 3 evaluation of in vivo power deposition
reported in this study is based on a generic AIMD model that is derived un-
der simplified conditions. It is intended for comparative analysis only, and
the absolute values of the deposited power reported here cannot be consid-
ered representative of the RF-induced heating of any specific commercial
AIMDs. The differences for any specific AIMD model may vary from what
is reported here, as it also depends on the characteristics of h(l) [1]. The
study was limited to a single birdcage configuration. However, it has been
shown that the volume birdcages installed in all MRI scanners can be well
represented with a library of birdcages of different dimensions and config-
urations [61, 141]. As the volumetric extension of the generated EM-fields
varies with the birdcage design, it changes the globally induced field dis-
tributions when normalized to the whole-body and partial-body limits but
not the local differences due to segmentation differences. Therefore, the
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findings of this study are valid for any birdcage configuration.

Furthermore, the results provided in this study cannot be applied to in-
vestigations of contributions to uncertainty other than segmentation and tis-
sue assignment, such as (i) the simplification made in the assumption of
homogeneous and constant tissue properties throughout each individual tis-
sue and organ, (ii) the introduction of sharp tissue interfaces, and (iii) the
variability associated with the dielectric properties of tissues.

The objective of the study was only to access the uncertainties related to
the generation of the initial, non-posed or morphed models, i.e., related to
segmentation and tissue assignment in the imaging conditions, and not the
effects related to changes of the organ shape and movement as a function
of posture and breathing or changes introduced by additional implants (e.g.,
hip implants). The local field variations caused by these effects can be large,
i.e., on order of those due to variations between models.

6.4.6 Conclusions

The availability of two generations of the same ViP phantoms allows us to
establish for the first time the uncertainty associated with segmentation and
tissue assignment. The results show that differences between ViP 1.x and
ViP 3. 0 on dosimetric endpoints are larger than anticipated, all of which
are consistent with the revisions in segmentation and tissue assignment.
The differences exceeded 3 dB (confidence interval of (-29%, +41%))
for local quantities (e.g., tangential E-fields along AIMD) and 1dB (con-
fidence interval of +12% and £25% for field and power, respectively) for
integrated and volume-averaged quantities (e.g., estimated AIMD-heating
and 10g-average E-fields). We conclude that the phantom uncertainty as-
sociated with tissue assignment and segmentation quality/consistency can
be larger than 3 dB (confidence interval of (-29%, +41%)) and 1 dB (con-
fidence interval of +12% and £25% for field and power, respectively) for
the assessment of local and integrated/averaged quantities, respectively. The
uncertainty contribution of 0.6dB or +15% (k = 1) associated with tissue
assignment and segmentation is estimated for AIMD-heating evaluation. By
increasing the sample size of the phantoms that are based on different data
sets i.e., from different volunteers, the uncertainties associated with random
segmentation-related tolerances/inaccuracies may be further reduced.
Although not negligible, the difference between phantom generations is
small in comparison to the variation across different ViP phantoms of the
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same generation, which can exceed 10dB (confidence interval of (-68%,
+217%) and (-90%, +900%) for field and power, respectively). Therefore, it
is necessary to examine multiple phantoms covering the targeted population
that are based on different patients to be able to achieve quantitative anal-
ysis of dosimetric endpoints (e.g., AIMD-heating) that depend on patient
anatomy. Despite the comparatively small difference between ViP genera-
tions, it is encouraged that the available phantoms with the highest fidelity
in segmentation be used, as these ensure results with the lowest uncertainty
and possible underestimation of the exposure. To verify that the uncertainty
monotonically decreases with improved phantom quality, evaluation of the
differences between phantom generations should be repeated any time seg-
mentation is improved.






119



120 CHAPTER 7. STANDARDIZED ANALYTICS TOOLSET

Chapter 7

Standardized, Validated
and Effective Safety
Assessment of Patients with
Medical Implants under
MRI Exposure Using A
Comprehensive Data
Library Combined with an
Analytics Toolset

7.1 Abstract

IThe radiofrequency (RF) induced heating for patients with implants dur-
ing exposure to magnetic resonance imaging (MRI) is a complex function

I'This Chapter has been published in [142]
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of multiple factors, e.g., the characteristics of the implant, patient anatomy,
imaging position, RF coil, etc. A comprehensive safety assessment can-
not be derived from the limited scenarios possible in clinical trials. We
have established an in silico safety assessment trial that comprises a data
library with a data analytics toolset to perform a comprehensive evaluation
in a timely and traceable manner. We demonstrated the workflow for RF-
induced heating evaluation for patients with medical implants.

7.2 Introduction

For patients with medical implants, the magnitude of radiofrequency (RF)
induced heating during magnetic resonance imaging (MRI) amounts to a
multitude of variables specific to the MRI system (e.g., RF-coil design and
manufacturing details), patient anatomy, and imaging positions. Therefore,
clinical trials performed with a limited number of scenarios are likely to be
insufficient to ensure patient safety. It is essential that a standardized frame-
work that provides not only relevant but also comprehensive, consistent, ex-
tendable, and traceable results be established to facilitate the establishment
of a corroborated knowledge base build upon existing and emerging results.
To that end, we report here the formulation of a standardized workflow that
requires 1) a data library of the RF-induced fields inside the human body,
2) digital representations of the clinical routings of implants, 3) an implant
RF-heating transfer function (Tier 3 model), and 4) a data analytics toolset.
In this work, an in silico trial for RF-heating evaluatioin of generic implants
during 1.5 T MRI exposure is demonstrated.

7.3 Methods

Figure 7.1 illustrates the proposed workflow, which is comprised of the
following components:

e RF-exposure data library: This component provides pre-computed
RF-induced fields inside a variety of patients during MRI exposures.
The library comprises the exposure of a population of virtual patients
(different patient anatomy) of the Virtual Population (ViP) [131] to a
set of generic RF cylindrical body-coils at different clinical imaging
positions.
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» Implant-specific objects: This component includes the digital repre-
sentations of clinical routings of the implants under test (IUT) as well
as the Tier 3 model for RF-induced heating of the IUT, which defines
the transfer function of RF-induced characteristics [1].

e Data filter: This component allows the user to select the specific
dataset for each in silico trial.

* Data processing module: This component is a software module for
generation of clear and traceable digital evidence.

e Output data/results: This component provides the results of the in
silico trial as a traceable output available for analysis.

This workflow is designed to allow each component within the work-
flow to be independently revised and evolved.

We apply the proposed construct to evaluate the RF-induced heating of
a 60-cm generic spinal cord stimulator IUT exposed to 1.5 T MRI. Figure
7.2 summarizes the data filter used to define the selection of the trial.

Safe RF exposure conditions for commercial AIMDs are expressed in
terms of both SAR and By, levels[143]. Therefore, the local deposited
power of the IUT is evaluated at the normal operating mode SAR limits[20]
and as well as at a fixed By, level.

The results were investigated further to indicate scenarios that may im-
prove patient safety and image quality. As an example, a set of the follow-
ing constraints on the IUT power deposition, B, homogeneity, and B,
magnitude, is imposed on the output data/results of the RF-induced heating
assessment:

1. By, level, measured by the average magnitude of B, over the iso-
center slice of the RF-coil, is at least 90% of that provided by circularly-
polarized (CP) B;.

2. Bj: homogeneity, measured by the coefficient of variation of B,
[144] over the iso-center slice of the RF-coil, does not exceed 10%.

3. The power deposition of the IUT does not exceed 300 mW.

Concisely:

(|B1+(e,7)|) > 0.9 x (| B14(45°, 7)) (7.1)
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Figure 7.1: Proposed in silico trial workflow based on the IEC standard for
patients without medical implants[20] and Tier 3 evaluation of RF-induced
effects for patients with medical implants[1]

B1+,cov(61 T) < 0.1 (72)

P, (e,7) <0.3 (1.3)
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Figure 7.2: Summary of the data selection for the in silico trial. Bottom-
right: data filter. Left: illustration of phantom ’Duke’ indicating the three
imaging positions. Upper-right: Ellipticity (¢) and orientation (7) angles
represented on planar projection of the Poincaré sphere [94].

7.4 Results

Figure 7.3 shows the distribution of power deposition of the IUT as a func-
tion of By polarizations, P, (e, 7), evaluated at the normal operating mode
SAR limits and at a fixed By, level of 1uT.

Figure 7.3 also indicates that the circular-polarized B; guarantees nei-
ther maximum (| By (e, 7)|) nor minimum P,,. Therefore, the above set
of constraints (1)-(3) is imposed on the output of the trial to identify expo-
sure scenarios that may improve either imaging quality and/or patient safety,
while complying with normal operating mode SAR limits.

(|B1+(e,7)[), Bi,cov(€, 7), and P, (e, ) that satisfy constraints (1)-
(3) are enclosed within regions marked by the white dashed lines in Figure
7.4. The candidate exposures that may further improve scanning of patients
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equipped with this IUT are identified as intersections of the three qualified
regions for each scenarios.

7.5 Conclusions

Through the establishment of a common data library and analysis tools, in
silico trials can be performed to evaluate patient safety due to RF-implant
interactions. Further, large clinical scenarios based on permutations of pa-
tients, imaging positions, RF coils, and implant clinical routings can be con-
sidered with a clear and traceable digital chain of custody.

We provide here an example in silico trial where a subset of the data from
the common library was selected for IUT RF-heating evaluation. Further,
the established workflow facilitates exploratory data analysis (EDA). EDA
was performed on the trial’s output and exposure conditions, where both
imaging quality and patient safety can be maximized, were identified.
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Figure 7.3
and -right:
of B polarization at the normal operating mode SAR limits and at a fixed
By, level of 1uT, respectively. Bottom-left: distribution of the B;, magni-
tude averaged over iso-center slice ({| By |)) as a function of By polarization
at the normal operating mode SAR limits. Bottom-right: spatial distribution
of B, magnitude over iso-center slice for circular-polarized B;. The aver-
aged magnitude and coefficient of variation of By, ((|B14|) and B1+ co)
are indicated in uT and % at bottom-right of the figures.

: Data distribution for head, thorax, and foot imaging. Top-left
distributions of power deposition of the IUT (F,,,) as a function
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Figure 7.4: Data distribution for head, thorax, and foot imaging. For each
imaging position, top-left, top-right, and bottom-left: distributions of B,
magnitude averaged over iso-center slice ({| B4 |)), coefficient of variation
of B4 (Bi+,cov), and power deposition of the IUT (P,,) as a function of B;
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Temperature Increase
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Chapter 8

Efficient and Reliable
Assessment of the
Maximum Local Tissue
Temperature Increase at the
Electrodes of Medical
Implants under MRI
Exposure

8.1 Abstract

!Objective: Standard risk evaluations posed by medical implants during
magnetic resonance imaging (MRI) includes (1) the assessment of the to-
tal local electromagnetic (EM) power (P) absorbed in the vicinity of the
electrodes and (2) the translation of P into a local in vivo tissue tempera-

I'This Chapter has been published in [145]
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ture increase AT (P2AT) in animal experiments or simulations. We in-
vestigated the implant/tissue modeling requirements and associated uncer-
tainties by applying full-wave EM and linear bio-heat solvers to different
implant models, incident field conditions, electrode configurations, and tis-
sue models. Results show that the magnitude of the power is predominately
determined by the lead, while the power distribution, and the P2AT con-
version, is determined by the electrode and surrounding tissues. P2AT
is strongly dependent on the size of the electrode, the tissue type in contact
with the electrode, and the tissue inhomogeneity (factor of >2 each) but less
on the modeling of the lead (< £10%) and incident field distribution along
the lead (< £20%). This was confirmed by means of full-wave simulations
performed with detailed high-resolution anatomical phantoms exposed to
two commonly used MRI clinical scenarios (64 MHz, 128 MHz), resulting
in differences of <6%. For the determination of P2AT, only the electrode
and the surrounding tissues must be modeled in great detail, whereas the
lead can be modeled as a computationally efficient simplified structure ex-
posed to a uniform field. The separate assessments of lead and electrode
reduce the overall computational effort by several orders of magnitude. The
errors introduced by this simplification can be considered by uncertainty
terms.

8.2 Introduction

Patients undergoing magnetic resonance imaging (MRI) scans are exposed
to static, gradient, and radiofrequency (RF) electromagnetic (EM) fields.
The RF magnetic field components, at frequencies of 64 MHz (1.5T MRI)
and 128 MHz (3.0T MRI), induce strong electric (E-) fields in the tissues of
exposed patients, and the energy absorption causes both an increase in core
temperature and the development of local temperature hotspots [146, 147,
61]. Whole-body and local tissue-specific absorption rates (SAR) and tem-
perature increases for both general exposure and in MRI cases have been in-
vestigated [148, 67, 149]. In cases where patients have conductive implants,
the implant couples with these induced fields, resulting in local amplifi-
cation of these E-fields and, consequently, development of local hotspots
[59, 26, 150, 151]. In general, the amplification is largest for resonant iso-
lated leads of active medical implantable devices (AIMD) with small elec-
trodes, e.g., neurostimulators and pacemakers. The local SAR can be several
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orders of magnitude higher than that caused by the external RF-coil alone
[36, 152, 32, 37, 151]. As direct measurement of the in vivo tissue heating
is possible only in animal studies, in vitro experiments and numerical sim-
ulations of in vivo conditions are often used to evaluate maximum in vivo
tissue temperature increase [33, 26, 97, 153, 96].

The temperature increase, AT", measured in experimental phantoms does
not accurately reflect the temperature increase inside the human body, not
even when normalized to an equivalent amount of deposited power, P, due
to large differences in the heat-transfer characteristics of the medium used
in the test phantom compared to that of tissues in vivo. Phantoms can be
used to approximate only either a single homogenous tissue or an average
of tissue values over a larger volume, and no effects due to perfusion are
take into account during the phantom measurements.

Today, the standard approach to determine the in vivo AT is performed
in two steps:

i) translation of measured in vitro specific absorption rate (SAR) or AT
into estimated local in vivo power deposition

ii) conversion of estimated local in vivo power deposition into estimated
in vivo temperature changes

Step (i) can be performed according to ISO/TS 10974 [1] for each inde-
pendent electrode, while step (ii) can be realized by means of the approach
outlined in Annex F of [1] . However, simulations of the detailed AIMD
for all relevant incident field conditions and tissue configurations can be
computationally very costly. In [84], it was demonstrated that the local en-
hancements of electrically short implants can be well approximated with a
radically simplified model of the implant. Here, we investigate the model-
ing simplifications that may be applied for long implants for evaluation of
the maximum in vivo temperature increase at the electrodes of AIMD with-
out substantial increase of the assessment uncertainty. The development of
modeling simplifications that reduce demand for computational resources
related to the complexity of implants (e.g., multiple helical leads) and the
large variation in E-field incident conditions at the lead trajectories (that
depend on anatomy, landmark positions, surrounding tissues, etc.) are ex-
tremely desirable. The working hypothesis of this study is that the lead
and electrodes can be evaluated separately, i.e., the lead predominately de-
termines the magnitude of the deposited power while the electrode and the
surrounding tissues determine the power distribution and consequently the
in vivo temperature — provided that the lead is electrically long (> \/2) and
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the electrode is short (< M40, A = 400 mm for 64 MHz and 200 mm for
128 MHz within the high permittivity medium defined in ISO/TS 10974:
permittivity of 78, conductivity of 0.47 S/m). In this paper, we ignored
the modeling requirements for the heat transfer via the lead, as it is gener-
ally low [97]. It should be further noted that the power deposition at each
electrode must be determined separately if they are connected to individual
wires, e.g., uni- versus bipolar AIMD [151].

8.3 Method

8.3.1 Deposited power-to-AT (P2AT) factor

To quantify the conversion of in vivo power deposition to in vivo temperature
rise, we define the power-to-AT (P2AT) factor:

AT,
P2AT = —2°% 8.1
D (8.1)

where AT, .. is the peak steady-state increase in the tissue temperature,
and P is the local power deposited in the vicinity of the implant electrode,
obtained via a volume integral of the scattered SAR distribution, i.e., the
local SARcicctrode(r) - the SAR;pcigent(ry Without the implant. To limit the
effect of numerical noise and contributions from other parts of the implants,
the integral was limited to the -30 dB iso-contour relative to the peak depo-
sition:

Pdep = / pt(SARelectrode (I‘) — SARincident (r))dU (8.2)
1%

8.3.2 Simulations

It should be noted that AT;,,, might be not most relevant safety value as
tissues around the tip might have temperature sensitivities, the implication
of which will be discussed later.

The EM computations were performed with the finite difference time
domain (FDTD) solvers of the simulation platform Sim4Life V4.0 (ZMT
Zurich MedTech, Switzerland).
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The increase in tissue temperature, in excess of metabolic heat generated
by the body, due to the power deposited at the implant electrode can be
expressed by the linear Pennes bio-heat equation (BHE) [154]:

e ) P2 T — (k)T AT, 1) 400 (DSAR () e () 0) (AT (1, 1)

(8.3)
where p;(r) is the mass density (kg/m3), ¢;(r), the heat capacity (J/kg/K),
k(r) the thermal conductivity (W/m/K), w(r) the perfusion rate (ml/min/kg)
of tissue, p; the mass density (kg/m?), and c; the heat capacity (J/kg/K) of
blood. SAR(r) is the local specific absorption rate (W/kg), and AT (r,t) is
the temperature increase due to implants, in excess of body core tempera-
ture. As the resulting temperature increase should stay within the biological
safe limits of less than 10K, it can be approximated that the parameters are
time- and temperature-independent.

In this study, we used the BHE solver of Sim4Life V4.0 and the analyt-
ical solution of BHE:

AT = (pt (I') (SARelectrode (I') - SARincident (I'))) * G(I') (84)
where G(r) is the Green’s function of the BHE [155, 47, 156]. As the

G(r) is no longer suitable for inhomogeneous tissue distribution scenario,
only the BHE solver of Sim4Life V4.0 is used for the inhomogeneous cases.

8.4 Parameter Study

The impact of different parameters on P2AT has been determined by vary-
ing:

* lead geometry, electrode geometry, and insulation thickness of the
AIMD

* incident conditions

e tissue distributions
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The geometries of the implants under test (IUT) used throughout the
study are shown in Figure 8.1. The wire and insulation are concentric cylin-
ders, and the electrodes are either cylindrical or helical. The radius of the
wire and insulation are defined as @ and c, respectively. The length and ra-

dius of the electrode are defined as L; and ¢, respectively. The length of the
implant lead is defined as L.

(a)

cylindrical
electrode

e

D ' !
: 1.
ZN h o
2t} i lo2
helical _~ w! H
STV

electrode
-
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(b)

P
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Figure 8.1: (a) Geometry of the IUTs used in the study. Wire and insulation
are concentric cylinders and electrodes are either cylindrical (top) or helical

(bottom). (b) Tissue model of IUT-embedding media used in Section 8.4.1
and Section 8.4.2.

8.4.1 AIMD Modeling

To include different types of common-seen implant electrode and lead length,
six different types of implant electrodes were chosen with lead lengths of
200 — 600 mm. First, the dependence of P2AT on the length (L) of the
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AIMD was evaluated for L = 200 — 600 mm. Six types of IUT electrodes
were considered, cylindrical electrodes with L= 2, 4, 6, 8, 10 mm, and a
helical electrode with L,= 2 mm; two conductive wire radii of a— Omm
(i.e., a simple dimensionless wire) and a = 0.5 mm were considered. For all
IUTs, ¢t = 0.5 mm and ¢ = 0.75 mm.

Next, the dependence of P2AT on the conductive wire topology of
AIMD was investigated by simulating IUTs of wire radii a = 0 — 0.8 mm
and insulation radius ¢ = 0.75 — 4 mm, with L;=2mm, t =0.5mm, and L =
500 mm.

Finally, the effect of incident field conditions along the conductive wire
on P2AT was investigated by varying the incident field conditions:

E,, = E,’¢ (8.5)

whereby E,,, is the E-field induced tangentially along the implant trajec-
tory, [ is the position along the IUTs, and the linear phase ¢ is ramped over
0 —30rad/m [157]. Two lengths of TUT electrodes, L;= 2 and 10 mm, were
considered. For all IUTs, ¢ = 0.5mm, a = 0.5, ¢ = 0.75, and L = 500 mm.
Al TUTSs considered in this section are embedded in an unbounded homoge-
neous medium (i.e., regions 1 — 5 = high permittivity media [HPM] defined
in [1]; see Figure 1), the properties of which are summarized in Table 8.1.

Table 8.1: Summary of the dielectric and thermal properties of the tissues.

Tissue €r o k w P
(S/m)  (K/W/kg)  (mlkg/min)  (kg/m?)

Blood 86.4 1.2 0.52 10000 1049
Cancellous bone 20.6 0.36 0.31 30 1178
Cortical bone 16.7 0.06 0.32 10 1908
Connect tissue 53.9 0.49 0.39 37 1027
CSF 97.3 2.06 0.21 0 1007
Dura matter 73.2 0.71 0.44 380 1174
Fat 13.6 0.06 0.21 32.7 911
Fibrotic tissue 65.8 0.57 0.48 32.85 1000
Heart muscle 106.5 0.67 0.56 1026 1081
HPM 78 0.47 0.61 0 1000
Ligament 59.5 0.47 0.47 29 1142
Muscle 722 0.68 0.49 36.7 1090
Nevor 473 0.34 0.49 160 1075

Spinal cord 55 0.32 0.51 160.3 1075
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8.4.2 Piecewise Varying Tissue Distribution Modeling Along
AIMD

The dependence of P2AT on the tissue distribution surrounding the AIMD
is calculated for different tissue distributions, as described in Figure 8.1 and
Table 8.2. All tissue properties are summarized in Table 8.1. Four IUTs of
insulation thicknesses ¢ =0.9, 1.2, 1.8, and 2.4 mm were considered. For all
IUTs, t =0.5mm, L.,=2mm, ¢ = 0.6 mm, and L = 500 mm.

8.4.3 Electrode Embedded in Locally Spatially Inhomoge-
neous Tissues

In the preceding evaluation, the tissue distribution surrounding the implant
electrode was treated as homogeneous. The objective was to investigate
whether the power deposition and P2AT can be sufficiently well approxi-
mated by the tissue in contact with the electrode, as has been postulated in
the past. The example structure shown in Figure 8.2 is the simplified tissue
distribution in three different positions inside the epidural space of a typ-
ical spinal cord. The three evaluated positions of the generic electrode of
diameter 0.5 mm and length 2 mm are also illustrated in Figure 8.2:

e position 1: the implant electrode is slightly penetrates the dural matter
(< 0.2 mm);

e position 2: the implant electrode is in contact with the dural matter;

 position 3: the implant electrode is completely inside epidural space
(fat);

8.4.4 Validation in Detailed Anatomical Models in Clini-
cally Relevant Scenarios

We applied the derived simplifications to two common clinical used im-
plant types a) a generic pacemaker and b) a generic spinal-cord stimulator.
Both scenarios are simulated with the anatomical model Duke V3.0 of the
Virtual Population (ViP) [158] originally developed by [117] and refined
[131] by the IT’IS Foundation. The model was exposed to the fields of the
generic 64 MHz RF-body coil [159] and 128 MHz RF-body coil [160]. The
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Figure 8.2: Illustration of the anatomical model of spinal cord and selected
three positions where electrode of the generic spinal cord stimulator was
located.

dielectric and thermal parameters compiled in the IT’IS Foundation’s tis-
sue properties database [137] were used. The two clinical scenarios were
chosen for their substantial dissimilarities in AIMD incident conditions and
tissue distributions. The IUT and anatomical features in the vicinity of the
IUT are shown in Figures 8.3 and 8.4 for the pacemaker and the spinal-cord
stimulator, respectively. Table 8.3 lists the parameters of the two clinical
scenarios.

A number of simplifications were applied to the clinical scenarios, and
the P2AT was calculated and compared to the results without any simplifi-
cations. The simplifications shown in Figures 8.3 and 8.4 are:

* none: no simplifications were applied and the clinical scenario (RF-
coil, patient, and IUT) is fully emulated in the computational domain

e IUT: the IUT is simplified as L = 300 mm, a —0mm, with ¢ un-
changed; the remainder of the clinical components, i.e., the RF-coil
and patient, are unchanged and emulated in the computational domain

* IUT plus tissue: both IUT and tissue distribution are simplified; the
simplified IUT has L = 300 mm, ¢ —0 mm, with ¢ unchanged; the
remainder of the clinical components, i.e., the RF-coil and patient, are
replaced with an unbounded homogeneous medium exposed to simple
excitation conditions; the simplified IUT is placed along a cardinal
axis of the computational domain, and the embedding medium has
the properties of the tissue in contact with the electrode
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Table 8.2: Tissue assignment of the tissue model depicted in Figure 8.1, for
different tissue distribution used in Section 8.4.2.

Tissue Distribution Region 1 Region 2 Region 3 Region 4 Region 5
Muscle Muscle Muscle Muscle Muscle Muscle
CSF CSF CSF CSF CSF CSF

Fat Fat Fat Fat Fat Fat
Heart Muscle Heart muscle Heart muscle Heart muscle Heart muscle Heart muscle
Fat-dominated Muscle Fat Blood CSF Heart muscle
Muscle-dominated Fat Muscle Blood CSF Heart muscle

Table 8.3: Summary of parameters, associated with the IUT, tissue distribu-
tion, and RF-exposure, of the two clinical scenarios.

Tissue Pacemaker Spinal-cord stimulator
IUT: (t, Lg, L, a, ¢ (mm) 0.5, 2,400, 0.6, 1.2 0.5,2,500,0.5,09
Tissue distribution heart muscle, muscle, blood fat, bone, CSF, ligament
RF-coil extent Vertebra C5 to Vertebra L5 Vertebra L2 to middle thigh

8.5 Results

8.5.1 AIMD Modeling

Figure 8.5 (a) and (b) show that the conductive wire topology has very lit-
tle effect on P2AT. Figure 8.5 (a) shows the P2AT as a function of IUT
conductive wire lengths for six types of electrodes. The results indicate that
the length of the IUT conductive wire has little influence on P2AT; the de-
pendence of P2AT on wire length increases with increasing L; and shows
asymptotic behavior towards larger L for both wire topologies, a — 0 mm
and a = 0.5 mm. The effect of IUT lengths L > 0.5\ on P2AT are <7%.
As expected, P2AT are greatly affected by the shape of implant electrode,
as the SAR distribution can be seen as the result of a quasi-static field, which
is strongly affected by electrode shape features such as sharpness (leads to
field concentration) and extent (lead to field distribution). In the example
studied, P2AT is more than 22% higher in the helical wire electrode com-
pared to the same length of straight wire, and 55% lower in the long straight
wire electrode (Ly= 10 mm) compared to the short straight wire electrode
(Lz=2 mm).

Figure 8.5 (b) shows that the influence of the wire diameter is small for
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any other IUTs as well (¢ =0.75 —4 mm, the radius of the conductor varying
from dimensionless to 0.8 mm); the difference is <5%.

Figure 8.5 (c) shows the P2AT determined for two IUTs with Ly=2 and
10 mm exposed to a set of linear-phase E,, conditions with phase gradient
¢ ranging from 0—30 rad/m. The variability of P2AT is 6% for the short
(Lg=2 mm) and 13% for the long (L,= 10 mm) electrodes.
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Figure 8.3: Application of proposed simplifications to the clinical scenario
of a patient with a generic pacemaker. The different simplification stages
where P2AT is calculated are illustrated. Top: no simplification (clinical),
Middle: partial simplification, and Bottom: full simplification. Note: the
RF-coil is not depicted.
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Figure 8.4: Application of proposed simplifications to the clinical scenario
of a patient with a generic spinal cord stimulator. The different simplifica-
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(clinical), Middle: partial simplification, and Bottom: full simplification.
Note: the RF-coil is not depicted.
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Figure 8.5: (a) P2AT for different electrodes as a function of IUT elec-
trical length (L-A~1). (b) P2AT as a function of IUT insulation radius, c,
evaluated for IUTs with different wire radii, a. (¢) P2AT as a function of
incident conditions, evaluated for IUTs exposed to linear-phase tangential
E-field of different phase gradient (O - 30 rad/m).

8.5.2 Tissue Distribution Simplification

Figure 8.6 summarizes the heating factors of four different IUTs (¢ = 0.8,
1.2, 1.8, or 2.4 mm) within different tissue distributions. Six tissue distribu-
tions (see Figure 1 and Table 2) are considered for each ITUT. For all IUTs
considered, the heating factors obtained for homogeneous muscle or fat tis-
sue distributions closely approximate (j10% deviation) those obtained for
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muscle-dominated or fat-dominated tissue distributions, respectively, demon-
strating that, in such cases, homogeneous simulations can solved more ef-

ficiently with, e.g., methods that resemble fast-Poisson solvers. P2AT

in fat tissue is more than double that in muscle tissue, due to the much

lower thermal conductivity of tissue fat, which reduces diffusion cooling.

Both FDTD (FDTD-BHE) and a method whereby the steady-state spheri-

cal Green’s function of the BHE (G-BHE) [47] is employed were used to

solve the BHE. Figure 8.6 shows that the P2AT values obtained with both

the FDTD-BHE and G-BHE are in very good agreement for homogeneous

tissue distribution scenarios.
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Figure 8.6: P2AT for implants with various insulation thicknesses (c) em-
bedded in different tissue distributions. The BHE is solved both numerically
(FDTD-BHE) and with analytical Green’s function (G-BHE). The heating
factors calculated with FDTD-BHE are indicated by o’ and ’x’ markers.
The heating factors calculated with G-BHE are indicated by dash lines.



8.5. RESULTS 145

8.5.3 Electrode Embedded in Locally Spatially Inhomoge-
neous Tissues

Figure 8.7 shows the E-field and SAR distributions of implant electrodes
placed at positions 1, 2, and 3. Even though the surrounding tissue envi-
ronment of the implant electrode changes only slightly, the E-field and SAR
distributions are very different due to the differences in tissue distribution
near the electrode. Consequently, the P2AT also varies significantly, i.e.,
by a factor of more than 2.

E-field

position 1 position 2 position 3

position 1 position 2 position 3

{ - -

P2AT =263 (K- W) p2AT =506 (K- W) p2AT =227 (K- W)

Figure 8.7: The E-field and SAR distributions corresponding to the three
positions defined in Figure 2

8.5.4 Validation in Anatomical Models

P2AT and the computational resources required for its derivation for each
level of simplification are summarized in Tables 8.4 and 8.5 for the pace-
maker and spinal-cord stimulator IUTs, respectively. Despite the differ-
ent topologies of the implant leads, the incident conditions, and the tis-
sue distributions of the two scenarios, the proposed simplification works
well for both. The deviation between P2AT derived with no simplifica-
tion (clinical) and full simplification is within 6%, while the computational
resources required were smaller by more than a factor of 10 (600 Mcell
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to less than 50 Mcell; this reduction directly translates into a reduction in
memory requirement; computation time savings can even exceed this reduc-
tion, as a coarser mesh results in a longer stable time-step according to the
Courant-Friedrichs-Lewy (CFL) criterion [161], thus with fewer time-steps
required).

8.6 Discussion and Conclusions

The results of this parameter study confirm that the lead modeling and the
electrode can be largely decoupled, i.e., after the total power deposition is
determined, e.g., according to ISO/TS 10974; only a simplified implant with
a detailed electrode and electrode-tissue environment must be modeled to
determine the P2AT, while the impact of the simplified implant lead on
P2AT can be assessed with additional uncertainties. For the determination
of the magnitude of the deposited power P, an accurate implant model is
required, e.g., a transfer function model [1]. The following conclusions can
be drawn from this study, provided that the leads are electrically long L
> )\/2 and the electrodes short < \/40:

e The P2AT is predominantly dependent on (1) the geometry (size,
sharpness, etc.) of the AIMD electrode and (2) the type of tissue in
contact with the electrode, and (3) the inhomogeneity of the tissue in
the near vicinity of the electrode.

¢ The influence on P2AT of (1) details of the lead wire structure, (2)
the tissues in which the lead is embedded, and (3) the distribution of
the incident fields is small, does not require detail modeling and can
be integrated with an uncertainty term.

The simplification of the AIMD and tissue modeling has been success-
fully validated with two clinical scenarios based on vastly different tissue
distributions and induced field conditions.

The results also suggest that the very local tissue distribution, which in
general, is not homogeneous, must be analyzed in great detail. For example,
non-perfused scar tissue tends to form at the surface of the AIMD electrodes;
this scar tissue is generally not temperature sensitive and is much less lossy
than surrounding tissues. Also, part of the electrode might be embedded in
muscle, whereas the rest could be in contact with the blood, etc.



8.6. DISCUSSION AND CONCLUSIONS 147

The thermal properties of the tissue used in this work are averaged val-
ues from multiple measurements. The actual properties vary from individ-
ual to individual. The effects on P2AT can be determined by a sensitivity
analysis or represented by an uncertainty term, with application of the same
decoupling simplifications as used in this study. Besides, given the anatomi-
cal variation in, e.g., body mass index, across different population, the tissue
distribution near the implant electrode maybe different. Therefore, it is nec-
essary to perform the thermal simulations with varying local tissue models
that represent a wide population range.

It should also be noted that the P2AT at each electrode cannot be eval-
uated separately if the power deposition spatially overlaps as for example in
case of very narrowly spaced neurostimulation electrodes. In these cases,
evaluation of a combined multi-electrode model is advised. In the case of
bipolar pacemaker, for example, the separation between ring and tip is suf-
ficiently separated allowing separate P2AT evaluations.

Finally, the limitations of current study must be noted. This study is
limited to leads in which the structure close to the electrodes is continuous,
i.e., without lumped elements close to the electrodes. Furthermore, investi-
gations are needed to determine the uncertainty limits for electrically longer
electrodes such as shock coils in defibrillators.

In summary, we have defined the requirements for modeling P2AT of
AIMDs in MRI that —together with, e.g., an ISO/TS 10974-based assess-
ment of the total power deposition — enables comprehensive analysis of
the maximum in vivo temperature increases with known confidence inter-
vals and with a limited number of simulations. Importantly, this approach
also has the potential to replace animal experiments.
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Table 8.4: Summary of P2AT and computational resource required for a generic pacemaker for the different
simplifications

Parameters No Partial Full Full Maximum

Simplification ~ Simplification Simplification Simplification Variation

(clinical) (FDTD-EM/-BHE) (FDTD-EM/G-BHE) Time Savings
P2AT (K/W), 64 MHz 81 80 81 82 2%
P2AT (K/W), 128 MHz 81 85 81 82 5%
SAR(r) (W/m?Z) computation
Computation 650 540 30 30 22x
domain (Mcells)
Compute time 5 4 0.5 0.5 10x
(hrs)
AT (K) computation

Computation 230 140 30 - 7x
domain (Mcells)
Compute time 4 2 0.5 <0.1 8x
(hrs)
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Chapter 9

Conclusions and Outlook on
Related Future Research
Topics

In this thesis, I have addressed major unresolved scientific and engineering
problems in the evaluations of AIMD risk according to Tier 3 of the ISO/TS
10974[1], thereby improving and simplifying the assessment process and
substantially reducing the associated uncertainties.

First, novel in vitro experimental methods suitable for both 1.5 Tesla
and 3.0 Tesla MRI instruments were developed for the characterization of
the AIMD RF-heating model. As the accuracy of the AIMD RF-heating
model is verified by means of in vitro experimental methods, we summa-
rized the theoretical accuracy of Tier 3 method and illustrated the practical
considerations for accommodation of the non-ideality of the experimental
conditions needed in the Tier 3 assessment of RF-induced heating defined
in ISO/TS 10974. The small — mm-scale — distal electrodes of an AIMD can
cause localized RF-induced power deposition with very high spatial gradi-
ents (5 — 6 dB/mm), which is the main contributor to inaccuracies of near-
field measurement. To improve the accuracy of the traditional experimental
evaluation, which relies solely on hardware instrumentation, a data-drive
experimental method based on an image co-registration algorithm has been
developed to reduce the large uncertainty associated with the steep spatial
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gradient. The method has been successfully validated with respect to a va-
riety of implants, exposure levels, and data acquisition procedures. An un-
certainty level of less than 1 dB has been achieved with this method, which
is significantly lower than the uncertainty achieved with the traditional eval-
uation method. To demonstrate the RF safety of an AIMD during MRI
exposure, a numerical model of RF-heating of the AIMD is needed. The
validation of the model requires a sufficient set of incident tangential elec-
trical field conditions that spans the in vivo range of exposure, which was
very time consuming and often resulted in poorly defined incident condi-
tions. Based on the finding that the amplitude and phase of the incident tan-
gential electrical field along a single lead path in a cylindrical phantom can
be sufficiently varied by changing the polarization of the incident magnetic
field inside standard birdcage RF coils, a novel test field diversity (TFD)
method has been developed to provide well defined diverse exposure con-
ditions. The new TFD method enables improved and reliable validation of
the AIMD model with low uncertainty and it is applicable for evaluation of
both 1.5 Tesla and 3.0 Tesla MRI environment.

Next, the gap of knowledge concerning a comprehensive evaluation of
in vivo RF-human interaction was addressed. The anatomical human phan-
toms of the Virtual Population (ViP) have been used in many dosimetry
studies. However, uncertainty related to the anatomical phantom in RF re-
search has largely been neglected. To bridge this gap, we quantified and
established the uncertainty associated with segmentation and tissue assign-
ment by comparing the results obtained from a multi-tier safety assessment
of MRI RF-induced AIMD heating, according to Clause 8 of ISO/TS 10974,
performed with the ViP 1.x and ViP 3.0 generations of the anatomical phan-
tom models. The results show that the additional uncertainty associated
with the tissue assignment and segmentation quality anatomical phantom
in evaluations of AIMD heating is 0.6 dB. Assessment of multiple phan-
toms that cover a targeted population based on different volunteers is re-
quired for quantitative analysis of dosimetric endpoints that depend on pa-
tient anatomy. The RF-induced heating for patients with implants during
MRI exposure is a complex function of multiple factors, e.g., the charac-
teristics of the implant, patient anatomy, imaging positions, RF coil, etc.,
thus, comprehensive safety assessment cannot be based on a limited num-
ber of scenarios. To be able to perform comprehensive evaluations in a
timely and traceable manner, we established an in silico safety assessment
trial that combines a data library with a data analytics toolset. The proposed
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standardized framework provides not only relevant but also comprehensive,
consistent, extendable, and traceable results that facilitate establishment of
a corroborated knowledge base built on existing and emerging results. The
framework also facilitates exploratory data analysis to be used to identify
both maximized imaging quality and patient safety. To provide a fuller pic-
ture and better understanding of the implant in vivo exposure environment,
we investigated the influence of patient anatomical features, imaging po-
sitions, and exposure conditions. We also elucidated and summarized the
currently accepted mechanisms governing the MRI safety of patients with
and without implants.

Finally, safety evaluation of AIMDs during MRI requires assessment of
the potential for RF-induced in vivo temperature increase in exposed pa-
tients. Due to the complicated in vivo tissue distributions inside the human
body and the multi-scale structures involved in clinical scenarios — on the
scale of meters for the human body and millimeters for the AIMD struc-
tures), the estimation of in vivo temperature increase can be extremely time
consuming and computationally expensive. To lessen this burden, we inves-
tigated the modeling requirements for efficient and reliable determination
of the conversion of local RF power deposition of the AIMD to the in vivo
maximum local tissue temperature increase (P2AT). The results confirm
that significantly simplified models of leads and standard incident field con-
ditions, e.g., uniform exposures, can be used to assess P2AT while both
the lead electrode and the surrounding tissues need to be modeled in detail.
The use of the proposed simplifications for assessment of P2AT can reduce
the effort by a factor of more than 10 times.

In summary, the work performed in this thesis contributes to the im-
provement of MRI safety assessment of medical implants by providing novel
methods and models with well-controlled uncertainty to use when perform-
ing safety assessments under various scenarios. It also provides essential
information to help bridge some of the identified knowledge gaps in the
current guidelines on MRI-implant safety.

9.1 Outlook

Many patients with AIMD are excluded from MRI-based diagnosis because
the risks associated with RF-exposure are overestimated on the basis of the
current safety guidelines. The results obtained from the research performed
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in this thesis can help improve risk assessment for these patients, providing
access to potentially life-saving diagnostic procedures. However, additional
improvements beyond the current standardization work are needed to further
reduce overestimation of the hazards and to facilitate more precise hazard
prediction to make MRI-based diagnostics accessible to more patients. The
challenges include:

* The multi-tissue environment: The AIMD is generally embedded in a
spatially complex distribution of tissues of varying dielectric proper-
ties. In other words, the effective wavelength and tissue attenuation
changes along the lead. Cochlear implants are a prominent example:
these are partially exposed at the interfaces of the skull, skin, and
air, inside the bone and in the cochlear fluid. In safety assessments,
the complex tissue composition is simulated with one or more types
of homogeneous media, and maximum hazard levels are considered.
This can lead to several-fold overestimation of risk, as demonstrated
in Tier 4 evaluations of cochlea implants. A standardized procedure
for multi-tissue environments will improve the hazard evaluations, re-
ducing the overestimation.

* Partially-implanted and on-body devices: Until now, all safety assess-
ment activities have been focused on AIMDs that are fully-implanted
inside the human body, where the main contribution to the in vivo
exposure environment is the B; induced E-field, which is relatively
well defined regardless of the actual birdcage design. For partially-
implanted medical devices — e.g., interventional MRI catheters — and
on-body devices — e.g., ECG leads — the exposure environment of
the devices outside the human body is much more complicated and
unpredictable, as it is heavily dependent on the birdcage geometry,
e.g., the location of the lumped elements and feeds, and lead rout-
ings outside the body. In addition, the E-field outside body can be
very large, the implant parts outside the body can pick up this energy
and deposit it inside body. It is clear that methodologies developed
for fully-implanted devices are not directly applicable to partially im-
planted or body-worn devices. The most common way to evaluate
heating of partially-implanted devices is through direct measurement
of the temperature [162, 163]. More generally and easy-to-apply pro-
cedures are needed for the hazard assessment of partially implanted
medical devices.
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* High-field MRI with multi-channel parallel transmission coils: The
methods and instrumentation discussed in this work are primarily de-
signed and intended for low-field MRI (< 3 Tesla) with two-channel
RF coils. In these cases, because of the similarity to the wavelength of
the human body and the simplicity of the RF coil structure, the field
distribution is relatively simple, and the hotspots can be potentially
controlled by limiting the whole-body SAR. While for high-field MRI
(> 3 Tesla), multi-channel parallel transmission coils are used to help
achieve homogeneous fields near the field-of-view (FOV) during the
MRI scan. The decreased RF field wavelength, together with the com-
plex RF coil structure, yields a much more complicated field distri-
bution. Methodologies and procedures developed for low-field MRI
estimation cannot be directly used for high-field cases. Until now,
most of the assessment work related to high-field MRI are through
direct point measurements of the field or temperature inside the MRI
scanner [76, 126]. Procedures and methods that can be used for com-
prehensive assessment of high-field MRI need to be established in the
future.
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Appendix A

Supporting Information of
Chapter 4

A.1 Overview

The evaluation of the uncertainty of experiments is based on splitting the to-
tal uncertainty into various uncertainty sources which are independent or
have limited interdependencies. The contributions of these uncertainties
were determined by assuming statistical models. The total uncertainty was
expressed as the root-sum-square (RSS) value of all contributions. The basic
concepts for determining the uncertainties and selecting appropriate statis-
tical models for applications in the field of electromagnetic compatibility
were developed, e.g., by Taylor and Kuyatt[164].

A.2 TFD expsure

The RF-exposure provided by the TFD in Chapter 4 is determined from
its experimental and numerical components. An uncertainty budget is es-
tablished from sensitivity analysis of AIMD heating due to each source of
uncertainty.
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A.2.1 Experimental Setup

TFD experimental setup consists of RF-coil, phantom, TSM, and RF-fields
(E and H) data acquisition system. The contributions associated with TSM
and RF-fields data acquisition system are accounted for in the local enhance-
ment evaluation. The uncertainty budget of the experimental setup is estab-
lished from the following components:

* RF-coil exposure drift: The uncertainty associated with the drift of the
exposure systems (MITS1.5 and MITS3.0, Zurich Med Tech, Switzer-
land) was evaluated during an exposure period of 2 hours.

e Phantom: Uncertainty components associated with shape, position
within the RF-coil, AIMD holder presence, reflection from truncated
boundaries, and scattering between parallel AIMD lead segments were
numerically assessed.

A.2.2 Numerical Modeling

The exposure setup is emulated and the incident fields (E and H fields)
within the TFD phantom are calculated with a validated full-wave compu-
tational electromagnetics software, Sim4Life (Zurich Med Tech, Switzer-
land). The B -polarization and E,, (I ), recorded during each TFD expo-
sure is re-constructed with the numerical model of the exposure setup. The
uncertainty budget of the numerical model is established from the following
components:

* Numerical errors: Uncertainty components associated with grid res-
olution and absorbing boundary condition used in computational do-
main truncation were assessed. 1) Each RF-coil model is discretized
at several grid resolutions and E,, (1) is calculated at each grid res-
olution. 2) The absorbing boundary condition used in computational
domain truncation, assessed according to Chapter 7 of[S0]. The devi-
ation of E,, (1) is negligible.

* RF-coil modeling: Uncertainty components associated with loading
condition and geometrical simplification of the RF-coil were assessed.
The RF-coil model is tuned to resonate at the nominal operating fre-
quency (64 MHz: 1.5 T and 128 MHz: 3.0 T) using different loads
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(no load to 80-kg load). And different simplifications of geometrical
structure of the experimental RF-coil were applied. The deviation of
E..(I;) at the operating frequency is considered.

A.3 Local Enhancement Evaluation

During each TFD exposure, local enhancement of the IUT is experimentally
evaluated in homogeneous TSM (HPM, ¢, = 78, o = 0.47 S/m) with RF-
fields acquisition system. The uncertainty budget of the local enhancement
evaluation is established from the following components: 1) data acquisition
system; 2) TSM; 3) post-processing.

A.3.1 Data acquisition system

* Dosimetric sensor: Uncertainty components associated with hemi-
spherical isotropy, linearity, and integration volume, are obtained from
manufacturer’s specification (EX3DV4, SPEAG, Switzerland).

 Data acquisition electronics: Uncertainty components associated with
detection limit, read-out electronics, and integration time, are ob-
tained from manufacturer’s specification (DAE4, SPEAG, Switzer-
land).

* TSM: Dielectric properties of TSM, nominally assumed to be €, =
78, 0 = 0.47 S/m. Deviation of + 10% and + 5% in ¢, and o is
considered.
A.3.2 Post-processing

Uncertainty based on method proposed in Chapter 5 is used.

A.4 Tier 3 model

Tier 3 RF-heating model of the IUT was derived using the piecewise exci-
tation method [83]. The uncertainty budget is obtained from manufacturer’s
specification (piX System, Zurich Med Tech, Switzerland).






Appendix B

Supporting Information of
Chapter 5

B.1 Overview

The evaluation of the uncertainty of experiments is based on splitting the to-
tal uncertainty into various uncertainty sources which are independent or
have limited interdependencies. The contributions of these uncertainties
were determined by assuming statistical models. The total uncertainty was
expressed as the root-sum-square (RSS) value of all contributions. The basic
concepts for determining the uncertainties and selecting appropriate statis-
tical models for applications in the field of electromagnetic compatibility
were developed, e.g., by Taylor and Kuyatt[164]. The ISO/TS 10974[1]
adapts these methods and specifies the relevant uncertainty parameters to be
evaluated for the experimental and numerical testing of the MR safety of
medical implants.

B.2 Uncertainty Components of Table 5.1
Table 5.1 summarizes the uncertainty budget of the the traditional method
and the proposed method. The combined uncertainty is established from the

following components associated with the derivation of the model.
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B.2.1 Exposure Drift

The relative change of the exposure over the period of the measurement,
determined by magnitude of the magnetic fields produced by the generic RF
coil.

B.2.2 Phantom

The effect of 1) phantom shape and position within the RF-coil and 2) the
AIMD holder, to the incident fields (AIMD exposure). 1) was assessed from
numerical simulations of the phantom, considering the tolerance in phantom
position within the RF-coil of £ 5 mm in all directions. The tolerance in the
phantom shape is assumed to be negligible. 2) was assessed experimentally
from the magnitude of the incident electric field with and without the AIMD
holder present.

B.2.3 TSM

The tolerance of the permittivity and conductivity of the tissue-simulating
liquid (HPM, ¢, =78, 0 = 0.47) of + 10% and 4+ 5%, respectively, were
considered. The maximum deviation of AIMD exposure was used.

B.2.4 Data Acquisition

The uncertainty of the data acquisition is determined by 1) the uncertainty
associated with isotropy and linearity of the probe; 2) the uncertainty asso-
ciated with detection limits, integration time, and the readout electronics of
the data acquisition unit. The uncertainty provided by the probe and data
acquisition unit manufacture’s specification were used.

B.2.5 Truncated Boundary

The reflection from the phantom wall due to scattering of the AIMD. This is
estimated from numerical simulation of an 800 mm-long insulated AIMD,
with one capped (isolated) end placed inside an HPM-air half space. The
AIMD is placed in HPM, 6 cm away from HPM-air interface. The deviation
on the power deposition was found to be 0.5 dB, compared to infinite space
of homogeneous HPM.
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B.2.6 Field Sensor Position

The tolerances of sensor position X, y and z directions are assumed to be
+0.25mm, based on the positioning accuracy of the robotic system. For the
proposed method, this uncertainty component is eliminated through the use
of co-registration procedure, defined in Section 5.4.3.

B.2.7 SAR.

The uncertainty caused by SAR,;, calculated from computational electro-
magnetic simulations includes: 1) contribution from grid resolution of the
numerical simulations, which was assessed from the deviation of the power
deposition calculated from a coarser, a finer, and the operating grid resolu-
tions;

2) contribution from numerical reflection due to grid truncation by an
absorbing boundaries;

3) contribution from HPM properties, assessed numerically by assuming
tolerance of the relative permittivity and electrical conductivity of HPM to
be €, =78 £10% and o = 0.47 £ 5% S/m, respectively.

4) contribution from AIMD insulation properties and lead structure, which
was assessed numerically, assuming tolerances of the €, and o of the AIMD
insulation of 2-4 and 0 - 0.003 S/m, respectively. And conductors of differ-
ent lengths (300 mm - 600 mm) were considered. The uncertainty compo-
nent is taken to be the maximum deviation of the resulting power deposi-
tions;

5) contribution from AIMD holder, assessed from the deviation of the
power deposition of a test device with and without the presence of the AIMD
holder via numerical simulations.

B.2.8 Power Calculation

The power deposition at the vicinity of the electrode is assessed from a
volume integral about the peak spatial value of the SAR distribution. The
enclosing volume is defined from the contour of iso-absorption that is de-
termined to be sufficiently large to account for the power deposited by the
electrode, meanwhile excluding the contribution from the wired conductor.
The variation of the volume integrals for the enclosing volume defined by
-30 dB £ 5 dB contour from the peak spatial SAR value is assessed.
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B.2.9 Co-registration

The uncertainty associated with co-registration procedure is determined by
the resolution of SAR,; used. In this work, 0.1 mm x 0.1 mm x 0.1 mm
resolution of SAR,; R is assumed.

Besides, the uncertainty of Tier 4 full-wave reference simulation is not
included in the table, as it is only used as a reference to validate the results
in this work, it is not part of the evaluation procedure. The uncertainty asso-
ciated with the Tier 4 full-wave simulations used to derive reference values
includes components similar to components 1) to 4) of S AR, calculation.
Therefore, the values from those assessed for SAR,; were used, and the
total uncertainty is 0.3 dB.



Appendix C

List of Acronyms

AIMD Active Implantable Medical Devices

BHE Bio-heat equation

BMI Body Mass Index

CEM Computational Electromagnetic

CT Computer Tomography

DASY Dosimetric Assessment System

DBS Deep Brain Stimulator

DUT Device Under Test

EM Electromagnetic

E-field Electrical field

FDTD Finite-Difference Time-Domain

FDA U.S Food and Drug Administration

H-field Magnetic field

HPM High Permittivity Medium

hSAR Head Averaged SAR

ICNIRP International Commission on Non-Ionizing Radiation Protection
IEEE Institute of Electrical and Electronics Engineerings
IT'IS Foundation for Information Technologies in Society
ISO/TS International Standard Organization/Technical Specification
IUT Implant Under Test

MITS Medical Implant Test System

MR Magnetic Resonance
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MRI

PM
psSAR
psSAR10g
RF

RMS

SAR

SAT

SCS
SEMCAD

SPEAG
TDS
TE
TEM
TFD
TSM
ViP
wbSAR
ZMT

APPENDIX C. LIST OF ACRONYMS

Magnetic Resonance Imaging

Pacemaker

peak spatial Specific Absorption Rate

peak spatial Specific Absorption Rate averaged over 10 g
Radiofrequency

Root Mean Square

Specific Absorption Rate

Subcutaneous Adipose Tissue

Spinal Cord Stimulator

Simulation Platform for Electromagnetic Compatibility Antenna
Design and Dosimetry

Schmid & Partner Engineering

Time domain Sensor

Transverse Electric

Transverse Electric and Magnetic

Test Field Diversity

Test Simulating Medium

Virtual Population

Whole-Body Average SAR

Zurichmed Tech AG
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List of Symbols

Symbol  Quantity
B Magnetic flux density
E Electric field
H Magnetic field

P, Power deposition near implant electrode
f Frequency
AT Temperature increase
€r Relative permittivity
o Conductivity
4 Tissue specific heat capacity
Cy Blood specific heat capacity
k Thermal conductivity
w Perfusion rate
E., Tangential electric field

P Mass density
X Power deposition enhancement factor
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