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Summary

MRI is a state-of-the-art medical imaging technology utilizing non-ionizing
electromagnetic radiation to generate images of the body with high soft-tissue
contrast. However, MRI of patients with implants has the potential risk of
excessive RF-induced tissue heating. The RF field of the scanner may couple to
the metallic conductors of the implants and increase the power absorption. The
problem cannot be precisely solved due to the variety of patient, device, and
exam-specific configurations, although the underlying physical and physiological
aspects of RF-induced tissue heating are well-established. Currently, implant
manufacturers are solely responsible to demonstrate compliance of their devices
with applicable standards. Often, their compliance settings require using low-
power MRI, which results in poorer diagnostic capability of the MR images. In
order to maintain diagnostic imaging capabilities and lower the risk for RF-
induced heating, mitigation strategies are needed. One promising technique is the
so-called parallel transmission (pTx). By exploiting the additional degrees of
freedom of a pTx system, the induced E-fields around the implant can be
suppressed and the rest of the tissue can be imaged without the risk of implant-
related RF burns. To characterize the pTx settings in terms of implant safety, the
E-field or temperature rise must be known. Sensors embedded in implants could
provide measurements from these critical components that can be used to steer
the RF settings of the MR system to guarantee the safe scanning of patients with
implants. In this thesis, measurement-based methods to assess and mitigate the
RF-induced heating of the implants by using parallel transmission are
investigated. First, a pTx implant safety testbed was developed allowing to
systematically investigate different sensors, scenarios, and pTx safety settings.
Next, a real-time pTx mitigation method based on time-domain E-field probes was
implemented. This method was further developed and applied to miniaturized
root-mean-square sensors, which can be embedded in realistic implant hardware.
Finally, a proof-of-concept study is presented, which resembles a clinically
relevant setting, using a wireless reference implant with embedded sensors
together with realistic implant lead trajectories from patients with deep brain
stimulation devices. In summary, this thesis conceptualizes and demonstrates
“smart” implants with embedded sensors communicating with the MRI scanner for
the RF safety of patients with implants.






Zusammenfassung

MRT ist eine hochmoderne medizinische Bildgebungstechnologie, die
nichtionisierende elektromagnetische Strahlung verwendet, um Bilder des
Korpers mit hohem Weichteilkontrast zu erzeugen. Die MRT von Patienten mit
Implantaten birgt jedoch das potenzielle Risiko einer UbermaRigen HF-induzierten
Gewebeerwarmung. Das HF-Feld des Scanners kann mit dem metallischen Leiter
des Implantats koppeln und die Leistungsabsorption erhohen. Das Problem kann
aufgrund der Vielzahl von patienten-, gerate- und untersuchungsspezifischen
Konfigurationen nicht genau gelost werden, obwohl die zugrunde liegenden
physikalischen und physiologischen Aspekte der HF-induzierten
Gewebeerwarmung gut bekannt sind. Derzeit sind Implantathersteller allein dafir
verantwortlich, die Konformitat ihrer Produkte mit den geltenden Normen
nachzuweisen. Haufig erfordern ihre Compliance-Vorgaben die Verwendung von
Low-Power-MRT, was zu einer schlechteren Diagnosefahigkeit der MR-Bilder
fuhrt. Um die Moglichkeiten der diagnostischen Bildgebung aufrechtzuerhalten
und das Risiko einer HF-induzierten Erwarmung zu verringern, sind
Minderungsstrategien erforderlich. Eine vielversprechende Technik ist das
sogenannte parallele Senden (pTx). Durch Ausnutzung der zusatzlichen
Freiheitsgrade eines pTx-Systems konnen die induzierten E-Felder um das
Implantat herum unterdrickt und der Rest des Gewebes ohne das Risiko von
implantatbedingten HF-Verbrennungen abgebildet werden. Zur
Charakterisierung der pTx-Einstellungen muss das E-Feld oder der
Temperaturanstieg bekannt sein. In Implantate eingebettete Sensoren konnten
Messungen dieser kritischen GroRBen liefern, die zur Steuerung der HF-
Einstellungen des MR-Systems verwendet werden konnen, um ein sicheres
Scannen von Patienten mit Implantaten zu gewahrleisten. In dieser Arbeit werden
messtechnische Methoden zur Beurteilung und Minderung der HF-induzierten
Erwarmung der Implantate durch paralleles Senden untersucht. Zunachst wurde
ein pTx-Implantat-Prifstand entwickelt, der es ermoglicht, verschiedene
Sensoren, Szenarien und pTx-Sicherheitseinstellungen systematisch zu
untersuchen. Als nachstes wurde eine Echtzeit-pTx-Milnderungsmethode
basierend auf Feld-Sonden fur zeitaufgeloste E-Feld-Messungen konzipiert.
Dieses Verfahren wurde weiterentwickelt und auf miniaturisierte
Effektivwertsensoren angewendet, die in realistische Implantathardware
eingebettet werden konnen. SchlieBlich wird eine Proof-of-Concept-Studie
vorgestellt, die eine klinisch relevante Situation nachbildet und eingebettete
Sensoren auf einem drahtlosen Referenzimplantat verwendet, dessen
Trajektorien den Elektroden von Tiefenhirnstimulationsgeraten realistisch
nachgebildet sind. Zusammenfassend konzipiert und demonstriert diese Arbeit
»,smarte“ Implantate mit eingebetteten Sensoren, die mit dem MRI-Scanner fur
die HF-Sicherheit von Patienten mit Implantaten kommunizieren.
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1. Introduction

Life expectancy has increased in many countries compared to 50 years ago and it
is highly correlated with accessible healthcare systems.” Healthcare systems
utilize medical devices for various diagnostic and/or therapeutic purposes. MRl is
one of the best diagnostic tools, allowing non-invasive imaging of the soft tissue
with high contrast and functional characteristics of the organs (i.e., brain
connectomes) without harmful ionizing radiation. Another established healthcare
tool are implantable medical devices that are commonly used for therapeutic
purposes. Millions of people with implantable devices may require an MRI
examination; however, MRI of patients with implantable devices is often

contraindicated because of safety concerns.??

MRI utilizes static and time-varying electromagnetic fields that interact with
nuclei of the Hydrogen atoms in the human body. The static (B,) magnetic field
typically ranges between 0.5-7T in most of today’s clinical MRI systems. The time-
varying gradient fields (f = 0-10 kHz) alter B, for spatial encoding. Another time-
varying electromagnetic field is the RF magnetic field B, (f =21-297 MHz), which

is generated by the radiofrequency (RF) coils to tilt spin isochromat.

These fields pose a safety concern to patients and staff, and therefore, must be
rigorously regulated. For example, ferromagnetic objects can be attracted by the
“invisible” B,-field, and may cause fatal incidents.*® The gradient system may
induce currents on the peripheral nerve system, stimulating the skeletal muscles
or myocardium.®’ Moreover, biological tissues absorb the transmitted RF fields
which is transformed into tissue temperature increase. Therefore, MR safety is
regulated by international standards.® MR manufacturers have the sole
responsibility to implement the defined safety mechanisms in their systems. On
top of these safety hazards, a growing number of patients that require an MRI

exam have medical implants, which pose an additional safety risk.

Implantable medical devices are devices that are immersed into the human body,
partially or as a whole, by a clinical procedure, and intended to remain for at least

30 days.® These devices can further be categorized into passive implantable
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medical devices or active implantable medical devices (AIMDs). The term “active”
is used when the device needs external energy, non-human generated, source to
function. Many passive implants such as certain protheses do not necessarily
consist of metallic components. AIMDs, however, by definition, have an external
power generator and highly conductive metallic components for their functional
purposes. Many types of these devices, such as deep brain stimulators (DBS),
cardiac pacemakers, and spinal cord stimulators interact with the target tissue by

using a metallic lead with a tip electrode.
1.1. MR safety of patients with implants

The metallic components of the implants may interact with the electromagnetic
fields produced during an MRI examination. The scanner’s B, field may induce a
torque on the implants that causes dislodgment, either due to ferromagnetic
materials used in the implant or due to induced currents in electrically conductive
components.’® Moreover, the ferromagnetic materials inside the implants may
disturb the B, field, affecting the diagnostic quality of the images." Increasing the
slew-rate of the gradient fields may induce eddy currents on the surface of the
large implants (i.e. hip implants) and heat the surrounding tissue.>'® Fast slew-
rates affect not only the passive implants; AIMDs may malfunction because of the
time-varying gradient and RF fields.'®" One of the most common contraindications
to scan patients with AIMDs is caused due to the interaction between RF fields
and the long conductors of AIMDs.?'® Currents are being induced on the
conductors leading to secondary E-fields that may amplify the local specific
absorption rate (SAR) substantially. The amplified SAR can drastically elevate
tissue temperature, then, inducing tissue damage. A serious threat, which is
confirmed by multiple reported incidents of RF-induced heating during MRI scans
of patients with AIMDs.'"®

AIMDs such as cardiac pacemakers or neurostimulators typically consist of a
housing containing the electronics connected over a long electrically insulated
lead to an uninsulated electrode tip. In this setup, SAR amplification occurs mostly
at the implant tip and the induced E-field amplitude depends on parameters such

as the E-field distribution and amplitude of transmitted by the RF coil, the average
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RF power determined by the imaging technique and the transmitted RF
frequency.'” The patient-specific properties such as tissue electrical conductivity
and permittivity, and implant position or implant lead trajectory alter the amount
of induced E-field.? Furthermore, electrical length of the leads, insulation
thickness, dielectric constant, and termination impedance of the lead wire are

device-specific electromagnetic variables that influence tip heating.?®
1.2. The standards for RF safety practice with implants

The regulatory bodies mandate implant manufacturers to demonstrate
compliance of their devices, e.g., by guaranteeing safe SAR limits during MR
scans. The standard American Society for Testing and Materials (ASTM), currently
referred to as ASTM International, introduced three labeling categories for the
devices used in MRI.?2' The term MR safe describes the devices that present no
known safety hazard and can be used in all MR environments. MR unsafe label is
given to the devices that pose known safety hazards in all MR environments. MR
Conditional devices do not pose known safety hazards in the MR environment
within specific settings and conditions. Implants have metallic components, which
create at least an image artifact that can create diagnostic hazards; therefore,
they cannot be MR safe.?> Any non-specified MRI of patients with implants beyond
the manufacturer’s guidelines is referred to as “off-label” use and has potentially
severe implications for the technologist/MRI operator.?® The most common off-
label use of implants is scanning patients with non-MR conditional

pacemakers.?425

One relevant standard to evaluate RF-safety of passive implants is ASTM F2182.26
This standard covers test methods to evaluate passive implant heating for whole-
body 2 W kg' SAR for 1.5T and 3T environments produced by a body-coil in a
circularly polarized (CP) RF-field. Although it is limited to passive implants, the

described techniques can be applied and suitable for AIMDs.

The International Electrotechnical Commission (IEC) 60601-2-33 is the most
pertinent safety and performance standard for an MR device. It briefly touches on

the threat of RF-induced heating of the implants.?” In its latest edition, the
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standard introduces the B{ s measurand to assess RF-induced heating. B p s is
well-calibrated in the MR scanners for typical CP excitation and, by the standard,

it should be displayed in the scanner software.

The most recent and comprehensive standard for the MR safety of AIMDs is
International Organization for Standardization/Technical Specification (ISO/TS)
10974:2018.28 |t specifically defines procedures for the implant manufacturers to
assess the compliance of their devices for MR safety. It is specific to scanners
with a 1.5T field strength and cylindrical body-coil transmission. For the RF safety
of AIMDs, it prescribes a four-tiered approach. Each tier has its compromise
between accuracy and complexity. No electromagnetic modeling must be
performed for the 7ier 7 approach. 7ier 2 requires the simulated E-fields in the
implant volume. In 77er 3, the AIMD should be modelled electromagnetically, and
the transfer function?® must be determined either via simulations or experimental
measurements. 7ier 4 is the most complex one because it requires the full
electromagnetic simulation by modeling the AIMD together with the
corresponding electromagnetic properties of the tissue by using realistic
anatomical models. For 7ier 4, the required electromagnetic simulations may

challenge state-of-the-art computational abilities.

In reality, due to its complexity only few implant manufacturers engage in a 7ier
4 approach for MR conditional labeling. And even if, the patient, exam, and device
specific (both MR and implant) degrees of freedom to correctly assess the
induced SAR are large, resulting in overly conservative RF power limits for an MRI
exam, strongly impacting imaging quality. For example the SAR limit for head
imaging of a patient with an MR conditional DBS implant is reduced from 3.2 W
kg'in normal mode when scanning a patient without implant to only 0.2 W kg.830
More advanced mitigation methods are needed to exploit the potential of MRI of

patients with implants.
1.3. Mitigation methods for RF related hazards

In most commercial 1.5T and 3T MRI systems, only the CP mode is available using

a body RF coil. Such a single transmit mode cannot be changed and, therefore,
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only magnitude and duration of the RF power can be adjusted during imaging.
Therefore, first attempts to mitigate RF-induced heating focused on the
development of low-SAR imaging techniques or implant engineering, because the
RF field distribution of the MRI hardware could not be changed. These device-
specific innovations included lead modifications®-37, active electrical circuits®83°,

or the use of MRI-compatible materials.*°

The concept of using multi-channel RF transmission, so-called parallel
transmission (pTx), to shape the RF excitation in the region of interest first
emerged in hyperthermia studies*-#4; later, in MRI.4*-%¢ This technique empowers
independent adjustments of the RF excitation parameters (i.e., amplitude, phase
and waveform) of multichannel RF transmit coils. This increased degree of
freedom grants steering the hazardous E-field away from the implant, and
substantially minimizes RF-induced currents, simultaneously preserving the
overall imaging quality elsewhere.*®-%5 To precisely perform such adaptations of
the E-field and B;; the induced implant current, field, or temperature rise needs

to be known.

Electromagnetic simulation tools provide a good understanding and estimations
for the E-field distribution and temperature rise by using virtual human models or
complex implant lead trajectories.®®-68 However, simulations are still not patient
and exam-specific and variations between models, implant positions and RF
transmission conditions may alter the induced tip SAR significantly.58%° This
uncertainties can only be accounted for by large safety margins, resulting in a
frequent overestimation of the actual safety risk. Therefore, alternative
measurement-based methods are needed for an accurate risk determination in

vivo and in situ.

Measurement-based methods for pTx mitigation of implant heating are rare
because dedicated pTx hardware is not readily accessible. One proposed method
uses MR images to estimate RF-induced implant currents and to steer the E-field
away from the implant.>®%” The major drawback of this method is the additional
time required to acquire the MR images and its robustness to imaging artifacts

that may impact the pTx mitigation results. In addition, patient and/or RF coil
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motion may also alter SAR,’®"" thus questioning the validity of this approach for

long-lasting measurements.

Another measurement-based technique uses external time-domain (TD) current
sensors that can be mounted on implant wires to find an RF excitation vector that
minimizes the currents on the conductor wire.f"7273 Although fast measurements
are possible, it appears difficult if not undoable to implement the proposed bulky
current sensors to synchronously detect and mitigate currents in realistic
implants. In addition, this technique requires additional B -mapping to optimize

for the MR imaging quality, which naturally increases scan time.
1.4. Sensor-based mitigation of RF induced implant heating

This thesis focuses on novel measurement-based pTx mitigation methodologies
using embedded sensors in implants, which prevent hazardous E-field
distributions and simultaneously preserve imaging quality. The work can be
extended to a novel safety concept, where an AIMD can communicate with an MR
scanner in order to assess and mitigate RF induced implant heating without
disturbing the current clinical workflow. In order to reach this goal, extensive
hardware developments were performed, and rigorous test methods were
implemented and investigated to prove its feasibility. The thesis is structured as

follows:

1) Development and construction of the necessary hardware to perform
automated experimental evaluations for RF safety testing of implants under
various RF exposure scenarios. A modular and scalable pTx implant safety

testbed is introduced for this purpose.

2) Development of pTx-based methodology to utilize a sensor-signal and
perform sensor-based mitigation of RF-induced heating while MR imaging quality
is maintained. The developed pTx mitigation methodology is initially applied and
demonstrated using external time-domain E-field sensors. Then, the method is
extended to phase-insensitive miniaturized root-mean-square (RMS) sensors that

can be potentially embedded in a realistic implant casing or at the implant tip.
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3) Development and translation of the sensor-based mitigation of RF-
induced heating to realistic exposure conditions within a 3T MRI by using home-
built wireless implant hardware with embedded RMS sensors that can
communicate with the MR systems. In this setting, several realistic implant lead
trajectories derived from patient data of DBS devices are implemented to
successfully detect the RF heating hazard and substantially reducing it by

adjusting the pTx transmission settings, automatically.

The work presented in this thesis was performed as part of the projects “Medical
Implant Manufacturers’ Safety Procedures (MIMAS)”7# and “Standardisation for

safe implant scanning in MRI (STASIS)”.7®
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2. Theoretical background

When a patient, regardless of an implant being present, is scanned with an MRI
machine, three different electromagnetic fields are utilized to create an MR

image:

1) Static magnetic field B, (~0.5-7T) generated by the MR magnet
2) Time-varying G,, G,, G, (<10 kHz) magnetic fields generated by the gradient
coils

3) Time-varying B; (~20-300 MHz) magnetic field generated by the RF coils

In a static magnetic field', B,, a transversal magnetization precesses at an intrinsic
Larmor frequency, w, which is a function of the gyromagnetic ratio, y,
(26.75105 x 107 for hydrogen) and can be written as wy, = yB,. The net
magnetization, M is in the same direction as B, which can be perturbed by a time-
varying electromagnetic field, B;, at Larmor frequency oriented perpendicular to
B, with B, in z-direction. Then, the variation in the magnetization can be written
using the Bloch equation’®:

d_M:yM ><B_1|/1xi+1v1y“_(1\/12—1\/10)12 (2.1)
T, T

dt

where, M, is the steady-state magnetization in the z-direction, B is the vector sum
of all applied magnetic fields (i.e., B = Bok + B,i + Byj), My, M, and M, are the
magnetization components in the cartesian coordinate system, i, j and k denotes
the unit vector components along the x, y and z axes, T; and T, are the longitudinal
and transversal relaxation times, respectively, describing the magnetization’s
return back to equilibrium. They are tissue dependent and ultimately determine

the MR imaging contrast. While B, and B; make the basis of the magnetic

'Please note that the term magnetic flux density, B is often referred as “magnetic field” in the MR
context, which is closely related to the term magnetic field intensity, H. This relationship can be
represented using the permeability constant, y, as B = pyH. In addition, bold notation is used for the
vectoral components except for the named fields B, and B;.
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resonance, the gradient fields (G) are needed for spatial encoding, i.e. they

manipulate the magnetization suitably to create an MR image.”’

RF coils or antennas generate the time-varying B;, which according to the

Maxwell-Faraday equation is accompanied by an E-field:

VxE= —0B/ot (2.2)

where, V X is the curl operator and E denotes electric field vector and 0 denotes
partial derivative operation. In the investigated range of RF transmission
frequencies the E-field is the main contributor to RF-induced heating through

molecular vibration and rotation due to ionic and electric currents.”®
2.1. RF safety in MRI

In general, the analysis of RF safety, regardless of an implant being present, can
be divided into four different components as shown in Figure 2.1. The presence of
a conductive implant does not change the steps but complicates the problem
since electrically conductive implant components change the RF field distribution
in tissue. In this chapter, RF safety of implants is introduced alongside techniques

that are presently used to assess and ensure implant safety in MRI.

RF Transmit Temperature Thermal
Power increase Dose

Figure 2.1 Schematic of components involved in RF safety.

Under time-varying RF fields, the current density J in tissue can be written as:

J =oE (2.3)

where, o is the frequency and position dependent electrical conductivity of tissue.
The relationship between the transmitted power from the source (Py) (e.g., from a
RF coil) to the tissue can be expressed using the Poynting theorem, which uses
the conservation of energy.”9(Pr264-267)80(pp528-529) The source power is equal to the

sum of the dissipated power (P,) at the tissue volume due to the Ohmic losses
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(thermal interactions), and the radiated electromagnetic power (P,): =P, = P; +

P, as follows

_% Jﬂ- Re(J* - E)dV = %fff GIEIZdV+%#Re(EX H*)ds (2.4)
v v

av

The symbol asterisk denotes complex conjugate operation and dV represents
boundary surface of the volume, where electromagnetic energy is radiated. Then,
the power absorbed per unit mass of the tissue can be formulated as specific

absorption rate, SAR:

2
SAR = — f glE” 4y (2.5)
74

where, p is the mass density of the tissue. SAR is used by current safety
standards®2628 as a measure to limit the transmitted RF power by an MRI scanner
to prevent excessive tissue heating. The spatial averaging over volume (V)
depends on the mass of tissue that is being used, with three different values
defined by current standards: 1) whole-body SAR is used when SAR is averaged
over the whole body 2) partial body SAR when averaged over a certain sub-volume
of the human body?® and 3) local SAR, which is usually based on a 10g average to
assess local exposure. The E-field depends on the MR settings such as transmit
coil (transmit coil efficiency, coil geometry) or sequence parameters (shape,
duration, number and peak power of the transmitted RF pulses). SAR distribution
is position and frequency dependent, as illustrated in Figure 2.2. In addition,
although tedious methods such as MR-based electrical properties tomograpy?®
exist, SAR cannot be directly measured by an MR scanner because B component
is measurable in MRI. Therefore, human body models are typically used and
simulated in numerical electromagnetic field simulations to estimate SAR in MRI

and limit RF powers to safe transmission levels.
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Figure2.2 An example
20 of SAR distributions of a
head model at different
RF transmission
frequencies
15 (corresponding to 1.5T,
47T, and 8T).
SAR peaks at different
locations and increases at
10 higher frequencies.
(Reproduced with
permission from the
Reference [82] © Wiley-
5 LissInc.)

The dissipated power is converted to temperature rise (dT/dt). For homogenous,
non-perfused tissue without heat conduction, it is linearly proportional to SAR:
SAR = cZ—: (2.6)

where c is the specific heat of the material. Equation (2.6) is only valid for a very
short time period because SAR and ¢ are non-uniform (Figure 2.2) and induce non-
uniform temperature rise, which diffuses over time, e.g. via thermal conduction or
perfusion. In addition, the body compensates for the temperature rise by various
thermoregulation mechanisms such as perfusion. These effects are included in
Penne’s Bioheat Equation:

dr,

k

where the Laplacian operator is V7, the mass density of the perfusing blood is p,,
and w is the blood perfusion of the tissue, tissue thermal conductivity is k, and the

temperature of the perfusing blood is T,, and Q,, is the heat generated by

23



metabolic processes in the body. Figure 2.3 shows a comparison of the

temperature evolution according to Equation (2.6) and Equation (2.7) for different

tissue types.

50
—— Full Pennes, Heart ~ reeee Full Pennes, Brain
No perfusion, Heart No perfusion, Brain
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Figure 2.3 Illustration of temperature elevation of brain and heart tissues for
the same RF exposure but, under different temperature models. Without
conduction and perfusion (in red), temperature increases proportional to the
applied power as described in Equation (2.6).

Ultimately, the risk of damage to the tissue is not only dependent on the tissue
temperature, but also the duration and tissue type it is applied to. This is
implemented in the thermal dose concept originating from hyperthermia studies.
One widely used concept to quantify thermal dose, is the “cumulative equivalent

number of minutes at 43 °C” approach (CEM43):
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CEMA43 = f R(U3°C-T)/°C gt (2.8)

0

where T(t) is the temperature at time point t, R is a constant that is empirically
determined and is 0.25 for tissue temperatures 43 °C or lower, and 0.5 for
temperatures above 43 °C.23-8 While the CEM43 concept provides a
comprehensive idea behind the mechanisms of tissue damage, in current RF

safety practice, SAR is being used predominantly to define safe power limits.
2.2. RF safety of implants and its assessment

Majority of implants consist of highly conductive metallic components present in
the lossy body tissue. Therefore, the electromagnetic problem in previous
sections needs to be modified because these conductive components alter the

electromagnetic field transmitted by RF coils.

Recalling the Maxwell-Faraday Equation (2.2), the time-varying B, field generated
by the RF coil of the scanner is accompanied by E-fields. A ratio between electric
and magnetic waves (assuming a uniform electromagnetic wave traveling in the

lossy body medium) can be defined as:

jou
_ 2.9
w /a + jwe (2.9)

where, n,, is the wave impedance and ¢ is the absolute permittivity of the material.

The propagating E-field (so-called, background or incident field (E?) in the tissue
medium encounters a highly conductive implant boundary (around five
magnitudes higher electrical conductivity). This drastic impedance mismatch
between tissue and implant is leading to most of the electromagnetic wave being
reflected (Illustrated in Figure 2.4). The weak penetrating wave rapidly attenuates
depending on the frequency and the electrical characteristics of the material. The
depth of E-field amplitude attenuation to e~ ! is called skin depth, § and can be

approximated as follows:
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= /2(wue) 1, if (c(we)™M)2 > 1

The approximation in Equation (2.10)87r138-143) j5 gjven for the estimation of the skin
depth for highly conductive materials. For example, the skin depth for copper at
3T MRI (128 MHz) is about 6 um. Free charges are accumulated by the incident E-
field at this thin surface (Equation (2.3)) and oscillate with the time-varying
incident E-field. These induced currents create a secondary E-field on the
conductor, which is superposed with the incident E-field (Figure 2.4). The
frequency of the oscillation is driven by the incident E-field; however, the
amplitude and the phase distribution of the current on the conductor does not only
depend on the incident E-field but is modulated by surrounding medium and

conductor’s electrical properties.

The secondary E-field is scattered at the distal end of the conductor because of
another impedance mismatch between the conductor and tissue. The amount of
the scattered E-field can be magnitudes higher than the incident E-field due to
much higher charge density collected over the length of the conductor. This
phenomenon is referred as the “antenna effect” as the implant’s conductor
“collects” the electromagnetic energy and distributes it from its distal end, where
the scattered peak E-field at the tip approximately occurs when the implant
length is close to the half of the RF wavelength in the surrounding tissue medium,
so called “resonance length”.888° Wavelength for the homogeneous medium to
make a very coarse approximate for the conductor resonance can be calculated

as:

21 Iw\/ﬁ\/O.S [\/1 + (o(we)"1)2 + 1”_1 (2.11)
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Figure 2.4 Illustration of E-fields for a metallic stent with different electrical
conductivities to illustrate highly conductive materials under the same E-field
distribution confines the E-field around the distal ends and behaves like an
antenna and amplifies the E-field even larger than the incident E-field.
(Reproduced from the Reference [2] CC BY 4.0, 2021).

The abovementioned equations in the previous chapter still hold for the scattered
E-field, but with an aggravated risk of tissue heating because of its much higher
intensity. However, finding a general solution to the risk of RF-induced heating of

implant is not trivial because:

1) The incident E-field must be known to relate RF-induced currents on the
wire, which is a patient-specific problem and usually generalized as
introduced in the SAR calculations for a patient without implant.

2) Assuming patient tissue properties are known and the incident E-field on
the tissue can be calculated; then, the path of implant must be known since
only tangential component of the incident E-field induces currents on the
implant.

3) The electrical properties of the implant, (e.g., conductance, permittivity or
capacitance, inductance, insulation thickness) needs to be known as the
RF-induced current is modulated by them.

4) The thermal burden to the tissue at the highly localized point (implant tip)
SAR needs to be determined, which may require higher resolution

temperature calculations.
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Each component has its own challenges; however, they are needed for the
complete RF safety assessment. The simplifications of the problem might be
necessary; however, the uncertainty must be known for an accurate risk
assessment. The following section introduces a detailed analysis for the RF safety
problem of implants, the apprehension of which is indispensable for the
procurement of a refined resolution through the proposed measurement-based

methods in the thesis.
2.2.1. Numerical simulations

Numerical electromagnetic and thermal simulations are a vital part of today’s

implant RF safety assessments.

To solve the complex electromagnetic problem of an implant in the human body:
1) the RF coil field distribution 2) The electromagnetic properties of the implant
and 3) the electromagnetic properties of the implant’s surrounding, i.e. the human
body needs to be known. Currently, most of the advanced electromagnetic solvers

are capable of solving these complex models using virtual human models.®%°°

Time-domain or frequency domain solvers can be utilized for the partial
differential or integral forms of Maxwell’'s equations.”’ One challenge for the
simulation approach to implant safety is the sample size difference between RF
coil e.g. a whole body coil and the much smaller implant. Therefore, an RF coil and
patient, for example, could be resolved using coarse grids (i.e., ~17 million cells)
and much smaller implant’s structure can be resolved using fine grids (i.e., ~2.5
million, for straight wire; ~15 million voxels for helical wires).?? Therefore, full
simulations using fine grids can be computationally demanding and
simplifications such as using straight wire instead of helical wires increase the
uncertainty.®® The so-called Huygens’ box principle®® is a widely applied technique
to account for different grid sizes for the RF safety assessments using numerical
simulations and can be used if the implant does not significantly impact the

scattering (S)-parameters of the RF coil.

Another more difficult challenge is the variation of implant parameters (e.g.,

length, diameter, path, electrical insulation, and conductivity as well as position
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and orientation within the human body), various RF coils and electromagnetic
differences in human body anatomies, which require a larger set of virtual human
body models. The combinations of all these parameters are computationally too
expensive, even for advanced electromagnetic simulators. Therefore, several
simplifications were implemented to reduce the complexity of implant safety

assessment.
2.2.2. Implant modeling

As the implant structure, position and orientation significantly affects the
uncertainty and complicates the calculations for safety assessments, several
studies proposed methods to simplify the assessment of RF-induced currents in
multiple configurations, which are necessary to consider while conducting the

experimental analysis.
Safety index

The basic characteristics of the conductive wire such as length and diameter of
the wire, insulation thickness, and permittivity can be used to estimate its worst-
case behavior (so-called, “resonance length”) that creates maximum RF-heating.
The “Safety Index” is a generalized method that was proposed to predict the risk
of heating caused by the implant wire using the SAR gain.?® The SAR gain is
calculated for ahomogeneous tissue properties first without the implant and then,
with the implant. Safety indices for different wire properties can be computed by
convolving the Green’s function of the Bioheat equation with the SAR gain.?®
Safety index approximately provides how implant properties can be adjusted such
that the resonance length can be avoided as shown in Figure 2.5 Usually, the
resonance length for the implant wire can be found at 20 cm for 1.5T and 10 cm
for 3T, which is around half of the wavelength (see Equation (2.11)) in the tissue
medium. However, this is a general approximation because homogeneous tissue
properties and the implant path complicate the problem and are not addressed in

the Safety Index calculations.
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Figure 2.5 Safety index at 1.5T for different implant properties such as: wire
diameter, insulation thickness, relative permittivity of insulation and electrical
conductivity of tissue. (Reproduced with permission from Reference [20] © John
Wiley & Sons, 2002).

Transfer function

The transfer function method is a successor of the safety index, and today it is the
de-facto standard for safety assessments of elongated implants.?® It models the
scattered E-field on the implant electrode, denoted as (E¢(p)), by applying

multiple unit tangential E-field (E., (1)) excitations along the implant:
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E,(p) = K®) f Eran (D Sl (2.12)
0

where S(1) is the complex-valued transfer function that describes how tangential
E-fields along the implant wire contribute to the total field at the tip. It needs to
be integrated over the length of the lead (L) with tangential E-field excitations at
each implant location. K(p) is a dimensionless function to describe the scattered

E-field distribution at the tissue near the electrode.

To calculate the transfer function, first, the background E-fields are computed
without the implant. Then, the implant can be placed into the tissue to compute
the transfer function of the implant. The first part can be done using
electromagnetic simulations, including various tissue types. The second part can
be done either by using simulations or experiments by applying piece-wise E-field
excitations and measuring the resulting RF-induced current on the tip.°4° The
excitation and measurement can be exchanged by using the reciprocal approach,
i.e., the tip can be excited and induced current distribution along the wire can be

measured.%®

The practical value of the transfer function is the separation of the implant model
from the RF coil, thus allowing fast estimations for the scattered E-field
predictions for different RF excitation conditions. ISO/TS 10974 Tier 3 requires
transfer function-based simulations, which is presently the preferred method by

implant manufacturers compared to full model computational simulations.®’

The transfer function approach assumes that the implant is one-dimensional, and
only characterizes the tip of the implant, where maximum RF heating is expected.
In general, the incident E-field is distributed along the implant and each location
of the implant contributes to the E-field distribution; thus, RF heating of the

implant.

The Transfer Matrix approach, which contains the Transfer Function, represents
RF-induced currents on the implant along the wire at any two locations along the

implant:®8
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I(l) = Ty, E) (2.13)

Where Ty, is the two-dimensional complex-valued Transfer Matrix enumerating
the incident E-field to the RF-induced currents between two locations [; and [; on
the implant wire. If i = 0 and j = L, then, the Transfer Matrix represents the

Transfer Function.%8-100
Modified transmission line method

An AIMD surrounded by a tissue medium with dielectric properties can also be
modelled as a coaxial line. The Modified transmission line method (MoTLiM)™' uses
this analogy to adopt the lumped element transmission line theory for an implant,
which is derived from the analysis of dipole antennas inside seawater.’°® By using
MoTLiM, the implant can be represented with lumped electrical elements, which
can be useful solving for implant currents by using electrical definitions such as
impedances and voltage sources (Figure 2.6A). Especially, for the AIMDs having a
pulse generator case, affecting the amount of coupled E-field, the method can be
used to extract AIMD components’ electrical properties such as case, lead, and

electrode.!os

In MoTLiM, the tangential component of the incident E-field can be inserted into

the telegrapher’s equations to solve the current on the lead as follows:

1d*I()  Eean(D
I(l)+k_,_? TR (2.14)

Where k, and Z are defined as the effective wavenumber and characteristic

impedance of the transmission line, respectively. They are defined as follows™"

32



_  MHo” (kb) = nakab3;” (kb) In(a/b) (2.15)
4

2 (2@ 1y _ @
- k3 (32 (kb) — kb In (a/b) 3£ (kb)) 216)

k23 P (kb) — k3b In (a/b) H P (kb)

Where, k,; is the wavenumber inside implant’s wire insulation for a conductor
radius of a, and the total radius together with the insulation is 6. The Hankel

function of the second kind to solve the differential equation for a propagating
wave in a cylindrical structure is denoted with }[i(z), i represents the order of the
function, and n, is the intrinsic impedance of the wave in the wire insulation. The
voltage at the position [, V(1) between the lead and the ground at infinity can be
defined as:

Z d1()

(2.17)

Then, the induced current on the implant can be calculated using Equation (2.17)

by imposing the following boundary conditions around the AIMD components:
V., —ZJI(=L/2) = V(=L/2) =0 (2.18)

V(L/2) — Z,I(L/2) —V, =0 (2.19)

Where V. and Z, are the voltage and impedance of the AIMD case, respectively.
The electrode voltage and impedance are defined as V, and Z,, respectively. The
parameters of the MoTLiM can be simulated and validated experimentally for an
AIMD.'°3 Then, the real part of the electrode impedance can be used to solve the
power dissipation for further RF safety computations. It is worth noting that the
electrical properties of the implant case may significantly change the resonance
length of the implant, which has been demonstrated by experiments and MoTLiM

simulations (Figure 2.6B).38103
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Figure 2.6 Implant modeling using the modified transmission line method
(MoTLiM)®" A) The MoTLiM representation of an AIMD is shown. The case and
electrode are represented with the Thevenin equivalent by using voltage sources
and impedances. The infinitesimal tangential incident E-fields on the implant lead
per unit length, /[ are represented as voltage sources with corresponding
impedances and conductance. A variable implant lead-case impedance
(capacitive) as shown in the red dashed line can alter the scattered E-field at the
electrode. B) The effect of the change in lead-case impedance, Z,., for ten
different values to the implant tip temperature rise was experimentally
demonstrated. (Reproduced from the reference [38] with the permission from ©
John Wiley and Sons Inc, 2020).

Although the abovementioned implant safety assessments are broadly practiced
and significant to grasp the strategies for the mitigation of RF-induced heating
introduced in the next section, it is also crucial to realize that patient-specific
tissue properties alter the amount of RF-induced currents on the implants, which

could not be precisely predicted for all scenarios by using the abovementioned
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methods. Thus, considerable safety margins are currently being applied limiting

MRI of patients with implants.
2.3. The strategies to mitigate RF-indued heating

There are two main parameters to reduce implant heating: 1) by modifying the
physical properties of the implant such as changing its electrical properties (see
section 2.2.2. ) and 2) by modifying the transmitted E-field around the implant,
such that the E-field at the tip of the implant is substantially reduced. The first
method requires advanced RF engineering methodologies to reduce RF coupling
to the implant for a broad range of parameters (e.g., different RF frequencies,
different implant orientations). In addition, the implant’s main functions should not
be impaired. The latter can be achieved by a) modifying the MR imaging
techniques to reduce average RF power (RF pulse shape, repetition time (TR), flip
angle (FA)) which may degrade image quality'®+'°® or b) altering the transmission
hardware of the MRI system e.g., RF coils. which reduces scattered E-fields at the

implant tip without compromising the imaging.
2.3.1. Implant modifications

Engineering the implant’s structure to mitigate RF-induced heating can be
achieved, for example, by altering the lead conductor with a non-conductive one.
A study demonstrated fiber-optic cardiac pacing leads that transform an optic
pulse into an electrical stimulus at the lead tip; therefore, the effective electrical
lead length is reduced, such as the RF-induced tip-heating.*® This solution was
never a commercial success, probably because fiber-optic probes are too fragile

for chronic implantations.

As introduced above, the implant lead can be modeled as a transmission line;
therefore, a solution to attenuate the RF-induced currents on the wire can be
found by tuning their capacitance, inductance, admittance, and resistance to
improve its safety index. For example, an RF-switch circuitry employing PIN
diodes can be used to modify the impedance value of an interventional wire, which
can be considered as a “switching off” state reducing the RF-induced heating.!°¢-

108 Similarly, a switchable capacitive network was used to change the termination
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impedance between implant case and lead and reduce RF-induced heating by
70% at 1.5T (Figure 2.6).%8 Furthermore, transformers can be utilized in the
conductor wire to create opposing RF currents cancelling each other, which was
demonstrated to produce a more than a 10-fold reduction in the temperature
rise.’?9® RF chokes to block specific MRI frequencies on the catheters
demonstrated a substantial reduction in RF-induced heating.®' Designing resistive
passive leads by using a so called “billabong” structures showed also RF-induced
heating reductions at 1.5T and 3T.34

It should be noted that RF frequency dependence of the electronic components
of the implant, together with surrounding patient-specific tissue properties may
have uncertainties that cannot be reduced by only implant modifications.
Furthermore, other restrictions (size, cost, complexity, patient safety) may

prevent designs to be implemented in implants.

Therefore, investigations on steering the background RF field produced by the RF

coil are appealing leading to more generalizable solutions to implant safety.
2.3.2. Parallel transmission techniques to modify RF fields

In conventional birdcage-type single-channel body coils, the amplitude of the E-
field can be reduced to mitigate RF-induced heating on the implants. In fact, this
is the primary RF safety practice for scanning patients with implants.?6-28
However, the transmit power reduction simply sacrifices MR imaging quality as

well, which is not desirable in clinical practice.

Parallel transmission systems can shape RF excitation profiles in the target
region by adjusting the amplitude and phase of the independent RF transmit
channels.*®>*® Therefore, as it has been shown by Equations (2.12) or (2.14), the
driving incident E-fields can be shaped around the implant, where their tangential
E-field components may add up to insignificant scattered E-field values at the

implant tip minimizing the RF-induced heating.

The local E-fields in tissue from each pTx channel can be calculated by

reformulating Equation (2.5) as follows:
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where N is the number of pTx channels and E,, denotes E-field from the pTx
channel n. The general solution for the prediction of local SAR hotspots (see
Figure 2.2) in different tissue segments may demand extensive electromagnetic
computational power. Computations for each pTx excitation setting are therefore
unfeasible by running full-wave electromagnetic simulations and simplifications

are applied.

The linearity of Maxwell’'s equations can be employed to superimpose the
N individual E-field vectors from N pTx channels at each location within a human
body model. Similarly, each E-field vector E,, formed by the n'* pTx channel, is
proportional to a complex excitation current, which is represented in the phasor
form I. The amplitudes of the pTx channels can be normalized to create the same
RF field at a selected location (i.e., isocenter of an unloaded RF coil). Then, the
generated normalized E-field vector from the pTx channel can be represented by

E,,, which can be used to represent the total E-field using the phasor notation as:

N
E=2En=1?"1 (2.21)

Please note that E is superimposed to N x 3 matrix, which is the E-field vector
composed of x, y, and z components introduced by individual pTx channels. Using
Equation (2.20), the averaged SAR in a sample tissue can be reformulated in terms
of the normalized E-fields and phasor form of the RF excitation currents from the

pTx elements in quadratic form:
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where the superscript H denotes Hermitian transpose. The dependencies of the
tissue properties and normalized E-fields are compacted in the individual local Q
matrices (will be mentioned as Q or Q-Matrix later in the text) averaged over the
volume of the local tissue. The Q-matrix is a positive definitive matrix because the
volume cannot be zero and SAR is an averaged non-negative value. The
dimensionality of the Q-matrix depends on the number of pTx channels, which is
N x N. The application of the Q-matrices was first introduced for phased-array

hyperthermia systems and later for pTx MRI.44461"

The incident E-field determines both the background E-field distribution in tissue
and the induced current on the implant. Adjusting multiple, independent RF
transmit channels can therefore be used to cancel implant lead currents and

accordingly implant tip heating.

Parallel transmission, furthermore, has the degrees of freedom to improve the B, -
field homogeneity and amplitude for imaging purposes. Therefore, the imaging
inhomogeneity and implant E-field minimization should be adjusted together for
the pTx mitigations. A cost function can be constructed to find optimal RF
excitation settings for pTx systems, e.g. by using a Nelder-Mead Simplex
algorithm'2,: Then, the B; component of the region of interest (ROI) to minimize

MR image inhomogeneity can be inserted into the cost function as follows®2:

Bf) — |Bf
min <|E|implant + A (maxROI(l ! D | : |>) (2.23)

maxROI(|B1+ D)

With the Bf component of the region of interest for MR imaging and |E|;mpian: the
RF-induced E-field around the implant tip. ROl denotes the region of interest for

the imaging and A as a weighting factor between imaging quality and E-field at
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the implant tip. The optimization parameters can be extended to multiple E-field
minimization locations around the implant or for more than one implant being
present in the body.53%* Example simulation study results are shown in Figure 2.7,
where both 4 and 8-channel pTx systems are simulated among nine different
patient models with a DBS implant.>* 7g local SAR around the implant could be
reduced to 3 W kg for the worst-solution compared to 24.5 W kg for a single-

channel birdcage coil RF excitation.>*

Figure 2.7 Anexample of E-field pTx
optimization around a DBS implant
using simulations. A) The head mesh
model and DBS lead trajectory (in red)
are shown. B) A zoomed view of the
implant tip with electrodes. The
circular electrodes are shown in dark
blue color. C) The yellow solid line
depicts the E-field minimization region
and the blue line the region to minimize
18 B} inhomogeneity. D) optimized
solution for 1g SAR using an 8-channel
: pTx system. (E) 72 SAR optimization in
M ., another patient model using 4-channel

i |
i o w1 ©

15

'g ' g pTx transmission. (F) and (G) are the
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E 5 with permission from the Reference
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Nevertheless, there is a significant challenge to translate these results to safe RF
excitation scenarios in clinical practice. Variability in absorbed power around a
DBS electrode for five investigated body models, varied by 88% by only changing
tissue properties without any implant-related parameters.’® Adding patient

movement’®’, differences in implant position and orientation®¥"3"4  tissue
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properties®® or other hardware imperfections can increase the uncertainties of

applying simulation based methods for pTx based optimizations of implant safety.

Measurements to determine RF safety and imaging related parameters for
implant safety to minimize Equation (2.23) would have several advantages.
Directly measuring the implant RF safety related parameters such as induced
current, E-field and temperature around the implant tip would have lower
uncertainties than simulation based estimations.®®""314 |f measurements could be
performed on-the-fly patient movement-induced SAR changes could be
assessed.”®’"Hence, implant safety rooted in measurement-based methods would
greatly improve the feasibility and accuracy of the pTx-based mitigation of RF-
induced heating. In general, there are two approaches that can be utilized to
determine the required RF-induced E-fields, implant currents and/or temperature

hotspots: 1) MR-based and 2) sensor-based measurement techniques.
2.3.3. MR-based mitigation of RF-induced heating using pTx

As time-varying RF-induced current flows on the conductor, magnetic fields are
formed around them. This relationship can be expressed by simplifying Ampére’s
circuital law approximating for an infinitely long conductor® to relate the
tangential magnetic field phasor around the implant wire. However, the total
magnetic field cannot be directly measured by using MR because the By
component of the transmit field is not apparent due to the process of spin
excitation. Still, it can be approximated using MR images."®>""® The total tissue
magnetization will contain the B component of the magnetic field from the coil
and the Bf component created by the wire. The Bf depends on how much signal
is acquired (i.e., type of B; mapping sequence). For example, a GRE sequence can

be utilized to determine absolute B;* from the signal intensity (SI)"®:

Sin(STanom) (1 - e_TR/Tl)

SI
1— e TRITL cos(Stnom)

(2.24)

where, € represents local spin density, receiver coil sensitivity and T, effects, Sy
is the dimensionless transmit sensitivity of the transmitter coil, «,,,, is the nominal

flip angle. The parameter S depends on the artifact caused by the implant and
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can be found by applying different «a,,,, and fitting into the equations «,,,,, =

¥B{nom T for a short RF pulse of length 7, and By ;450 = StBinom-"™

For different pTx RF excitation modes, different imaging artifacts will be visible
in the images which correlate with RF induced currents on the implant. These
images can be used as a relative gauge to understand which pTx mode induces
stronger current on the implant. Hence, it can be a brief validation method for the

sensor measurements proposed in the thesis.

In recent studies, it is also demonstrated that MR images can be utilized for the
adjustment of pTx settings in the context of implant safety to minimize the total
RF-induced currents by weighting individual RF-induced currents using various
pTx images.5"57.6112021t should be noted that these MR-based methods utilizing

Bf,zmage require By -mapping methods to estimate the currents or MR-images to

determine pTx mitigation settings, which require a certain amount of time to
acquire. In one study, B{-maps were acquired using GRE images which took 82
s."> Another study to estimate signal intensity around the implant spent 55 s for
MR image acquisition'” For the two-channel pTx study, 3 GRE MR images were
acquired within 21 s to calculate “implant friendly” modes®’, where GRAPPA was
used to accelerate image acquisition.’?? The acquisition time may challenge the
feasibility of MR-based method while increasing the number of pTx channels; for
example, four minutes were required for the Bf for four channel pTx mitigation.®’
Therefore, the uncertainty of the estimated implant currents could be affected

from the patient motion, especially in UHF imaging regime.’®"

Another issue of the MR-based methods about image artifacts. Implants
inherently present B, image artifacts due to their metallic components. For an in
vivo scenario, the uncertainties may increase while locating the image B artifact
together the with B, artifact around the complex tissue structures. In addition,
signal voids may exist in UHF images, which would also increase the uncertainties

of the methods. There is demand, therefore, for faster and more robust solutions.
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2.3.4. Sensor-based mitigation of RF-induced heating using pTx

In contrast to MR-based methods, another way to rapidly assess and mitigate RF-
induced heating is by utilizing sensors that are either externally positioned near
the implant without being directly attached to it or embedded in the implant. For
example, a custom E-field probe using optical light emitting diodes and a fiber-
optic temperature probe externally attached to the implant tip demonstrated the
RF-induced E-field and temperature distributions for two different 1.5T scanners
as shown in Figure 2.8.'2 Please note that temperature rise and E-field profiles
measured by the sensors demonstrate similarity; however, they are significantly
different in absolute terms even though the scanners operate at the same RF

frequency.

Z-directional E-field components in Scanner 1

RF heating in Scanner 1, implant sample in Z-direction

Z-directional E-field components in Scanner 2

RF heating in Scanner 2. implant sample in Z-direction

Figure 2.8 RF-induced E-field and temperature measurements at two 1.5T MR
scanners for an implant with external sensors. The sensors can successfully
measure the spatially varying RF-induced E-field and temperature rises at the
implant tip. (Reproduced with permission from the Reference [123] © John Wiley
& Sons, 2008).
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A toroidal transformer as an external current sensor was also proposed to detect
the RF-induced currents on conductive wires as shown in Figure 2.9.”* The
magnetic flux, ®, coupled to the toroid due to the RF-induced current in the

implant wire can be written using Faraday Law:

P o
= — 2.25
b L angldr ( )

where the integral boundary is defined by the radii, a and b representing the inner
and outer radius of the toroid, respectively. The length of the toroid cavity is g. In
that study, the outer diameter of the wire was about 7 mm and the lengths were
about 20-60 mm, which were affecting the gain of the current sensor.’> Therefore,
it is critical to note that it may not be feasible to attach the sensors to a few mm
thick implant wires. In addition, the readout electronics cannot reside in the body

as implants are fully immersed.
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Embedded sensors were also presented to assess the RF safety of implants.!'#120
For RF-induced current measurements, a light emitting diode was embedded a
few millimeters from the tip of a pacemaker wire, with a rectifier circuit to
measure the root-mean-square (RMS) value of the RF-induced currents at the
tip."* The quadratic relationship between RMS current values successfully
correlated with the temperature rise, measured by an external fiber-optic
temperature probes.”™ Although an external fiber-optic cable may not be suitable
to be placed in realistic implants, it has been shown that small RMS sensors might
be feasible for RF-safety assessments. Silemek et al. demonstrated an embedded
thermistor at the implant tip for the RF-safety assessments.’?® The temperature
rise at the tip of the implant could be read out during an MRI scan by using a
Bluetooth Low Energy (BLE) wireless communication protocol. Although the
speed of the temperature acquisitions was 1 Hz, it was demonstrated that an RMS
sensor embedded in an implant could transmit the required temperature

information even if fully embedded in the body.

RMS sensors, so-far, cannot be used for the pTx mitigation as the complex valued
E-field or current values need to be adjusted to suppress E-field on the tip of the
implant (see Equation (2.20)), where RMS sensors have only the amplitude
information. In the thesis, it will be demonstrated that RMS sensors can be utilized
for pTx mitigation of the RF-induced currents. Initially, investigations into current
minimization techniques on the implants were initially performed, however, based
on measuring the complex valued RF induced currents, before simplifying the

sensor architecture to RMS signal acquisitions.
Null modes for pTx mitigation

Previously, it is demonstrated a toroidal current sensor can be utilized to probe a
phase sensitive response of all pTx channels to null the current on the guidewire
structure.®” The null modes (NM) method models pTx and RF-induced currents as
an N + M multiport network where an N channel pTx coil transmits and M sensors
observe RF-induced currents at their placed location. Then, a complex-valued
coupling coefficient ¢, can be constructed by a transmission from the nt*

channel of the pTx system and a measurement of the RF-induced current using
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the m*" sensor on the wire. This coefficient includes all transmit chain related
gains and losses such as RF amplifier gain, coil losses, implant geometry, and size.
Therefore, at the mt" sensor location, the RF-induced currents for any set of a
complex linear combination of k different transmit vectors of N channel pTx

inputs can be formulized to:

I1=0w, (2.26)

where ¢ includes all coefficients in M x N dimensional matrix form. W includes
complex transmit weightsin N X K dimensional matrix and finally, I isthe M x K
dimensional RF-induced currents on the conductor, where each element
corresponds to RF-induced current at the sensor location m formed by k RF

transmit weight.®

Finding a solution to W that lies in the null space of ¢ will result in minimum RF-
induced current at the m®" sensor measurement location. In addition, any linear
combinations of the null space also induce minimum currents on the conductor.
One needs to obtain the coupling matrix { to solve the network. Then, the transmit
weights W provide the minimum induced currents that can be computed either by
the eigenvalue or singular value decomposition (SVD) of the sensor network.
Eigenvalue decomposition can only be applied to diagnosable matrices.
Therefore, it is applicable when only a single sensor is used such that M = N. For

a more general solution, SVD of M x N dimensional { can be factorized as,

{=Uzv, (2.27)

where U is a complex-valued unitary matrix (M x M), ¥ contains the singular
values with a dimension of M X N and V is the complex unitary matrix with a
dimension of N X N. The columns of V orthogonal to U that corresponds to zero
singular values give the minimum induced currents, and the columns of V with
maximum singular values give the maximum induced currents and maximum
coupling mode.®" Depending on the experimental configuration, SVD can be
utilized to compute NMs. The number of NMs increases with the channel count.

Therefore, the degree of freedom for a pTx mitigation increases. In contrast, when
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the sensor (observer) count M increases, the degree of freedom for the pTx
mitigation shrinks. Imposing current null at multiple locations on the wire
increases the effectiveness of the NMs. It should be emphasized that the NM
method does not provide any information about the imaging metrics of the MR
scanner. Therefore, linear combinations of NMs must be harmonized with B -
maps to preserve imaging quality. In addition, the problem of embedding bulky
current sensors on the implants has not been successful to date mostly because

of their size and complexity of the readout electronics.
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3. Parallel transmission implant safety testbed

In this chapter, the development, construction, and demonstration of the required
hardware for extensive testing of the proposed pTx mitigation methods is
presented. The work presented in this chapter is published in Magnetic Resonance
in Medicine [63]. In addition, the resources for hardware, firmware and software

are published here: www.opensourceimaging.org/ptx-implant-safety-testbed/.

3.1. Introduction

Benefits of multi-channel RF-transmission, pTx, have been experimentally
demonstrated more than two decades ago.**-*® However, the requirements of
synchronized independent control of RF-transmission parameters such as
amplitude and phase, as well as dedicated multi-channel RF-coil hardware, next
to an increased complexity in RF safety assessment prevented for long the
application of pTx in today’s clinical MRI systems. Most clinical MRI systems use
field strengths up to 3T, where single-channel body coils like a circularly polarized
birdcage are sufficient to generate homogeneous B; fields required for clinical
applications. However, as the field strength increases beyond 3T, the RF
wavelength in tissue (for 3T = 27 cm, 7T = 13 cm) is shorter than the average
imaging region (head, body and etc.), which penalizes the Bf field homogeneity.?®
At these high frequencies, pTx systems have been introduced as the most
promising approach to homogenize the Bf and improve imaging quality. Other
applications independent of the transmission frequency, such as the RF safety of
implants, show promising results and should be investigated further.? This

requires accessible and low-cost pTx hardware that can be broadly tested.

The historically first approaches at pTx systems can simply be considered as
manual tuning of (e.g., mechanically adjusting cable lengths) of amplitudes and
phases to shim subject-specific B, field inhomogeneities in UHF."?6'2” This tedious
mechanical B;-shimming method was improved by introducing digitally
adjustable phase-shifters and attenuators.’?® Moreover, modular implementation

of the RF components and dynamic signal modulation (RF excitation pulse
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adjustment during MRI sequence) enabled higher pTx channel count and

flexibility to modulate B, fields.™'30

Although these systems aid investigation of pTx applications, they are restricted
to a particular MR system hardware. They receive the required base RF signal
from the system to synchronize other components, which limits the application
frequency range, in particular broader implant safety testing. In addition, the RF
duty cycle of an MRl is usually less than 10%. High peak RF powers are desired to
generate short RF pulses with sufficient B; to obtain the desired FA. In contrast,
as shown in Equation (2.5), time averaged power is critical for RF safety.
Therefore, the cost of building high peak power RF amplifier can be avoided by
decreasing the peak power constraint and increasing its duty cycle, which would
supply the same amount of average RF power while increasing the bandwidth and
reducing the cost. Furthermore, RF safety assessment inside an MRI scanner with
space limitations for the measurement equipment or measurements in high static
B, fields leading to additional safety precautions are some limiting factors of
existing systems. Scan time is scarce and expensive limiting to accessibility for
extensive testing. In addition, since implant safety assessments may benefit from
flexible sensor implementations to measure E-field, H-field or temperature,
automated and reproducible positioning for various excitation scenarios are

needed.

To address these problems, a pTx capable implant safety testbed was designed
and constructed. It furnishes versatile features for RF safety testing. The
constructed testbed can be adjusted for RF-heating experiments at various field
strengths from B, = 0.5-7T and is scalable to 32-channel RF transmission.
Furthermore, a 3D positioning robot with a submillimeter positioning sensitivity
indulges electromagnetic field and temperature mapping experiments. The
constructed pTx implant safety testbed can be utilized standalone or within an

MRI system.
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3.2. Methods

3.2.1. RF transmit and receive chain

A photograph of the constructed pTx implant safety testbed is shown in Figure
3.1. Based on the previous work at PTB,'®"'3? a3 scalable and broadband fully digital
pTx signal generation system was configured to cover a broad range of clinically
employed MR frequencies between 0.5T (f, =21 MHz) to 7T (f, = 297 MHz).
Therefore, a broadband 8-channel RF transmitter by using 2 x 4-channel arbitrary
waveform generator cards were used as the signal generator (M4i.6622-x8,
Spectrum Instrumentation GmbH, Grosshansdorf, Germany), which can be scaled
to 8 x 4-channel configuration for 32-channel operation. The maximum sampling
rate (f;) of the cards is 625 MS s™. This favors RF-transmit frequencies up to
fo =128 MHz (B, = 3T). At B, = 7T frequency 297 MHz, the sampling frequency is
close to the Nyquist limit. Therefore, spurious signals at 328 MHz would be
produced in the spectrum, which might be challenging to suppress using off-the-
shelf filters. Therefore, for 7T experiments f; = 400 MHz was employed, where a
sideband signal of 103 MHz occurs during the 297 MHz signal generation with a 6
dB signal attenuation. The spurious signal at 1083 MHz was suppressed by using a
high-pass filter: insertion loss < 1.5 dB, passband 290-3000 MHz (SHP-300+, Mini-
Circuits, New York, USA). The attenuation is not significant as the signal will be

amplified in the next stage.

The generated pTx signals are then fed into eight modular, broadband (20 MHz -
1 GHz) RF power amplifiers (ZHL-20W-13SWX+, Mini-Circuits, New York, US). The
gain of the RF amplifiers is 50 dB and the maximum output of the amplifiers was
adjusted to 20 W per pTx channel, which can deliver 100% duty cycle. For the
transmission, the amplifiers can be signaled to unblank with a transistor-

transistor logic signal.
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Figure 3.1 A photograph of the pTx implant safety testbed hardware. On the
left, a submillimeter positioning system. On the right, the assembled pTx
electronics within a 19” rack. The annotated photo indicates different system
components for the implant safety measurements, including 8-channel pTx
arbitrary waveform generator, broadband RF power amplifiers and 4-channel
receiver. Please note that the free space was left intentionally for an additional 8-
channel pTx amplifiers. (Adapted from Reference [63] CC BY 4.0, 2020).

For the receiver, a 4-channel 14-bit ADC card (M4i.4451-x8, Spectrum
Instrumentation GmbH, Grosshansdorf, Germany) was utilized to measure sensor
signals. The sampling rate of the receiver can go up to 500 MS s. This allows a
direct sampling up to B, = 3T frequencies (f, = 128 MHz). For B, = 7T frequency
(fo = 297 MHz), the sampling rate is not enough. Therefore, another high-pass
filter (SHP-300+, Mini-Circuits, New York, USA) as an anti-aliasing filter was used.
Then, the received signals are decimated and filtered in the digital domain. Finally,

the relative phases were computed using a selected channel.

The transmission and reception cards are connected to a Peripheral Component
Interconnect Express x8 Gen?2 interface which is hosted by a motherboard
(X1T0DRX, Supermicro Computer Inc, San Jose, CA, US). Although this thesis used

8-channel pTx system, the motherboard has more (total = 8 x 10) PCI-Express
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slots hosted by two central processing units. This supports additional freedom to
provide 32 transmit channels + 8 receive channels. All transmit and receive
modules can be synchronized by internal and external triggers. The whole RF
transceiver system was placed into a modular rack (Width = 550 x Depth = 80 x

Height = 1100 mm?3) for an easy transportation.

The transmit and receive console runs under a Linux-based operating system
(OpenSUSE 13.2, Kernel: 3.16.6-2). The cards are programmed using C, and Fortran
subroutines. A graphical user interface (GUI) was written in Python to control and

parametrize the settings of the cards. All software is published open-source.'3

An 8-channel pTx 7T head RF-coil with an embedded cylindrical RF shield is used
in the transmit/receive chain.’® The coil has eight 160 mm long rectangular loops
in an elliptical arrangement where the left to right and the anterior to posterior
distances are 215 mm and 250 mm, respectively. The 7T head coil also represents
a, scaled, 3T body coil, allowing easier RF safety measurements in a much smaller

volume.
3.2.2. Positioning system

The pTx implant safety testbed includes the open-source positioning system,
COSI Measure, favoring placement of the implant or field probes in 3
dimensions.”®® The system has a GUI that provides submillimeter positioning of the
object via manual commands. A previously existing system interface was
extended, in this work, to allow the connectivity of the pTx implant safety testbed
for automated measurements. For this purpose, the ethernet interface of
positioning electronics was connected to the auxiliary ethernet port of the system
console. Then, the existing source code of the positioning system was modified to
allow automated measurements for implant safety. In the implemented interface,
the console sends absolute positions to the positioning system, then the
positioning system responds to commands when it had arrived at the position.
Finally, the implant safety testbed sends the corresponding RF-excitation pulses

to the coil and then, the corresponding measurements are taken.
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3.2.3. Phantom

For the testbed measurements, a cylindrical phantom was used with an inner
diameter of 200 mm made of a poly(methyl methacrylate) tube. The bottom of the
phantom container is sealed, and the top is open for a flexible insertion of the
implant and field probes using the positioning system. This container was filled
with a mixture of polyvinylpyrrolidone (PVP), deionized water and NaCl resulting
in relative permittivity of ¢, = 36 and electrical conductivity of ¢ =0.27 S/m at
f =297 MHz. The total fill height of the PVP mixture was 188 mm. (A slightly

different phantom is used and given in Chapter 5.)

A semi rigid coaxial wire with a length of 177 mm (diameter = 4 mm, 15 mm of the

outer insulation is removed) was used as an implant for the experiments.
3.2.4. Auxiliary sensors for implant safety assessments

To characterize the effectiveness of the pTx mitigations, three different sensors
were utilized in the pTx implant safety testbed. To measure the radial time-domain
E-field around the implant, a fiber-optic E-field sensor (EITDSxSNI, Speag, Zurich,
Switzerland) was connected to the testbed via a fiber-optic converter. The probe
utilized a 3 mm dipole at its tip to measure the raw E-field values. The received

signals from the converter fed to one ADC channel of the testbed.

Similarly, a one axis H-field sensor (HITDSx, Speag, Zurich, Switzerland) was
connected to the system for time-varying magnetic field measurements. The
sensor has a 2 mm loop at its tip and requires on axis rotation by 90° to measure
B, and B, -field components in order to calculate B;. The measured signals from
the H-field probe are optically transferred to the same fiber-optic converter and

then fed to a receiver channel of the testbed.

As temperature is the most direct risk indicator for RF safety of the implants,
temperature sensors are also utilized in the testbed system. Fiber-optic
temperature probes (Luxtron, Lumasense Technologies, Santa Clara, US) were
used as external sensors. In addition, temperature was determined by embedding

a thermistor at the tip of dummy implants. Thermistors allow for fast, precise, and
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high-resolution temperature measurements.’?%% This is highly advantageous
since it allows to work with very low RF power, thus avoiding high increases of the
background temperature and correspondingly long cool-down periods between
consecutive experiments. The disadvantage is that they require extra electrical
wires to measure their resistance and that they create image artefacts if the

measurements are going to be repeated in the scanner.

In the testbed experiments, fiber-optic probes, and a negative temperature
coefficient thermistor (NTC) (NCP 18XH103FO3RB, R,sc = 10 kQ, Murata
Manufacturing, Nagaokakyo, Japan) were simultaneously measured for
comparison. The thermistor was embedded at the implant. The terminals of the
thermistor are connected to the inner conductor and shield of the implant. The
end other end of the implant was extended to the testbed console and connected
to a multimeter (Keithley 2000, Tektronix, Beaverton, US) to read the resistance
of the thermistor. The fiber-optic probes were placed as close as possible to the

tip of the wire, as shown in Figure 3.2.

The settings of the digital multimeter to measure the resistance were adjusted to
a10 kQ reference sampling setting. To increase the sampling speed averaging and
liquid crystal display were turned off during the measurements. The device was
interfaced with the testbed via an RS232-USB interface. The communication
speed of the RS232 interface was adjusted to 19200 Bd. The testbed console
sends keywords to the multimeter by sending Standard Commands for
Programmable Instruments’®’ to retrieve the measured resistance values.
Streaming resistance values from the multimeter were converted to the
temperature values in the testbed console by using the Steinhart-Hart equation.’®
All other temperature related programming and calculations were done using

Python programming language.
3.2.5. System calibrations

Several calibrations were done to characterize the system and to perform pTx
mitigations precisely. For the positioning system, the GUI of the positioning
system was modified to calibrate axes in the desired position to get the

standalone absolute Cartesian coordinates of the probe holders. The repeatability
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of the positioning system was assessed together with the E-field probes. For this
purpose, the E-field sensor was positioned about 65 mm away from the implant
tip in the 8-channel pTx coil and phantom allowing measurements of the E-field
component perpendicular to the implant as shown in Figure 3.2A. First, 10-
consecutive E-field measurements were performed on the implant without
changing the position of the implant. Then, another set of 10 measurements was
performed by moving the probes outside of the phantom using the robot and

repositioning them again in the same location.
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Figure 3.2 Measurement setup using external time-domain E-field sensor for
system calibrations and pTx mitigation. A) Photograph of the implant wire in the
phantom together with the 8-channel pTx RF coil (7T). The RF shield of the coil
was removed for the photograph. The placed E-field sensor measures radial E-
fields (sensor axis depicted with a dashed blue arrow) induced on the implant. This
information can be used for pTx mitigation. B) A close-up photo of the implant wire
with an embedded thermistor. The external fiber-optic temperature probes are
taped around the implant allowing tip temperature measurements. 15 mm outer
insulation of the coaxial cable was removed around the lead tip in order to mimic
an implant electrode geometry (Reproduced from the Reference [63] CC BY 4.0,
2020).

The E-field and H-field probes were calibrated in air using a custom-built
transverse electromagnetic (TEM) cell.™® It should be noted that relative
permeability of water (i, = 1) permits a straightforward calibration of the H-field

probe in air (u, = 1) for B;-field measurements in the phantom. However, the
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relative permittivity of the phantom (i.e., &, = 36) is much higher than air (g, = 1),
so a calibration of the E-field probes in phantom is more challenging.
Nevertheless, the relative E-field values are critical for the proposed pTx

mitigations and have been used throughout the thesis.

The amplitudes and phases of the RF chain were calibrated at 297 MHz to equalize
the output amplitudes and phases between channels. In addition, 6 dB attenuators
(Mini Circuits, VAT-6+, New York, NY, US) were placed at the inputs of the
amplifiers to ensure that output power is not above amplifiers’ 1dB compression
(~41dBm). Although the maximum output power was reduced to approximately 3

W, the amplifiers are in their linear region without extra linearity corrections.

The system uncertainties in the used components in the implant safety testbed
are given in Table 3-1.
Table 3-1 Component uncertainties of the pTx safety testbed. In should be

noted that the TEM cell uncertainty contains the overall system with E — and
H —field probe and transmit chain uncertainties (except RF coil and receiver).

Arbitrary waveform generator (M4i.6622-x8)
+0.5 mV £ %0.1 (low power)
Amplitude output accuracy
1.0 mV = %0.2 (high power)
DAC differential non-linearity +0.5LSB
DAC internal non-linearity +1.0LSB
Internal clock accuracy <20 ppm
Receiver (M4i.4451-x8)
ADC differential nonlinearity +0.4LSB
ADC integral nonlinearity +10.0LSB
ADC word error rate 102
Offset error (full speed) < 0.1% of range
Gain error (full speed) <1.0% of reading
Internal clock accuracy + 20 ppm
Amplifiers (ZHL-20W-13SW+)
Gain flatness +1.8dB
TEM cell calibration*
Field uncertainty 5%
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3.2.6. RF coil validation measurements

One application of the pTx testbed is electromagnetic field measurements of an
RF coil, which can be used to validate numerical simulations and understand the
uncertainties generated by the RF chain. First, the 8-channel S-matrix of the RF-
coil was measured with a network analyzer (ZNBT 8, Rohde & Schwarz GmbH,
Munich, Germany) and included in the simulations (performed by the other authors
in the Reference [63]) (Sim4Life v5.0, ZMT Zurich MedTech AG, Zurich,
Switzerland) to compensate for RF-coil losses and coupling. Then, a single-axis
H-field probe was immersed into the phantom 50 mm below the surface of the
phantom liquid. The B-field generated by the coil in the phantom was measured in
a 60 x 60 mm? area with a 5 mm in-plane resolution twice (the same area was
mapped with the H-field probe rotated by 90°). The simulation model is shown in
Figure 3.3A, B.

3D View Top View
(A) (B)

RF-Shield

RF-Shield

—_—sN

e 50 MM

Figure 3.3 Simulation setup for RF coil validations at 297 MHz (7T). A) 3D
representation and B) top view of an 8-channel pTx RF coil for 7T and a cylindrical
phantom in the electromagnetic field simulation software (Reproduced from the
Reference [63] CC BY 4.0, 2020).

3.3. Results

The results of the repetition experiments of the positioning system with the E-

field probe is shown in Figure 3.4. The mean and standard deviation of the 10
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consecutive measurements is 91.09 + 1.00 V/m without robot movement. This
result corresponds to a total of 1% uncertainty at the RF transmit and receive
chain (Figure 3.4A). As can be seen in Figure 3.4B, the robot repositioning
increases the uncertainty of the system to 3%, where the mean and standard

deviation of the 10 consecutive measurements corresponds to 93.80 + 2.58 V/m.
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Figure 3.4 Results of the repetition experiments using the time-domain E-field
probe is shown. (A) Results of 10-consecutive measurements without robot
movement. The mean and standard deviation of the measurements are 91.09 £1.00
V/m. (B) shows the results of 10 consecutive measurements at the same location,
where the robot retreats the probe and implant lead out of the phantom and
repositions it again 10 times. The mean and standard deviation of the
measurements are 93.80 £ 2.58 V/m.
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The simulated and measured B; fields of the 8-channel RF-coil are shown in
Figure 3.5 with an RMS difference of 6.3%. The maximum measured B field
shows a maximum of 27.9 uT/A/kW and simulated maximum B; field shows 25.7
uT/A/kW. Along the x-direction of the investigated area, the mean absolute
difference between simulated and measured B; fields were 2.46 + 1.24%. For the
y-direction, it was 2.65 + 0.89%.
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Figure 3.5 The results of the B -field validations are shown for A) simulated,
and B) measured B; using the mapped time-domain H-field probe information
inside the phantom (total area = 60 x 60mm?, axis: x-y, spatial resolution 5 mm).
Field comparisons between simulation and experimentsin (A) and (B) are depicted
across the horizontal line in (C) and the vertical line in (D) (Reproduced from the
Reference [63] CC BY 4.0, 2020).
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Temperature measurements from the thermistor embedded at the implant tip
compared to fiber-optic probe readings are shown in Figure 3.6. The thermistor
can detect temperature rises with high precision and resolution of about 100 pK
and temporal resolution of up to 25 Hz; whereas these parameters were ~0.5 K
and 5 Hz for the fiber-optic temperature probes. Consequently, the thermistor is
more accurate capturing very small changes in temperature rise as it is depicted
by the blue arrows in Figure 3.6, which corresponds to intentional 1-second breaks

during RF transmission.

2,54
| wmmm= Thermistor
504 Fiber-Optic Probe-1
Fiber-Optic Probe-2

G R
o 1.5
E
=
]
© 1.0
[}
Q
£
L)
|_
<

400 600 800 1000 1200 1400
Time(s)

Figure 3.6 Measured temperature rise for two fiber optic temperature probes
and one thermistor at the implant tip in a single RF-heating experiment. The
dashed lines indicate the measurements by the fiber-optic temperature probes
and the solid black line indicates the temperature measurements with the
thermistor. The blue arrows point to the intended short interrupts of the RF source
(Reproduced from the Reference [63] CC BY 4.0, 2020).

Further investigations and repetition experiments with the thermistor are shown
in Figure 3.7. 10-consecutive temperature response curves for 64 different pTx
RF-pulses are shown in Figure 3.7A. In Figure 3.7B, the temperature rise of a
single 0.5 slong RF pulse is displayed, where the slopes have a mean and standard
deviation of 13.9 + 0.8 mK/s. Although the temperature rise may be affected by
background temperature drifts during prolonged RF heating experiments with a
multitude of pulses and implant positions, the dT/dt values are repeatable as

shown in Figure 3.7C.
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3.4. Discussion

A versatile and flexible pTx implant safety testbed for extensive RF-safety testing

of implants was presented and evaluated.

The broadband operation of the RF-chain supports a wide range of clinically
relevant MRI field strengths from B, = 0.5T to B, = 7T. Although the system was
demonstrated for an 8-channel transmission, it can easily be scaled up to 32-
channels, thus allowing safety testing for a wide range of MRI frequencies with
various pTx channel counts. In addition, various field probes and auxiliary sensors
or the implant itself can be automatically positioned with the 3D robotic system,

enabling extensive measurement evaluations of many RF heating scenarios.

The testbed shows good reproducibility. For E-field measurements, a standard
deviation of less than 3% was found, when the implant had been consecutively
repositioned to the same location between measurements. Simulated B; fields

were successfully validated by measurements using an H-field probe with an RMS

error = 6.3%. Some of the uncertainties present, are due to calibration

uncertainties of the field sensors using the TEM cell (5%).13°

The embedded thermistor ease the RF safety assessments compared to fiber-
optic temperature probes with more than four orders of magnitude improved
precision at a high temporal resolution. Temperature changes of a few mK can be
easily detected at 40 ms temperature sampling rate. This allows the transmission
of very short RF pulses at low amplitudes, facilitating fast acquisition of many
implant positions under low background temperature changes. Repeatability of
temperature measurements for different RF pulses is excellent, which can also

be used for a reliable tip SAR estimation (Equation (2.6)).

The pTx implant safety testbed can be used standalone as it was demonstrated in
this chapter. It can also be placed in and used together with the MRI scanner,
which is demonstrated in the next chapter. In principle, the transmission stage
could be used for MR imaging, if synchronized with the MR scanner hardware.
However, in the current configuration, 20 W peak power may not be sufficient and

additional amplifier stages or dedicated high-peak power narrow-band power
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amplifiers would be needed.’?®'3® However, it should be noted that this type of
modification may limit the frequency range and the duty cycle of the current
configuration. Another MRI related add-on could in principle be implemented,
which would enable a feedback cycle for applications such as guidewire
visualization using the pTx system.”® One receiver channel of the testbed could be
used to receive the trigger from the MRI system and another receiver channel to
detect RF-induced currents from the guidewire and one channel for the clock

synchronization with external devices or MRI.

The current configuration of the pTx testbed is published as open-source

hardware at www.opensourceimaging.org/ptx-implant-safety-testbed/, to allow

and support additional developments by a larger community. This may enable
reproducible RF-safety assessments of implants for comprehensive
investigations at various implant safety scenarios, validations of simulations and
experiments for implant safety assessments, investigation, and development of
strategies for pTx mitigations. Finally, it fosters an increasing accessibility of pTx

systems for RF safety or non-RF safety related research in MRI.
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4. Sensor-based pTx mitigation of RF-induced heating

After the necessary setup of the pTx hardware for implant safety testing, sensor-
based pTx mitigation methods to reduce RF-induced currents on the implant were
investigated. In this chapter, technigues to mitigate RF-induced heating are
presented using external and embedded sensor technology. In addition, methods
to integrate MR imaging information based on only sensor measurements are
applied within the mitigation schemes. The presented work has been published in
the following conferences [140], [141], [142], [143] and journal articles [63], [64].

4.1. Introduction

Sensors could provide a solution for the RF safety problem of implants by
providing patient and exam-specific measurements of hazardous exposures. This
would also reduce uncertainties, compared to simulation or MR-measurement
based assessment and mitigation methods of RF-induced implant heating. So far,
however, sensors for pTx-based mitigation of RF-induced heating have only been

applied with MR-interventional guidewires.5"7273

The RF-induced currents on the guidewire were acquired using a time-domain
current sensor, located far away from the guidewire tip and a coupling matrix
based on Equation (2.26) was constructed. This matrix was then used to compute
(Null Modes) NMs to reduce guidewire tip heating.®’ The NM transmission mode
reduces implant currents, but does not consider any particular B; distribution,
which is needed for imaging. Hence, it may lead to highly inhomogeneous B;" and
signal voids due to destructive interference of the B; at imaging regions. In order
to generate adequate quality MR images with low RF-induced heating using this
method, additional B -mapping sequences are needed to use this informationin a

linear combination of various NMs to optimize the imaging quality.®

The contribution to the RF-induced currents on the implant from each pTx-
channel may vary significantly, however; not all coil elements are likely to induce
significant currents on the implant. Therefore, treating some pTx channels as

contributors to the implant heating and utilizing others for the imaging can
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significantly improve the pTx mitigation efficacy for imaging purposes.
Subsequently, it will be shown that this can be done without any lengthy and time-
consuming procedures. For this purpose, we investigate and utilize the
Orthogonal Projection (OP) method, which was first introduced already in 201582
but is the first time presented in detail in References [63,64] . It is conceptually
similar to the null-mode approach® but aims to find a pTx transmission vector, i.e.
a set of complex voltages to be applied to each transmit channel, that not only
reduces RF-heating of the implant but simultaneously preserves image quality as

much as possible.

This method is first explored using time-domain E-field sensors on mock implants.
This includes investigations concerning the sensor location at the implant wire,

which may impact results if the sensor is positioned far away from the implant

tip.144,145

Time-domain sensors are bulky, however, while implants are small and fully
immersed into the body making an in-vivo application of the sensors challenging
in current clinical reality. Hence, small, and cheap RMS sensors were investigated
as a much more practical approach, together with a methodology, the so-called
sensor Q-Matrix (Qg), to prove the use of these sensors for OP and NM mode

based pTx mitigations.

4.2. Mitigation of RF-induced heating using external time-domain E-

field sensor

4.2.1. Methods

The measurement of RF-induced currents on guidewires was previously
demonstrated by using time-domain sensors (TDS) which are either pick-up
coils™®'%’ or current sensors®"7273148149 '|n the present work, a time-domain E-field
sensor (E1ITDSx SNI Speag, Zurich, Switzerland) was placed in proximity (~1 mm)
to the implant lead at a distance 65 mm (in distal, z-direction) away from the tip to
pick-up the E-fields generated by the pTx coil. The E-field sensor was placed
perpendicular to the implant wire thereby measuring the radial E-field

component. As this is a TDS, each RF coil channel contribution can be measured
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in amplitude and phase using the E-field sensor. A complex valued steady-state

pTx RF-excitation vector, u is transmitted as follows

u= k X (ul,uz uN) (41)

Where u; is the amplitude of the applied sinusoidal voltage at pTx channel i, N is
the number of pTx channels with the same phase reference and k € R is the

normalization factor for the same transmitted forward power such that

[lull®
= 7z = 4.2
P, 87, ,Zy =500 (4.2)

Then, N voltage vectors are transmitted and the pTx transmission modes can be
calculated. The OP method can be calculated similar to NMs. A complex-valued
coupling matrix { is obtained initially. For single sensor measurement (TD E-field
sensor in this case), the phases that lead to coherent superposition and the
amplitudes are weighted based on the measured TDS signal per channel or the
eigenvector with the largest eigenvalue of { yields maximum RF-induced
currents, which is defined as the worst-case (WC) mode. Therefore, any pTx
voltage excitation vector (u) that is orthogonal to the WC vector (uy,.) expected
to dramatically reduce RF-induced currents on the tip. For example, considering
conventional CP excitation vector (u.p) can be formalized for an N-channel pTx

coil:

1 .
Up= —e M n=0,.,(N-1 (4.3)
CcpP \/N ( )
Then, projecting u.p to the subspace that is orthogonal to the u,, will yield an
orthogonal projection vector:

wop = Ucp — Uy (Uyc -Ucp) (4.4)

Please note that both u., and u,, . are normalized vectors representing the same
input power and u,p is defined as a normalized vector of u’, to equalize the input
power to u.p and uy,.. The OP method aims to take the implant hazard out of the

CP vector (assuming ucp # uy¢) but otherwise maintain as much as possible of
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the (presumedly) good imaging properties of that parent vector. Unlike the NM
method, the OP method has some image-quality preserving component already
built in, therefore. Of course, the method works with any starting vector providing
good image quality, it does not have to be the CP mode. As long as a good starting
vector is known or can be guessed in advance, and for not too high field strengths
(i.e., higher RF frequency), the CP mode is such a good guess, the OP vector can
be computed directly from the acquired sensor signal and does not need any extra

B} -mapping and optimization for imaging quality.

As an example, numerical B and temperature simulations demonstrate the
effectiveness of the proposed OP method (Figure 4.1). As can be seen in the
simulation results with an implant wire inside brain tissue (Figure 4.1Figure 4.1A),
the RF induced currents around the implant wire create B; elevations around the
implant tip in CP transmission mode as well as a corresponding temperature
increase (Figure 4.1A and D). These are substantially suppressed by the OP
transmission setting (Figure 4.1B, E, and F). In the central region of the brain

imaging quality is significantly maintained (Figure 4.1C).
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Figure 4.1 Numerical simulations to demonstrate the efficacy of the OP method
that provides acceptable imaging quality while substantially reducing RF-
induced implant heating. A) Calculated B; results for the reference CP mode with
the implant. B) The B results for the OP method at the same slice and equal
transmit power. C) B profile along the yellow dashed line for CP and OP
transmission.D) The corresponding temperature increase for the CP mode and E)
for the OP mode. F) Temperature profile coincide with the implant tip (dashed
lines in (D) ad (E)) are shown where OP suppresses the RF-induced heating.
(Reproduced from the References [62,63] CC BY 4.0, 2020).

Testbed experiments at 297 MHz

For 8-channel pTx experiments, the implant safety testbed was used with a
calibrated average forward power of B, =1.4 W and 1.28 ms long pulses at 297
MHz using the 8-channel 7T coil of the testbed system.’* The subsequent 8
complex-valued radial E-field (E,) on the implant (see Figure 3.2B) were measured

as:

Stps = (Er(wy), Er-(up), ..., Ex(ug)) (4.5)
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where S5 refers to the signals measured by the TDS. Then, pTx mitigation was
done by computing the OP mode using the Equation (4.4). The performance of OP
was assessed by comparing it to the conventional CP (Equation (4.3)) mode and
the WC mode. As expected, the WC mode always produces the maximum RF-
induced E-fields compared to CP and OP modes. This procedure was performed
at three implant locations to verify the E-field measurements. Then, temperature
experiments were performed at these three locations using the same pTx

excitation vectors uy,¢, ucp, upp for 77 s long RF transmission.

To investigate the pTx mitigation capabilities of the proposed setup at multiple
implant locations, the implant was immersed 90 mm into the phantom, and an area
of 100 x 50 mm? plane was mapped with a5 mm spatial resolution. The subsequent
RF-induced E-fields from the pTx excitation modes (uy, ¢, ucp, Uyp) at each implant

position were measured using the same forward power B.,,,. = 1.4 W.
3T MRI Experiments

To investigate the imaging quality of the OP method compared to the CP mode,
MRI experiments were performed at a pTx capable 3T MR scanner (Verio, Siemens
Healthineers, Erlangen, Germany). The scanner is equipped with eight channel RF
amplifiers with maximum 8 kW peak-power per channel. The amplifiers’ amplitude
and phases can be adjusted from a GUI based program in a different computer

supplied by the manufacturer. The pTx software version of the scanner is Step 1.

The setup for the MRI experiments is shown in Figure 4.2. A commercial 8-channel
pTx RF head coil (RAPID Biomedical, Rimpar, Germany) was used for the
transmission. The PVP mixture was placed into the coil by using a container (200
x 260 x 35 mm3). The implant was positioned 45 mm away from the right side of
the container. The E-field probe was positioned close to the implant by attaching
it to a 2600 mm long rod that was controlled by the positioning system, which was

placed at the end of the patient table as shown in Figure 4.2A.

In addition, the impact of the E-field probe location with respect to the implant tip
was evaluated. The pTx excitation modes, uy ., ucp, ugp Were determined by

measuring S;ps at 15 different E-field sensor locations starting from the tip using
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10 mm steps. The corresponding E-fields on the implant were measured for all
three pTx excitation modes. Heating experiments were performed at the E-field
sensor location 90 mm away from the tip. The embedded thermistor (Figure 3.2)

was used to monitor the temperature at the implant tip.

Finally, imaging experiments were performed by using the MR scanner’s 8-
channel pTx system, where pTx RF excitation amplitude and phases transmitted
via scanner’s console. A gradient-echo (GRE) sequence was transmitted, which
has a 1.2 ms long sinc-shaped RF pulse. Again, S;,s was acquired with the E-field
probe positioned 110 mm away from the tip. Then, heating experiments were
performed with the GRE sequence where the total time was increased to 50 s with
a 55V peak RF amplitude and a repetition time (TR) of 4.5 ms. Finally, MRl images
of CP and OP modes were acquired with the same RF power. A GRE sequence with
the following parameters was used for imaging: (spatial resolution = (1.2 x 1.2 x

5.0mms3), TR = 7.8 ms, TE = 3.06 ms, number of averages = 2).
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Digital
multimeter

pTx system

Figure 4.2 MRI experimental setup using time-domain E-field sensor-based
pTx mitigations. A) Photograph of the measurement setup inside a 3T MRI using
the pTx implant safety testbed. An extension rod was used to hold the E-field
sensor and measure the induced radial E-field along the implant. B) Photograph
of the 8-channel pTx RF coil used for excitation with the implant inside a
rectangular PVP phantom liquid C) Photograph of the console, power amplifiers,
and digital multimeter located outside the scanner room and connected through
the filter plate to the 8-channel pTx RF coil and the implant lead for thermistor
readings (Reproduced from the Reference [63] CC BY 4.0, 2020).
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4.2.2. Results
Testbed experiments at 297 MHz

The experimental implant locations of the pTx mitigations and temperature
experiments in the phantom are labeled as P1, P2, and P3 and shown in Figure 4.3.
The measured E-field contributions from the different pTx channels to the implant
are mainly affected by the proximity of the pTx channels to the implant lead and
can be observed in the S, signals. The transmission vectors uy, ¢, ucp, Ugp Show
that WC mode always has the largest E-field on the wire followed by CP mode.
Whereas OP substantially reduces the induced E-field around the wire. The E-field
reduction factor for the CP versus OP was at least 2.2 times higher at all three
positions. The maximum reduction factor was 3.8 times at the P2, where E,. ., had

already minimum at this location compared to P1 and P3.
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Figure 4.3 The results of the mitigation experiment at three different implant
positions (P1, P2 and P3) in the phantom inside an 8-channel RF coil for 7T. RF-
induced E-fields and temperatures recorded for these positions. The magnitude
and phases of the E-fields are plotted for consecutive single-channel
transmission of each channel of the RF coil. The magnitude and phase
measurements for all channels take ~1 ms and are used to calculate WC, CP, and
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OP modes. The RF-induced E-fields and temperatures are lowest for the OP
method compared to WC and CP modes. (Adapted from the Reference [63] CC BY
4.0, 2020).

The results of the 77 s long temperature experiments as shown in the last column
of Figure 4.3 depicts that suppression of RF-induced heating at the implant tip
was successful using the E-fields at all three locations even though the E-field
probe was located 65 mm away from the tip. WC-mode heating was maximum at
all locations as expected. The OP mode could effectively suppress the RF-induced
heating compared to CP mode at all locations with reduction factors of 3.0 to 4.8.
It should be noted that the highest reduction factor in temperature rise is found
at P3, not P2, where the highest E-field reduction factor was found. The summary

of all measurements is given in Table 4-1.

Table 4-1 Results of E-fields and temperatures measured at three different
positions and RF excitation settings (Figure 4.3).

Position E-field / (V/m) A Temperature rise / K
wC CP OoP WC CP oP
P1 257 159 56 1.16 0.94 0.26
p2 254 76 20 0.55 0.42 0.14
P3 225 125 57 112 0.38 0.08

The results of pTx mitigation experiments at 210 different implant lead locations
spanning an area of 100 mm x 50 mm with 5 mm resolution are shown in Figure
4.4. For the CP data, it can be seen that a local minimum exists around the
phantom center which is expected due to the E-field distribution of the RF coil in
this transmission mode.®*® Moving closer to the RF-coil increases the E-field
around the wire for all modes. The WC mode was highest compared to CP and OP
for all implant locations, while OP mode reduced implant tip E-fields substantially
and consistently. The maximum mitigation factor using OP mode was more than
26 and 55 times compared to CP and WC modes, respectively. In 14% of the
investigated locations, the OP had more than 5 times reduced E-fields compared
to the CP mode, while in 88% of the investigated locations E-fields were reduced

by a factor of two or more.
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Figure 4.4 Results of 210 different implant locations inside a cylindrical
phantom. An area of 50 x 105 mm? and resolution of 5 mm? was investigated and
the E-fields were measured to calculate WC and OP transmission modes. The
results for each mode; WC, CP and OP are shown in the top row. The bottom row
shows the ratios of the modes. Please note that moving the implant wire by only a
5 mm can alter the E-field magnitude by more than a factor of 5 in CP mode.
(Reproduced from the Reference [63] CC BY 4.0, 2020)

3T MRI experiments

The results of the E-field mapping along the implant and corresponding
temperature measurements are shown in Figure 4.5. The absolute value of the E-
field along the wire varies depending on the sensor location, which may indicate
sensor positioning error deviating from its perpendicular orientation to the wire.
Nevertheless, the OP method reduces E-field on the implant at all sensor positions
Figure 4.5A. The reduction factor of the OP ranges between 6 to 45 times
compared to WC mode, and 3 to 22 times compared to CP mode as shown in Figure

4.5B.
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Figure 4.5 The results of the sensor positioning experiments by altering the E-
field sensor position in 10 mm steps. A) Measured radial E-field along the implant
lead at 15 positions and WC, CP, and OP pTx excitation vectors demonstrating OP
mode is successful at all sensor positions. B) Position-dependent ratios (WC/OP)
and (CP/OP) of the measured E-fields. (Reproduced from Reference [63] CC BY
4.0, 2020).

Heating experiments based-on the §;, measurements at a distance 90 mm away
from the tip of the implant are shown in Figure 4.6. The temperature rises after 8
seconds of RF heating were 24 mK and 6 mK for WC and CP mode, respectively.

There was no detectable RF-induced heating for the OP mode.
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Figure 4.6 RF-heating experiments utilizing the E-field sensor measurements
to determine WC and OP transmission vectors in MR. OP substantially reduces tip
heating compared to CP and WC modes. (Reproduced from the Reference [63] CC
BY 4.0, 2020).
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The imaging results acquired within the 3T MRI system are illustrated in Figure
4.7A and Figure 4.7B. Using the same S;,s pulses and the calculated OP
transmission mode the resulting MR images are shown in Figure 4.7B and the
conventional CP mode MR images are shown in Figure 4.7A. The preliminary
imaging results show that OP reduces RF-induced heating while maintaining
imaging quality. Furthermore, the induced E-fields on the implant are shown for
three pTx excitation modes in Figure 4.7C. During phase coherence mode (the
same phases as WC but, the amplitude of the channels has the same magnitude)
the maximum E-field was detected, the OP mode successfully suppressed the E-
field, which was again cross-validated by temperature measurements at the

implant tip as shown in Figure 4.7D.
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Figure 4.7 Axial GRE images at 3T utilizing an 8-channel pTx system A) CP
mode and B) OP mode images. The B imaging artifact indicates the location of
the implant wire. C) RF-induced E-fields measured at the implant wire for a phase
coherent (WC-based phases but equal amplitudes per channel), the CP and OP
mode transmission with the sequence. All three modes were transmitting with the
same forward power. D) corresponding temperature curves for RF-induced tip
heating performed with all pTx transmission modes. The TDS was widhdrawn and
its electronics together with the electronics of the positioning system were
switched off to suppress the electromagnetic interference from these devices.
(Reproduced from the Reference [63] CC BY 4.0, 2020).
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4.3. Mitigation of RF-induced heating using embedded RMS sensors

In this following section, the introduced methods for the pTx mitigations are
further improved as time-domain E-field sensors are currently too bulky and
expensive to be embedded in implants for an application of RF safety assessment
and pTx mitigations. An alternative method was developed that can be
implemented using small footprint (<1.5 mm?3) and cheap (<1 €) RMS sensors.
Compared to TD sensors, RMS sensors convert the averaged dissipated power to
rectified electrical signals, which can be found in terms of temperature or E-fields.
RMS sensors do not contain phase information, which could be used to apply the
presented TDS methodology to calculate complex-valued pTx excitation vectors.
However, this information can be extracted by using the introduced method, the

so-called sensor Q-Matrix (Qg).
4.3.1. Methods
Sensor Q-Matrix

The quadratic form of the Q-Matrix to compute SAR for a local voxel is given in
Equation (2.22). The Q-matrix formalism can be extended for implant safety.
Considering the elongated implant wire in the pTx scenario, a local SAR voxel is
located at the implant tip where typically the stimulation electrodes are located
and the heating is the highest.?'®© The measurands can be used to construct a

matrix, which is a full analogy to Q-matrix in Equation (2.22):
X = ufQu, (4.6)
where X refers to the RMS sensor measurements. As RMS sensors do not have

phase information, N> measurements are required to construct the sensor Q-

matrix (Qg) for an N-channel pTx system as follows:

KXo — X — X)) + (X5 — X, — X)) fork # land k < I
Q.é(,kl = (Xkl_ Xk_ Xl)_-](Xll_l_ Xk_ Xl) forkilandk>l (47)
2X;, fork =1
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where X;,; is measured when pTx channel k and [ transmit with the same amplitude
without phase difference between them. X/, is measured such that pTx channel k
and [ transmits with the same amplitude and 90° phase difference to each other.
The diagonal of Qg is filled when only a single k channel transmits and X, is
measured. The RMS measurement can be E-fields probed by a Schottky diode or
temperatures probed by a thermistor. The measured voltages, as they can be
referred to induced tip E-field, are quadratically scaled, which can then be used
to estimate tip SAR. Tip temperature rise (dT/dt) measurements are proportional
to SAR when performed over a short period of time (see Equation (2.6) and Figure
2.3).911%2 |n the following context, Qs will be denoted as Q£ if it is calculated based
on RF-induced E-fields, and Q% for dT/dt measurements. In order to determine
the modes of pTx excitations, an eigenvalue decomposition of Qg can be

performed:

Qsv= v (4.8)

where A denotes eigenvalues and v the corresponding eigenvectors. With this
information, the OP mode using Equation (4.4) can be computed for the pTx
mitigation. Similarly, NM modes can be obtained by using either singular value
decomposition as shown in Equation (2.27), or eigenvalue decomposition in
Equation (4.8). For experimental simplicity, only a single NM vector with the

lowest eigenvalue was used for the experiments.
Implant configurations for the Q¢ experiments

For the experimental demonstration two mock implants were used for the Qg

experiments as shown in Figure 4.8.

1- A category (CAT)-8 (Figure 4.8A and B) cable was modified such that
25 mm insulation was removed at the implant tip. Then, one of its shielded
twisted pair wires was connected to a thermistor (NCP 18XH103FO3RB,
R,soc =10 kQ, Murata Manufacturing, Nagaokakyo, Japan). A wire from
another twisted pair was connected to the cathode of a Schottky diode
(MMDL101T1G, ON Semiconductor, Phoenix, AZ, US) and the anode was
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soldered to a 2.5 mm copper wire, serving as an antenna to enhance the
sensitivity to E-fields. The latter step was necessary because the peak
power in the testbed setting is limited to 20 W in contrast to the high peak
powers (>1 kW) provided by MR system amplifiers. For the ground
reference, the outer shield of the cable was used. The Schottky diode
rectifies RF-induced voltages at the tip of the implant and can be used to
measure E-fields'®*'%, It should be also mentioned that CAT-8 cable shields
each twisted pair and the outer most layer before the insulation, which
significantly reduces spurious RF interferences coupling along the cable. In
addition, these independent twisted pairs can be utilized for simultaneous
E-field and temperature measurements to compare Q% and Q.

2- A thermistor (NCP 18XH103FO3RB, R, =10 kQ, Murata
Manufacturing, Nagaokakyo, Japan) was embedded at the tip of a semirigid
coaxial cable as shown in Figure 4.8C and D. The terminals of the thermistor
were connected to the inner and outer conductors of the wire. 15 mm

insulation was removed from the tip of the wire.

Thermistor

N 4

I i |
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~
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Figure 4.8 The photographs depict the implants with RMS sensors (diode and
thermistor) embedded at the tip for Q5 assessment, pTx mitigation of RF-induced
heating. In panel (A), a CAT-8 cable placed into a PVP phantom with embedded
diode (1.70 x 1.25 mm?) and thermistors (1.6 x 0.8 mm?) as shown in Panel (B). A
small extension wire is utilized to increase E-field sensitivity in regions of low E-
fields due to the low peak power of the pTx safety testbed experiments. In higher
transmitted RF magnitudes in the MR system, the extension can be detached. A
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low-pass filter was employed for both thermistor and diode measurements. C) A
180 mm long coaxial cable as an implant with embedded thermistor at the tip
(Figure 3.2). D) Photograph of the coaxial cable with thermistor shown in (C).
(Reproduced from the Reference [64] CC BY 4.0, 2022).

Implant safety testbed experiments at 297 MHz
In the testbed experiments, the implant safety testbed was configured to 297
MHz (7T) and the same phantom introduced in the Section 3.2.3. and 8-channel

pTx RF coil described in section 3.2. was used. Mock implant #1 was used in the

testbed experiments.

Qf acquisition and characterization

The transmitted forward power for the RF pulsetrain to obtain Q£ was 2.86 W per
channel. A single element, Q¢ ;,was obtained with a 200 us pulse that is followed
by a 100 ps idle time. In total N? = 64 measurements were acquired to construct
a single Q%. All Q& measurements have been quantized by the testbed ADC. The

total acquisition time for an 8-channel Q% is 19.2 ms with this experimental setup.

0T acquisition and characterization

Temperature measurements for the QF were performed using the same
instrumentation described in section 3.2.4. The temporal resolution of the
temperature measurements was adjusted to 40 ms. Then, RF pulses with a
rectangular envelope were transmitted (2.86 W) for 0.5 s. After each RF-pulse, a
0.5 s cooling period was applied. For this 8-channel setup, a single Q% took 64 s.
As Q5T~ captures response of the implant using temperature information,
background temperature fluctuations may affect the Qf measurements as the
acquisition time increases. This effect was minimized by subtracting the baseline
drift and temperature gradient for each Q% ;. Overall, ten Q% acquisitions with 120
s time intervals in between in order to assess the repeatability of the results under

different background temperature conditions.
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pTx mitigation experiments at multiple implant locations

All pTx mitigation methods WC, OP, and NM were investigated using RMS sensors
and the Qg acquisition method and compared to CP mode excitation. As mock
implant #1 was equipped with both sensors, Q¢ and Qf were independently
investigated for each implant position. The feasibility of the Q¢ method was
rigorously investigated by changing the implant location to alter the incident E-
field. Due to lengthier Qg acquisitions (64 s per location), seven implant positions
in the phantom were tested using both methods for a brief comparison. Then, Q&
was acquired at 154 different implant locations in an axial plane (140 x 100 mm?)
of the phantom with 10 mm? spatial resolution. At each location, 64 distinct RF

pulses to acquire QE were transmitted via the pTx console.

For all pTx excitation methods, the total average forward power was 2.86 W, and
the implant was immersed 120 mm into the phantom. For all pTx excitations at
each implant position, 2 s long RF-heating experiments with an average total

power of 2.86 W were performed to assess the effectiveness of the Q¢ method.
MRI experiments at 3T

MRI experiments were performed to assess the QF and Q% in different pTx coils
and imaging performance of pTx excitations. The same 3T MR scanner described

in 4.2.1. ,pg. 70 was used for the experiments.

3T MRI experiments using QL and two-channel body birdcage coil

The experimental setup for the two-channel body coil experiments is displayed in
Figure 4.9A. The cylindrical phantom (see 3.2.3.) was placed into the body coil and
mock implant #2 was immersed 95 mm deep into the phantom. The implant was
connected to the filter plate of the scanner’s Faraday cage with a long coaxial
extension cable. From the outer side of the filter plate, the cable was connected
to the digital multimeter via a low-pass filter (SLP-1.9+, Mini-Circuits, NY, US) to

read thermistor’s resistance.

In the first set of experiments, the scanner used normal operation mode or the CP

transmission. In this mode, the thermistor-based temperature measurements
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were acquired with the nominal flip angles that range from 10° to 90° with 10°
increments. A GRE sequence with TR of 15 ms which includes 2 ms long RF pulses
was applied. The transmitted RF-pulses were measured with a pick-up coil and an
ADC card (M3i.4142, Spectrum Instruments, Grosshansdorf, Germany). The
relative powers of the transmitted pulses were calculated by integrating the

received sinc-envelope pulses with a pick-up coil.

2-Channel
Tx/Rx bodycoil

Filter Plate . 8-Channel | Implant with
Connections Extension Tx/Rx Coil . thermistor

Implant with
thermistor and
diode

Figure 4.9 Experimental setup within a commercial 3T MRI system with pTx
capabilities. Two different experimental settings were performed: A) using the
two-channel body birdcage coil from the MR system for transmission into a
cylindrical phantom and implant#2 with an embedded thermistor and B) using an
8-channel Tx/Rx RF coil for transmission into a rectangular phantom, and
implant#1 with embedded thermistor and diode. (Reproduced from the Reference
[64] CC BY 4.0, 2022).

In the second set of experiments, the scanner was run in pTx mode. The two
channels of the body coil were driven by the pTx system. Two channel body coil
can be considered as the most basic pTx scheme. The accessibility to the two
channel body coil could be easier as it requires the least hardware modification to
a “single channel” commercial system. For the Q% acquisition in the two-channel

body birdcage coil, N> = 4 measurements were acquired. For each pulse, 4to 5 s
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RF pulses were applied that are followed by 2 s cooling cycle. For the Q%-based

predictions, two different implant locations were investigated.

Imaging experiments using Q% and eight-channel pTx

The 8-channel pTx experimental setup is shown in Figure 4.9B. The commercial
8-channel pTx head coil introduced in the section 4.2.1. was used for RF-
transmission and signal reception. A phantom container (275 x 220 x 70 mm?3) was
filled (h=65 mm) with the PVP phantom having the same electrical properties and
was placed into the coil. 9 tubes (4 air and 5 PVP filled) were embedded into the
phantom to generate contrast in the phantom for imaging purposes. The mock
implant#1 was 177 mm immersed 30 mm under the phantom surface. The wire
carrying the rectified tip diode signals was connected to the ADC of the pTx safety

testbed system using a long coaxial wire and the filter plate.

The system’s free induction decay (FID) sequence (RF pulses without gradients)
was used to obtain Q% pulses. N? = 64 pulses were transmitted using the MRI
system’s GUI. The rectangular envelope RF-pulses had 15 V peak voltage and 200

ps duration.

After Qf acquisition using the MRI hardware, pTx excitation modes were
calculated and transmitted to compare the imaging performance of four pTx
excitations: WC, B;-shim, OP, and NM modes. The purpose of the imaging
experiment is to demonstrate a scenario where diagnostic information is desired
near the implant. Therefore, a B;-mapping sequence was utilized to acquire
individual B; maps of the pTx channels. For B mapping a 2D GRE (TR = 30 ms,
TE =3 ms, FOV 256 x 256 mm?, in-plane resolution = 1 x1 mm2and slice thickness
=10 mm) was used. Using the acquired Bf maps, the channel phases can be set
for constructive interference of all B; fields at the center tube. This mode is
henceforth referred to as the B;-shim mode and is used as the reference
transmission mode for imaging. Then, the OP mode is calculated from this
reference transmission mode, this time, instead from the previously used CP
mode. For all pTx imaging modes, a 2D GRE sequence (TR =11 ms, TE = 4 ms, FOV

= 300x 300 mm?, in-plane resolution = 0.6 x 0.6 mm?, slice thickness = 10 mm,
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number of averages = 2) was acquired in coronal and axial directions. A total of 8

images were acquired and the scanner reported: Pryyqrq =24 £ 0.5 W. Finally, the
E-field at the implant tip was measured for all pTx excitation modes using the

same FID pulse and the Schottky diode.
4.3.2. Results
Implant safety testbed experiments at 297 MHz

0f acquisitions

The temporal resolution of the diode measurement is 4 us with a dynamic range of
1 V. The measurement precision is 126 yV for the QE experiments. The acquired
N? =64 measurements for Q£ and QT are shown in Figure 4.10A. For Q£ acquisition
20 out of 64 measurements were undetectable for this implant location due to low
RF coupling for these particular transmission settings. The amplitude and phases
of the calculated Q% is shown in Figure 4.10B. RF coil channels #2 and #8 generate
the maximum E-fields, which are spatially closer to the implant lead, while the
channels #4 to #6 that are further away, generate neglectable induced E-fields at

the implant tip.

0T acquisitions

The temperature increases and the induced sensor signal for individual pTx
channel combinations is shown in Figure 4.10A. The thermistor’'s sensitivity is
slightly better than the diode’s in detecting small contributions from pTx channel
combinations resulting in low RF-induced heating. The resulting QF based on the
raw data from Figure 4.10A is shown in Figure 4.10C. As expected, the amplitudes
and phases of Q% are similar to Q% (Figure 4.10B) with channel #2 and channel #8
having the largest contributions to RF induced tip heating. In Qf acquisitions, 55
temperature rises were detectable out of 64 RF pulse transmissions. Hence, this

may have created the small deviation when comparing Q£ and QT acquisitions.
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Figure 4.10 Results from a Qg acquisition (64 RF pulses using an 8-channel RF
coil) on implant #1 within the testbed at 297 MHz. A) Time courses of the diode-
based measurements (QE, solid blue line) and thermistor readings (Q¥, dashed red
line) for 0.5 s long pulses. Calculated amplitude and phase of (B) Q£ and (C) QF.
(Adapted from the Reference [64] CC BY 4.0, 2022, The linecolor and the axis of
the temperature plot are changed to red).
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The results of the repeatability experiments are shown in Figure 4.11. Maximum

temperature rise was 82 * 0.8 mK during QF acquisitions, which demonstrates that

even for an 8-channel pTx setup, Qf can be acquired using low powers that deliver

neglectable RF-induced heating to the implant. Based on QF the calculated

eigenvalues that are eventually used to determine the pTx excitation vector are

shown in Figure 4.11A. The dominant eigenvalue has 73% weight for this Qf

acquisition with a standard deviation of only 2% over 10 repetitions. For the less

dominant eigenvalues, which have a lower effect on RF-induced heating, the

standard deviation increases slightly. The magnitudes and their standard

deviations of the Q} repetition experiments are shown in Figure 4.11B. The

standard deviation is lower for the channels with higher magnitudes.
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Figure 411 The repeatability
analysis of Qf using the embedded
thermistor readings in the pTx safety
testbed at 297 MHz A) Normalized
eigenvalues including standard
deviation of the 10 measured Q%
matrices. There is 2% deviation in the
dominant eigenvalue #1 B)
Magnitudes of the calculated Q5.
including error bars for all QFf
elements indicating the standard
deviations. (Reproduced from the
Reference [64] CC BY 4.0, 2022).



RF-induced heating mitigation using Q% and pTx

The results of the automated experiment using the pTx implant safety testbed
and RMS sensor based Qf method at 154 implant lead locations using mock
implant #1 are shown in Figure 4.12. As expected, the CP mode has lower induced
E-field values on the implant close to the phantom center and higher values in the
periphery. Both OP and NM mitigation methods reduced the RF-induced signals
on the implant at 99% of the investigated implant positions. As expected, the NM
mode reduced RF-induced heating better than the OP mode at 62% of the
investigated regions. The RF-induced sensor signals of the NM mode have 14%
and 17% higher values, respectively, than the CP mode at two positions. The
reduction factors are more than 12 times for OP and 32 times for the NM mode
compared to the CP mode at x = 0, y = 0 position, where the CP mode has the
maximum RF-induced signal. The OP maxima at the location x =4, and y = 13 has

four times lower RF-induced signal compared to the CP mode.

The simultaneous heating experiments demonstrate the correlation between
heating rate (Figure 4.12B) and RF-induced signals (Figure 4.12A) at the tip. The
induced peak voltage measured over the diode linearly correlates (Pearson
coefficient: r > 0.94, p <0.001) with the square root of the heating rate
measured with the thermistor. For all three modes, the positions on the right area
along the y-axis (between positions at 5.0-10.0 cm) demonstrate higher heating
rates compared to RF-induced signals. This is probably due to non-homogeneous
baseline temperature increases on the phantom during the time course of the RF-
heating experiments. This baseline drift is also visible in the results of the
individual time courses corresponding to Figure 4.12B, which are shown in Figure
4.13. The baseline temperature variations in the phantom add or subtract to the
local temperature rises during RF-heating experiments. The maximum
temperature rise of 20.5 mK in the location (x0, y0) is found in the CP mode. The
proposed Qg method to mitigate RF-induced heating reduced the temperaturerise
to 1.9 mK for the OP mode and 0.9 mK for the NM at this location.

Statistical analysis of the data is shown in Figure 4.14B demonstrating the CP

mode has a median at 27.7 mV for the RF-induced voltages. The medians are
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reduced to 0.63 mV and 0.56 mV for the OP and NM modes, respectively. The
standard deviation for the OP method was 1.57 mV and it was 3.76 mV for the NM
mode. The higher standard deviation in the NM can be attributed to the outliers,
demonstrating that the OP mode is more robust against uncertainties in the
measurements. It should be noted that only single NM with lowest eigenvalue was

tested for this study. Other six NM vectors were not investigated.
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Figure 4.12 The results of the automated Q£ experiments in the pTx implant
safety testbed at 297 MHz measuring at 154 implant locations within the
phantom. A) The RF-induced voltage measurements by the RMS sensor from CP,
OP and NM mode. B) Heating rate after applying 2 s long RF pulses for CP, OP and
NM. OP and NM were calculated based on Q£ acquisitions. (Reproduced from the
Reference [64] CC BY 4.0, 2022)
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excitations from Figure 4.12B. Panel A) shows the temperature rises, where
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measured temperature rises displayed for the temperature axis normalized to its

local maximum temperature value.
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Figure 4.14 A) shows the RF-induced voltage ratios on the implant wire for
different transmission modes. The induced voltage ratio is clamped to 2. Both
methods (OP and NM) to reduce RF-induced signals on the implant wire were
successful at 99% of the locations. (B) RF-induced voltages on the implant wire
for the pTx excitation modes using box plots from Tukey’s original definition.®
The smaller plot depicts the median of the pTx mitigation methods OP and NM is
close to zero. (Reproduced from the Reference [64] CC BY 4.0, 2022).

RF-induced heating mitigation using QF and pTx

The results comparing Q%-based mitigation to the Q%-based mitigation using the
mock implant#1, where both diode and thermistor are embedded at the implant
tip, are shown in Figure 4.15. The amplitudes of the Q% and Q% matrices are shown
in Figure 4.15B and Figure 4.15E, respectively. Both methods indicate similar
dominant channel contributions, but slightly differ in resolution. Fewer signals
were detected using Q£ compared to measured temperatures with thermistor (cf.
Figure 4.10A) for Qf. However, both methods highlight the dominant RF coil
channels in terms of RF-induced heating on the implant. The role of the dominant
channel sensitively depends on the implant location and can change even for

small implant movements of only 20 mm (Figure 4.15).

The measured RF induced signals for the pTx modes calculated by Q% acquisitions
using the thermistor are shown in Figure 4.15C. Figure 4.15F shows the signals
calculated based on Q£ using the diode. Both QF and Q£ methods can successfully

predict the local maximum (WC) RF-induced signals. There are slight differences
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in local absolute values comparing WC signals based on Q% and Q£ calculations.
Except for the bottom measurements, Q% could calculate “better” WC RF-induced
signals, which could be attributed to the more detectable Qg elements during their
acquisitions. Both pTx mitigation modes (OP and NM) based on the Q% and Qf
methods are successful (compared to reference CP mode) in terms of the
measured diode signals at all locations. For the OP method, there were no
detectable RF-induced signals for QT and Q£ -based pTx mitigations, except for
the top row of the Q%-based OP. For the NM, there were also no detectable diode
signals while using Q%; and only small detectable signals while using QF,

especially at the second location from the top row.

The results of the temperature experiments are shown in Figure 4.15D and Figure
4.15G for the Qf and QE, respectively. For all measurements, the temperature rise
correlates to the RF-induced signals (see Equation (2.6)), indicating that both RMS
sensors can be used as RF safety detectors. The temperature rises for the WC and
CP mode were significantly higher than OP and NM, except for QF based NM mode
at the second location from the top. There were slight temperature increases for
the Q% -based OP mode (second, fourth, sixth locations from the top) even though
there was no detected RF-induced signal by the diode. This might be occurred due
to thresholding behavior of the diode or temperature increase related to the

incident E-field at the tissue not due to the scattered E-fields at the implant tip.
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Figure 4.15 Qg experiments performed at seven locations in the pTx implant
safety testbed at 297 MHz using the mock implant #1 with both thermistor and
diode at the implant tip. QF and Q% -based pTx mitigations are compared. A) The
selected implant locations are illustrated using white crosses. B) Q%-acquisition
amplitudes and corresponding C) RF-induced signals and D) temperature
measurements for WC, CP, OP and NM modes. E) Q£ acquisition amplitudes and
F) corresponding RF-induced sighals and G) temperatures for all transmission
modes. (Reproduced from the Reference [64] CC BY 4.0, 2022).
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MR Experiments at 3T

In the following sections, the results to assess and demonstrate QF and Q%

methods in the 3T MRI environment are presented.

0% and two-channel body birdcage coil

The temperature rises under nine different flip-angles (10-90°) using the GRE
sequence are depicted in Figure 4.16A. The thermistor can precisely measure the
RF-induced currents under MRI conditions. There are small fluctuations on the
temperature measurements during the RF transmission. It is assumed that these
fluctuations can be due to RF coupling to the wire or the repetition time of the RF
pulses, which is hard to distinguish for this very low temperature increases.
Nevertheless, the transmit RF power correlates with the temperature rise (Figure
4.16B) indicating that SAR can be extracted from the slope of the temperature

rise using Equation (2.6).

Running the scanner’s body coil in two channel mode as a dual-drive birdcage
implies a 2 x 2 QT matrix. The corresponding temperature measurements for each
matrix element are shown in Figure 4.16C. Using the acquired Q}, different heating
rates for arbitrary pTx excitation modes can be predicted (Figure 4.16D). For
another implant location, the 2-channel QI acquisition and the resulting
predictions of the RF-induced implant heating are depicted in Figure 4.16E and F,
respectively. The predicted temperature increases after 5 s of heating for these
two modes were 2.4 mK and 0.8 mK whilst, the actual temperature rises were 2.9

mK and 1.0 mK, respectively.
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Figure 4.16 QT measurements inside a pTx capable 3T MRI using the system’s 2-
channel body birdcage RF coil for the prediction of RF-induced heating. A)
Temperature rise calculated from the thermistor measurements versus nominal
flip angle set by the scanner console. B) Measured transmitted power with the
pick-up coil versus corresponding temperature slopes. C) Q% raw data is displayed
(N? = 4 temperature measurements; N = 2 for two-channel body birdcage coil).
D) Various temperature rates acquired during MRI for arbitrary RF excitation
voltages versus Q%-based temperature slopes. E) Another location’s QF raw data
and F) the respective temperature increases for two different complex-valued
pTx RF excitation vectors in comparison to Q%-based predictions. Qf acquisition
can be performed at very low powers heating the implant tip by less than 0.1 K.
(Reproduced from the Reference [64] CC BY 4.0, 2022).

Mitigation of RF-induced heating and imaging using Q£ and eight-channel pTx

The results for the Q£-based mitigation of RF-induced heating using an 8-channel
pTx head coil in MRl are demonstrated in Figure 4.17. The coronal and axial images
using different pTx excitation modes for the WC, B,-shim, OP and NM are shown

in panels Figure 4.17A to D and Figure 4.17E to H, respectively. The B;-shim mode
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is based on the acquired relative Bf -maps, which maximizes Bf at the position
indicated by the red cursor by setting the channel phases to constructively
interfere. This mimics applications like single-voxel spectroscopy, where B is

optimized only for a small target volume.

SNR plots along the red dotted lines in Figure 4.17A and Figure 4.17E allow for a
more quantitative assessment. The OP mode indicates similar imaging quality
compared to the B;-shim in the target region around the red cross (Figure 4.17B-
C and F-G). In the vicinity of the implant lead, the Bf imaging artifact is reduced
as are the RF-induced currents on the wire for the OP mode. The NM mode also
shows reduced B imaging artifact around the wire; however, overall imaging

quality is severely degraded.

For the RF heating part, the diode signals are plotted in Figure 4.17L. The WC mode
generates substantial RF-induced signals on the wire with a value of 142.2 mV.
The B;-shim method indicates RF-induced signals with a value of 15.6 mV. The
measured signals from the sensors embedded at the implant are substantially
reduced at 5.9 mV and 0.9 mV, for NM and OP respectively. The dark spot at the
tip of the implant (see coronal images) is a B, artifact created by ferromagnetic
materials in the utilized RMS sensors. For real-life applications, completely non-

magnetic sensors would be mandatory.
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Figure 4.17 8-channel pTx MRI experiments at 3T for Q&
and imaging using WC, B;-shim, OP and NM. The red cross indicates the target
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axial view. SNR for all pTx excitations along (I) the x-axis (along red-dotted line in
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A). (L) Induced implant tip signals for all pTx modes.
Reference [64] CC BY 4.0, 2022).
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4.4, Discussion

The feasibility of using sensors together with a pTx system to mitigate RF-induced
heating on implants was successfully demonstrated using both TD and RMS
sensors. In addition, the orthogonal projection method was introduced as an easy
means to find a pTx excitation vector for preserving By in the pTx excitation

vector that reduces implant heating.
4.4.1. The Orthogonal Projection method

The RF-induced signals can be effectively reduced by using the introduced OP
method compared to an established reference excitation, typically the CP mode.
This was demonstrated at a total of 364 implant locations by using both external
TD E-field (Figure 4.4) and embedded RMS (Figure 4.12) sensors using the pTx
implant safety testbed hardware at 297 megahertz. The implant imaging
experiments at the 3T MR scanner also demonstrates that OP method can
preserve the imaging information while reducing the RF-induced signals (Figure
4.7 and Figure 4.17).

The alternative NM method® was also successfully applied in all the
aforementioned scenarios. The strength of the reduction was higher at 62% of the
locations for the NM compared to the OP mode. Interestingly though, while the OP
mode reduced heating for all locations compared to CP (Figure 4.12), for NM
transmission two implant locations exhibited slightly (14% and 17%) higher RF-
induced signals compared to CP mode. In their construction, the NM method is all
about reducing the implant hazard, ignoring image quality, while the OP method
aims at a certain compromise. The naive expectation would therefore be that NM
excitation is always safer and the experiments show that this is mostly but not
everywhere the case. It should be noted that only a single NM was used and a

linear combination of several NMs might improve the pTx mitigation results.®

It was furthermore shown that, as naively expected, OP is more advantageous in
preserving the imaging quality compared to NM (Figure 4.17). The OP method does
not require any extra MR imaging such as B; -mapping, which would increase the

clinical examination times. Since only preliminary imaging results are presented,
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further assessments on the imaging performance in a more realistic setting using
complex implant lead trajectories is needed. This is demonstrated in the next

chapter.
4.4.2. External time domain sensor-based mitigation of RF-induced heating

The feasibility of the real-time mitigation of RF-induced heating using time
domain E-field sensors and the OP method was demonstrated at both 3T (Figure
4.7) and 7T frequencies (Figure 4.3 and Figure 4.4) using different RF coils and

sensor locations (Figure 4.5).

TDS based E-field measurements and pTx mitigations can be acquired within
approximately 10 ms for an 8-channel system allowing real-time capability (Figure
4.3). The real-time capability of the TDS is also practical for interventional
applications, where instead of an E-field sensor, a current sensor can be
used®7273, |t should be also noted that safe low-power (1.4 W) acquisitions are
sufficient to determine all relevant information for the mitigation scheme, e.g.,
using the OP method. Therefore, constant monitoring of the implant or guidewire
status is feasible, as well as repetitive acquisitions to compensate different RF

field alterations during patient breathing’ "' or guidewire movements.”

A feedback mechanism can be established between the pTx system and the
sensor for monitoring and mitigating RF-induced currents on the implants. This
mechanism proved to be extremely useful to investigate a variety of different RF
heating scenarios (i.e. RF safety watchdog??), which otherwise is only feasible in
simulations. The reproducibility and positioning accuracies were essential in the
experiments, as the measurement data shows moving the implant by only 5 mm
results in more than 5 times higher measured E-fields (CP Figure 4.4). These
results further highlight the importance of measurement-based methods over
simulation-based safety assessment of implants, since small parameter changes
might lead to drastic effects with respect to implant currents. For example, it has
been also shown that the absorbed power around the same DBS electrode varied

by 88% between five different simulated patient models.58
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The time-domain E-field sensor’s location on the implant can be critical to
determine the absolute value of RF-induced E-field on the wire as shown in Figure
4.5. 1t should be added, that the E-field sensor orientation with respect to the
implant wire was not perfectly perpendicular at various locations leading to
deviations in the absolute measured results between two locations. This reason
would also explain the discrepancy between the measured E-field magnitudes
and the temperature rises for different implant locations (Figure 4.3). This
problem can be improved by implementing probe holders that can precisely rotate
or using smaller probes that can be directly embedded at the implant. The relative
contributions between the different pTx transmission modes are, however,

comparable.

For the AIMDs that are fully immersed into the body, implementing fast-switching
readout circuitry with TDS probes might be challenging if not impossible. At least

for the time being, smaller sensors and low-power solutions are the direction to

go.
4.4.3. Embedded RMS sensor-based mitigation and Qg

The embedded small footprint and cheap RMS sensors (e.g., a diode and/or a
thermistor) offer a large spatial flexibility. Compared to a TD E-field probe having
4 x 4 mm? tip, the thermistor has a size of 1.6 x 0.8 mm?2. This allowed configuring
various and multiple sensors that can be embedded at the implant tip.
Implementation of such sensors should be feasible in commercial designs. For
example, six temperature sensors were embedded at an RF ablation electrodes

tip (2.5 mm diameter).156157

The E-field based approach using Q£ and temperature-based approach Qf were
both successfully applied to significantly reduce RF-induced heating. Q% has an
advantage in terms of acquisition speed, which took about 20 ms for an 8-channel
coil. The acquisition performance is comparable to the TD E-field probe as
presented in the previous Section 4.4.3. The temperature-based Qf acquisition
needs around 1 minute for an eight-channel RF coil and 4 seconds for a two-

channel body birdcage coil. The temperature detection speed was limited by the
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sampling speed (40 ms) of the multimeter, which surely can be improved.
However, its precision for resistance measurements and the thermal time
constant of the NTC thermistor must be considered as well. In the end, Qf

acquisitions will remain to be orders of magnitude slower than Q% acquisitions.s8

For the Q£ method, the main limiting factor for the Q£ acquisition timing was the
overshoot at the switching of the Schottky diode, which was not corrected at the
testbed’s ADC module for this study. In the presented Q% experiments, the
modulation frequency was 5 kHz (i.e., 200 ps long RF pulses). They were compared
to dT/dt measurements, which agreed with the RF-induced signals (Figure 4.10).
The ADC’s impedance was adjusted to high-impedance mode and there was no
matching circuit between receiver and Schottky diode. This caused an impedance
mismatch and overshoots in the measured RF-induced signals. Further
increments in the modulation frequency could have caused measurement hazards
for this study. The modulation frequency can be increased by including the circuit

model and a matching filter.’®®%° This issue is addressed in the next chapter.

Eventually, one acquired Q¢ per exam and/or position for a patient can suffice to
ensure RF safety of the implant as described in this chapter. In an event of a
patient motion or interventional procedures, which change the RF field
distribution, repeated Qg acquisitions must be performed to reassure safety. The
Q% is best suited for these types of measurements because it is real-time capable.
Even Q} at 1-minute speed for 8-channel coil or a four seconds for 2-channel body
birdcage coil can be faster than existing MR-based pTx mitigation methods.5"%’
Furthermore, it should also be considered that MR-based methods require
additional pre-processing tasks such as determining the Bf imaging artifact
location that can be affected by image SNR, B, artifacts of metal or signal voids
due to Bf inhomogeneities. In contrast, sensors deliver direct information needed

for RF safety assessment of AIMDs without MR related uncertainties.

The Q% based information can be directly included within currently existing
“native” pTx RF safety calculations without implants, e.g., Q matrices™ and virtual
observation points'™!, and by using virtual human models.®¢%” An advantage of the

QT method can be the direct measurement of the temperature at the implant tip,
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which can be used for thermal dose calculations.®3-8° This would be a more direct
method to prevent tissue damage from elevated temperatures and allow for less
conservative RF limits than the current safety model based on SAR.?%28, A more
practical approach can be a combination of fast Qf acquisitions and resulting
temperature monitoring to assess the thermal dose. It would be also
advantageous using two independent sensors for more robust and failsafe safety

mechanisms.

It should be stressed that the Q¢ method directly measures and mitigates the RF-
induced currents or temperatures on the implant in situ. The subject and exam-
specific parameters including implant trajectory, and tissue properties around the
implant are included in the acquired Qg. As shown in Figure 4.4, an error of 5 mm
in implant location can drastically change the RF-induced E-fields. Existing
simulation-based safety models need to account for these uncertainties in
determining safe power limits, which ultimately, however, limits MR imaging

performance.

Simulation-based safety models can be incorporated for further investigations of
the Q¢ accuracy as well because sensor signals measure the superposition of the
background and scattered E-fields at their measurement location. The
background E-field from the tissue (native) is expected to be significantly lower
than the scattered E-field. Therefore, the sensors could be utilized for pTx
mitigation as extensively demonstrated in this chapter. An example of the
background E-field effect can be illustrated from the measured eigenvalue
distribution in Figure 4.11. The embedded sensor measurements demonstrate the
dominance of the scattered field; the other eigenvalues can be considered as the
systematic imperfections (e.g., hardware) and the background E-field. Therefore,
a more comprehensive safety concept including simulated native Q-matrices with

Qs'%? could reveal more accurate results and can be investigated in the next steps.

The methodology for the implant model was simplified to mock implants, which is
common practice for implant safety in MRI and provides realistic electromagnetic
properties to test the methodologies developed in this work.2029.505261.98163164 Fqr

realistic implants the question arises if the sensors presented here can be
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embedded within the implant. In interventional devices, it is a common-practice to
use integrated sensors.'®6165166 For fully internal implants this is not yet the case

but well imaginable for the future.

The B, artifact due to ferromagnetic materials in the RMS sensor’s composition or
implant manufacturing (e.g., solder metal) can easily be spotted in Figure 4.17A-
D. The visualization of the implant tip was not considered an objective of the study.
Other NTC types that create less severe B, artifacts can also be utilized in future
studies.’? [t would be also possible that non-magnetic sensors similar to ceramic

capacitors with non-magnetic components for RF coils may become available.

The sampling of the diode and thermistor signals was done in the pTx safety
testbed by directly connecting the lead to its receiver channels. In a realistic
scenario, wireless solutions383%120 gnd a communication scheme are needed for

more practical scenarios. This issue is addressed in the next chapter.
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5. Wirelessly interfacing MRI with sensor-embedded

implants

This part of the thesis demonstrates the translation of the presented sensor-
based mitigation methods towards clinically more realistic settings for patients
with a DBS implant in an MR scanner. Wireless reference implant hardware
embedded with an RMS sensor and a communication workflow between the
implant and an MRI scanner is presented. Material from this chapter was
presented at several conferences and workshops [167], [168], [169], [170], and a
manuscript for a journal publication was submitted to Magnetic Resonance in
Medlicine. The resources for hardware, firmware and software are published here:

https://www.opensourceimaging.org/project/wireless-reference-implant/.

5.1. Introduction

So far, the Q¢ method using small and cheap RMS sensors for pTx mitigation
showed promising results. The proof of concept experiments were performed on
long and mostly straight implant wires connected to external bulky receiver
modules (see Figure 3.1, Figure 4.2 and Figure 4.9). In a realistic AIMD, the implant
leads typically follow complex trajectories (Figure 5.1) and sensors and
electronics are embedded in the AIMD casing, which is fully immersed in the body
preventing a wired signal transfer. Therefore, a small sized receiver and a wireless
module is required to convey the acquired sensor data outside of the body and to
the MR scanner. A wireless communication between implant and scanner would
also bring the possibility of improving the workflow of scanning patients with
AIMDs.

Currently, an MRl examination of a patient with an MR conditional AIMD is possible
by following lengthy guidelines by the manufacturers to fulfill the conditions
under which the implant can be scanned.*® These conditions are often associated
with limitations in image quality, e.g. by imposing restrictive limits for the
permissible whole-body SAR and/or Bfgys while the MRI technologist or

radiologist still have the sole responsibility in case of an accident.!”! This
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procedure does always have the potential for errors that result in documented

injuries.17’18’23’172

Figure 5.1 A radiograph of a patient
with a DBS implant. The star annotates
the metallic case containing the
electronics and the battery. Arrows
indicate the extension wire. The leads
with uninsulated tip electrodes are
implanted in the brain. (Reproduced
from the Reference [173] CC BY-NC-
ND 4.0, 2020)

A communication between AIMD and MR scanners and adjustments of safety
related parameters, would greatly facilitate the clinical workflow, improve patient

safety and imaging quality.

The communication can be realized by using wireless body area networks.!”*!7
The 2.4 GHz network using Bluetooth Low Energy (BLE) protocol is already being
implemented in newer implant generations.'’®!'”® Some studies also utilized BLE
protocols to transfer real-time RF-induced heating from implants38™° and
interventional devices.®® Eventually, the presented RMS sensor and Q£ method for

the pTx mitigation can be utilized for this purpose because:

1- The necessary information regarding RF-safety can be obtained by
using kHz sampling rates instead of megahertz. This would relax the
specifications for the ADC as well as processing power, memory, and

telemetry.
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2- As demonstrated in the chapter 4.3. RMS sensors are small footprint
and cheap. Therefore, they can be placed at various locations in the
implants, e.g., electrode tip or implant casing. For example, temperature

sensors can be embedded in the electrode.!?0:136,156,157.179

To demonstrate feasibility of such methodology, a wireless reference implant with
embedded sensors was developed. The implant has the capability of measuring
RF-induced RMS E-fields from the tip by utilizing an internal E-field sensing
circuitry built-in its electronic casing. Finally, the feasibility of the communication
between implant and pTx testbed or MR scanner using Q%-based methods was
demonstrated at both 297 MHz (7T) and 128 MHz (3T). The setup was tested in
and outside the MR system in ASTM phantom experiments on realistic DBS lead

trajectories.
5.2. Methods

5.2.1. Implant design

The absolute electromagnetic scattering from an AIMD depends on its materials,
geometry, and surrounding medium. Design details of current AIMDs are
proprietary and not normally openly available. Although the exact details of the
sub-components of AIMDs vary depending on the application and manufacturer,

AIMDs have a common structure. They have two main components:

1) A hermetically sealed metallic enclosure, implant casing, containing
electrical components and a battery

2) A lead consisting of an electrode at its tip that delivers an electromagnetic
pulse to the tissue or measures tissue specific parameters or local field
potentials. Insulated electrical cables are utilized to carry the
electromagnetic signals between electrode and implant casing with the

lead.

The most commonly used AIMDs are cardiac pacemakers and neurostimulators.
This chapter focuses on neurostimulators in particular on deep brain stimulator

(DBS), since these represent the highest possible risk due theirimmediate contact
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with brain tissue. Here, a DBS type of implant for RF safety testing of the sensor-
embedded techniques is presented. The implant consists of an implant case that
holds custom electronics circuit board connected to an antenna for wireless
transmission, an extension wire, and a realistic lead trajectory with an uninsulated

electrode at its tip.
Hardware

The electrical schematic and 3D model of the wireless reference implant are given
in Figure 5.2 and Figure 5.3, respectively. The values of the electronic components
are listed in Table 5-1. A battery (CP 1654A3, VARTA Microbattery, GmbH,
Ellwangen, Germany) powered BLE v5.2 system on chip (SoC) (cc2652RB, Texas
Instruments, Dallas, US) was used as the main processing unit. The chip was
selected for its low power consumption enabling long battery life. In addition,
most of the current DBS devices in the market already offer BLE wireless

communication protocol for device programming.'8-183

A battery protection module (AP9211SA, Diodes Incorporated, Plano, Texas, US)
was connected to the battery. A module to sample RMS signals was constructed
by using one channel of the 12-bit ADC of the SoC together with an RLC filter (L3,
C4, R2) and a Schottky diode (D2) (MMDL101T1G, ON Semiconductor Corporation,
Phoenix, US). The ADC allows a maximum 200 kHz sampling rate. For the

experiments, 7.8 ys sampling rate with a 5.3 pys averaging time was employed.

Several components were utilized to protect the implant electronics from the high
peak-power electromagnetic pulses transmitted from the MR system. First, a
switch module was constructed to protect the implant when the device is not
measuring, but the scanner is actively transmitting. For this module, a PIN
(Positive-Intrinsic-Negative) diode (D1)-based (BA595, Infineon Technologies,
Neubiberg, Germany) RF-switch module was constructed. The RF-switch is biased
and supervised by the SoC for opening and closing the receiver line for
measurements. A digitally controllable resistance, R1, and L1 serve as an RF-
choke to reduce RF-induced voltages at the digital port. The bias of the D1is shut-
down except for the E-field measurements to protect the ADC during high-power
MRI operations. L2 is the DC return path for the PIN diode bias. C1 and C3 serve as
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DC-blocking capacitors for the tissue and the ADC measurements. An additional
protection was employed by a Zener diode (D3) during transmission to prevent
excessive peak voltages at the ADC. Finally, a microstrip high-pass filter'?® was
used between the Bluetooth antenna port of the SoC and the connected external
antenna (1003893FT-AA10L0025, AVX Corporation, South Carolina, US). This
protection filter blocks the MRI frequencies in MHz regime and passes the signals

in the GHz regime for Bluetooth transmission.
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Figure 5.2 The electrical block diagram of the developed and constructed
wireless reference implant. The values of the lumped components are given in
Table 5-1.

The electronic circuit was enclosed in a metallic box (1455D601RD, Hammond
Manufacturing, Guelph, Canada) as illustrated in Figure 5.3. A coaxial cable was
used as an extension cable (see Figure 5.1) between the lead and implant case.
The outer shield of the extension cable was interfaced with the case over the
feedthrough capacitor, C2 (4300-013LF, CTS Corporation, Elkhart, IN, US), to
eliminate coupled RF signals from the MRI to the outer shield that could corrupt
measured RMS E-field signals from the AIMD lead tip. The 2.4 GHz Bluetooth

antenna is connected to the SoC and elongated to the outside of the electronics
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enclosure. Copper tape was used to increase the protection from electromagnetic
interference from the RF-coil. Finally, the lids of the electronic enclosure are

hermetically sealed by using glue.

Table 5-1 The values of the lumped electrical elements in the reference
implant (Figure 5.2).

Cl C2 C3 c4 L1 L2 L3 R1 R2
Value 15 27 220 1 4.7 330 330 var. 43
Unit pF nF nF nF pH pH pH Q kQ

Type |- - - - - - - - -

| Electrode
. Receive Switch '

- Battery Protection

Schottky Rectifier Bluetooth Module

| Protection Filter

Implant Case

| Antenna

Figure 5.3 Annotated 3D illustration of the implant casing, the developed
electronics PCB, and an example implant lead with an uninsulated tip.
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Firmware

The firmware of the implant is customized for the experiments by modifying the
stock program using its integrated development environment in C++ programming
language.'®*!% The firmware has all BLE core requirements'®. To be able to
transfer the wireless Q% data, the maximum transmission unit size is set to 251
packets and the physical link layer is adjusted to 2 Mbps. In addition, the
connection interval is set to 7.5 ms without any slave latency between master and
slave. These settings provide the maximum throughput to send the measured Qg
data.

Software

A software with a GUlI was implemented in Phyton. This software allows
communication with the reference implant. The software sends and receives
commands from another BLE v5 capable transceiver (cc2640R2 Launchpad,
Texas Instruments, Texas, US) via USB/UART interface, which is connected to a
computer. The received raw Q£ data are processed in the software. RF-induced
pulses are detected with a thresholding algorithm. Then, the pulses are extracted
and sorted by using a comparator. Finally, the software outputs Q£ and pTx pulses

for the RF mitigation settings.
Non-linearity correction

A Schottky diode has a non-linear response, which needs to be corrected to
improve accuracy of the Q% acquisitions and pTx mitigation schemes. For this
purpose, the acquisition circuit was simulated using LtSpice (Analog Devices,
Norwood, Massachusetts, US) with a sinusoidal signal at 128 MHz at the input. The
amplitude was swept from 1 pV to 2.2 V in 1 pV steps and the voltage at the
cathode of the Schottky diode was recorded as a response. The generated
calibration curve was saved and used to correct measured signals with expected
induced input signals. To validate the model, experimental data were acquired
with the MR system by sweeping RF pulse amplitudes and recording induced

sensor signals (not shown here).
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Implant leads with realistic DBS lead trajectories

Six open-source lead trajectory models extracted from patient data®®'%” were
converted to a 3D printable CAD model and printed with a 3D printer (S5,
Ultimaker BV, Utrecht, Netherlands). Afterwards, these printed models were used
to shape an uninsulated semi-rigid coaxial wire (diameter = 2 mm, El Spec group,
14940, Munich, Germany) into the trajectory shape. The wires were insulated by
using heat-shrink tubing. 15 mm of the insulation was removed from the tip of the
cables. In addition, the inner conductor extends 3 mm further than the outer
conductor at the implant tip to increase the sensitivity of the E-field
measurements for lower peak power transmissions (Figure 5.4). The other end of
the cable was soldered to a SMA connector, which facilitates connection to the
implant casing. The 3D printed models and the implemented lead trajectories are

shown in Figure 5.5.
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Figure 5.4 Photograph of the uninsulated implant tip with two fiber-optic
temperature probes (~1 mm apart along the lead direction) attached to the lead.
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Figure 5.5 Constructed implant leads mimicking realistic implant lead
trajectories from patients with DBS implants.®® On top, the 3D printed models are
shown in black. The bottom series is constructed by using a red semi-flexible
coaxial wire with a 2 mm thickness that is shaped around the models.

Wireless communication workflow

A wireless communication workflow has been developed enabling the
communication between implant and an MRI system (Figure 5.6). The reference
implant and the BLE server establish a connection before any RF transmission.
The connection parameters and the implant power settings are initially set before
getting any RF trigger from the transmitter. Afterwards, the BLE server waits for
the RF trigger from the pTx console, which is a software trigger in the testbed
experiments and a standard wired trigger during the MRI experiments. When the
subsequent RF pulsetrain is sent by the pTx console and the detected RF-induced
power is measured by the sensors embedded in the implant, the data are
wirelessly transmitted to the pTx console. The pTx console either computes pTx
mitigation settings by using the Q% method or reports the amount of the RF-

induced signal on the implant tip.
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Figure 5.6 The wireless communication workflow for the AIMD interface with
the pTx console is shown. In the initialization phase (black dashed line), the
communication parameters are set and in the acquisition phase, (green dashed
line) the data is acquired, transmitted, and processed.

5.2.2. Testbed experiments

The demonstrated 8-channel pTx implant safety testbed with a 297 MHz
transmission frequency used for the initial experiments.t®34 All constructed
implant firmware, software and communication workflow was first implemented
using the testbed system without tedious MRI experiments. Most importantly,
testbed experiments were performed to show that the RMS sensor measurements
by using the constructed wireless reference implant can pick-up the relevant E-
field component from the implant tip. The constructed implant used for the

experiments is shown in Figure 5.7.
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Figure 5.7 The constructed implant connected to the implant Lead#3 with an
extension wire is shown. The extension wire and the lead are interfaced with an
SMA connector, which is insulated. The holder glued to the implant lead is for the
placement inside the ASTM phantom. The temperature rise at the uninsulated tip
of the lead is measured with external fiber Bragg grating temperature probes.

The implant together with the testbed experimental setup is shown in Figure 5.8A.
The implant lead was fully immersed into the phantom. The immersion depth of
the uninsulated part of the lead was 15 mm below the liquid’s surface. A time
domain (TD) E-field probe (E1TDSz SNI Speag, Zurich, Switzerland) was placed at
the uninsulated part of the implant lead tip to measure the radial E-field
components (Figure 5.8B). Temperature rises were measured by using an external
fiber-optic temperature probe (CANSAS FBG-T8, Imc Test Measurement GmbH,
Berlin, Germany). Compared to previously available fiber optic sensor used in the
chapter 3.2.4. fiber Bragg grating (FBG) temperature sensors utilizes the
temperature dependent relative shift in the Bragg wavelength instead of
fluorescence decay time used in the previous temperature sensor. Currently, FBG

sensors provide higher temperature resolution and precision.

A total of 1000 random pTx excitation vectors (100 pys duration per each pTx
excitation vector, 100% duty cycle) were sent in 4 segments (250 excitation
vectors per pulse sequence). The implant and the E-field probe simultaneously

recorded RF-induced signals. Then, twenty-four pTx excitation vectors, covering
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the available range of RF-induced voltages, were selected for subsequent RF
heating experiments to demonstrate that the sensor measurements placed in the
implant electronic box are correlated to the tip temperature rise. Each RF heating

experiment took one-minute per selected pTx excitation vector.
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Figure 5.8 Experimental setup to compare the induced RMS signhal with
measured E-fields at the implant tip. A) pTx safety testbed experiments at 297
MHz using an 8-channel pTx RF coil. The implant case is mechanically fixed to the
probe holder of the testbed. The extension wire connected to Lead#3 elongated
through the probe holder and the tip of the lead fixed to the radial time-domain E-
field probe for the reference measurements. External temperature probes are
also attached to the tip of the implant lead. B) A close-up photo with the reference
probes before Lead#3 is completely immersed into the phantom.

Finally, the correlations of the measured data (implant sensor versus TD E-field
sensor, implant sensor versus temperature rise, TD E-field sensor versus
temperature rise) were analyzed by using the squared value of the Pearson

correlation coefficient (R?) to the linear model without intercept value.
5.2.3. MRI experiments
Experimental setup

MRI experiments have been performed at the same 3T 8-channel pTx capable
scanner (4.2.1. ,pg. 70). A phantom container based on the ASTM standard was
used for the experiments.?® The container was filled with a PVP solution (g, =

50,0 = 0.33 S/m). The electronic box of the implant was fixed by a 3D printed
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holder and the prepared 6 realistic lead trajectories were fixed to the head part
with another holder. A 50 cm coaxial wire as an extension was used to connect
the implant leads and the implant casing. The photograph of the experimental

setup with Lead#3 is shown in Figure 5.9.

The head section of the phantom is inserted into the 3T 8-channel pTx RF coil. The
RF coil was connected to the RF amplifiers of the scanner. Then, the trigger cable
of the MRI system was extended into the scanner room by penetrating the
Faraday cage and connected to the BLE server. Finally, the BLE server’s

USB/UART interface was connected to an external laptop computer.
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temperature wire
Sensors

coil

Figure 5.9 The MRI experimental setup is shown. Wireless reference implant
inside the ASTM phantom in a 3T pTx capable MRI using an 8-channel 3T pTx RF
coil. The sensor measurements in the implant were wirelessly triggered by the
MRI system and transferred to an external laptop computer.

An RF-only FID pulse sequence was modified such that the latency between the
RF-pulse and the trigger signal is 100 ms. This latency was needed for the internal
processing time of the SoC of the implant. The amplitude and phase of the RF
pulses for Q€ were adjusted from the text files that are stored in the pTx computer
of the MRI scanner (i.e., Step 1 software). The possible step size of the pulses is 10
pgs and the maximum RF-pulse length is 7.8 ms long for this particular MRI
scanner. Consequently, the duration of the RF pulses to measure Q% was adjusted
to 60 ps followed by 50 ps idle time, which sums up to a total of approximately 7.5

ms for an 8-channel RF coil (8 x 8 acquisitions, 50 V,¢fctive)- The same sequence
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was used for the assessment of the RF-induced signal on the implant for different
pTx excitations (i.e., WC, CP, OP and NM). The amplitudes and phases of the pTx

pulses were directly adjusted using the MRI pTx console’s GUI.
BLE timing uncertainty and repeatability

As BLE is a discrete communication scheme, master and slave devices maintain
the connection within a limited time. Then, they reestablish the connection after a
pre-determined time, which is called a connection time interval.’® The minimum
connection time interval is 7.5 ms, which was used in all experiments. However,
this creates a 7.5 ms deadtime between two devices meaning that an RF-trigger
may fall within this timeframe. In addition, there is a probability of having
undetectable RF-induced signals on the implant for some channel combinations
during a Q£ acquisition, e.g., if one or two RF channels of the coil show only small
coupling with the implant. Therefore, four additional RF pulses (forward and
reverse circularly polarized) were inserted at the start and the end of the Q&
pulsetrain. These pulses were used to detect the start of the RF pulse to mitigate
the timing uncertainty of the BLE communication. This method was investigated

in an MRI setting using 10-consecutive Q% acquisitions.
RF Heating experiments

RF-heating experiments were performed for all implant lead trajectories by using
the same external fiber optic temperature probes as a reference measure of RF-
induced heating for the different pTx excitation scenarios. The same FID
sequence (TR = 200 ms) was adjusted to a total time of 67 s. The total 10 s
averaged forward transmit power reported by the scanner was 22 + 0.5 W and
was the same for all pTx excitation settings (WC, CP, OP, and NM). Please note
that RF coil losses are substantial and were not considered here. For a single
implant lead (Lead#3) trajectory, RF-heating was performed additionally for 400
s to investigate temperature increase and mitigation performance after a longer

period of time.
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Imaging evaluation of wireless sensor-based pTx modes for mitigation

To evaluate the imaging performance of the different excitation vectors using the
complex implant lead geometries, a GRE imaging technique was used for the
imaging (TR = 221 ms, TE = 2.41 ms, Resolution = 1.0 x 1.0 x 5.0 mm3, Phase
resolution 512 and 100%, interleaved slice acquisition, gradient bandwidth = 980
Hz/Px, 2 averages). The total transmitted forward power for the GRE sequence

reported by the scanner was 3.75 + 0.5 W for all pTx excitation vectors.
5.3. Results

5.3.1. Testbed experiments

Wirelessly transmitted RMS sensor measurements from the implant compared to
TD E-field sensor is shown in Figure 5.10. Please note that the designed circuit at
the receiver of the implant box (Figure 5.2) demonstrates no overshoots observed
during the Q£ acquisitions in the previous chapter (Figure 4.10). Furthermore, the
implant sensor signal shows a good correlation with both the TD E-field probe
(R? =0.929) and temperature measurements (R? = 0.954). In the regime of lower
induced E-fields (<100 V/m) for induced voltages of less than 0.08 V, the implant’s
sensor shows higher measured signal variations compared to the TD E-field probe.
On the other hand, the TD E-field probe starts to saturate after 300 V/m whereas,
the implant sensor is still accurate and sensitive at that region. This can be
observed from the temperature experiments with deviations of the fiber optic

temperature readings and the TD E-field probe above ~300 V/m (Figure 5.11B).
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Figure 510 The comparison of TDS E-field probe readings at the implant tip and
the wireless reference implant readings using the RMS sensor in the casing.

Implant’s sensitivity is lower for RF-induced voltages less than 0.08 V. TD E-field

probe measurements saturate above 300 V/m

18



(A) (B)
2.00 2.00
Model: fix) =a*x,a=1.539E+01 Model: fix) =a*x, a=1.106E-05
— R?=0.9542 = R%?=0.8240

L ] x

1.754 1.751

=
(9,
=
=
w
o

1.251

=
)
w

1.00

0.751

e
~l
v

o
n
o

Temperature rise at tip after 60 seconds / K
o°
wu
o

Temperature rise @tip after 60 seconds/ K
=
(=]
=1

0.25 0.254

0.00

! ! : I ! 0.00 ! : ! : :
0.02 0.04 0.06 0.08 0.10 20000 40000 60000 80000 100000

|implant Sensor|? / v? |E — field Probe|? / (V/m)?

Figure 5.11 RF heating experiments for 24 selected pulses from Figure 5.10. A)
Implant sensor readings and B) TD E-field probe readings versus fiber-optic
temperature probe measurements.

5.3.2. Wireless Qg acquisition

In Figure 5.12A the wirelessly transmit Q€ acquisition from within the MRI scanner
is displayed for ten repeated measurements. The received raw Q£ data falls within
a time interval of 15 ms with 7.5 ms being the total lengths of the RF pulse train
used for the Q£ acquisition. An additional 7.5 ms occurred due to the dead time
between connection intervals of the wireless acquisitions. The same ten
consecutive Q£ acquisitions are shown in Figure 5.12B, where the timing of the
pulses is synchronized using the first and last two RF pulses from the pulse train.
With the synchronization applied, the calculated amplitudes (Figure 5.12C) and
phases (Figure 5.12D) for all ten acquisition show standard deviations of less than
1%, which corresponds to precisions of mV in normalized amplitudes and

milliradian in phases.
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Figure 5.12 Timing synchronization of the wirelessly triggered Q% acquisition and
transmission. A) Measured Q% raw data for 10-consecutive 7.5 ms long RF
transmissions including timing uncertainties of the BLE timing interval of 7.5 ms.
B) Corrected Q£ acquisitions. The first and last two RF pulse acquisitions are used
as timestamps for the synchronization. The resulting amplitude C) and phase D) of
the OP mode, is shown in a violin plot.'®® Since the standard deviation in the
wirelessly acquired OP was less than 1%, channel #4 amplitude and phases are
enlarged in (C) and (D).

The input power transmitted by the MR system vs the measured sensor signal in
the reference implant is shown in Figure 5.13. The simulated non-linearity
> 0.99 for all eight

channels) over the investigated range. Similar to testbed experiments, the implant

correction works as expected showing good linearity (R?

cannot measure the voltages less than 0.08 V due to ADC sensitivity limits. On the
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other hand, the measurements start to saturate after 1.6 V (cf. Figure 5.13:

Channel-6) which is close to the maximum electrical limits of the SoC.
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Figure 513 Implant sensor signal measurements versus scanner’s effective
output (adjusted via the MRI console) voltage of a single pTx channel at the MRI
scanner. Above 1.6 V, the implant’s ADC input saturates due to its power limits.
Overall, the linearity between measured induced signals and the scanner input
well correlated with an R? > 0.99.

5.3.3. MR experiments

The results of the MRI experiments for the RF safety metrics for all six realistic
DBS lead trajectories are shown in Figure 5.14. In Figure 5.14A, the normalized

amplitudes of the Q& matrices demonstrate the channel contributions from the
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various pTx channels, which were acquired with the wireless communication link
between MRI and the constructed implant. It can be observed that each of the six
DBS lead configurations shows a unique RF coupling behavior to the RF coil
channels, even in the same homogeneous medium. Consequently, as
demonstrated in Figure 5.14B, the RF-induced currents for the reference CP mode
or WC mode transmission show different induced implant tip signhals for the same
transmitted total power. The RF induced signals measured by the implant were
between 0.223-1.335 V for the CP mode and 0.572-1.841V WC mode. The wireless
pTx mitigation using the OP and NM modes reduced the RF-induced signals for all
configurations. For the OP mode, the measured voltages varied between 0.002-
0.137 V; for the NM, between 0.001-0.125 V.

The 67 s long RF-heating experiments for all DBS lead configurations and the pTx
excitation modes are shown in Figure 5.14C. The temperature rises measured by
the external fiber-optic probe and wirelessly measured RF-induced currents
demonstrate that the RMS sensor in the implant case can measure the relevant
pTx RF-safety parameters using Q%. As expected, the calculated WC mode has
the maximum RF-induced heating (0.52-3.33 K), while CP heating varied with each
configuration (0.07-1.28 K). The pTx mitigations were successful at all six
configurations either using the OP or NM modes. The OP and NM modes reduced
RF-induced heating for all DBS trajectories with temperature rises between 0.03-
0.14 Kand 0.00-0.07 K respectively. A detailed summary of the RF-induced signals

and temperatures for each DBS lead configuration is given in Table 5-2.

122



(A) Lead#1 Lead#2 Lead#3 Lead#4 Lead#5 Lead#6

gl /v

040 ! [ |
035 2
b0 33 |
025 £ 4
@
020 55
015 6
o0 7 ]
005 8
0.00 12 3 456 7 8 1 2 3 4 5 6 7 8 12 3 45 6 7 8 12 3 456 7 8 12 3 456 7 8 12 3 456 7 8
Channel Channel Channel Channel Channel Channel
( )2.00
= Waorst Case
= Circular Polarization
1.75 1 Orthagonal Projection
Null Mode
1.50
>
~ 1.25
=
5
‘ﬁl.DO
2075
W
v
0.50
0.25

0.00{™ ) - m i I n n ml -

00 25 50 75 0000 25 50 75 10000 25 50 75 10000 25 50 75 10000 25 50 75 10000 25 50 75 10

Time / ms Time / ms Time / ms Time / ms Time / ms Time / ms
(€)ss
3.0
¥ 2.5
-
w
@
= 2.0
g
g
5 1.5
o
E
&10
0.5
] //\
0.0
0 50 100 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100
Time /5 Time /s Time /s Time /s Time /s Time /s

Figure 5.14 The results of the pTx mitigation experiments using all six realistic
DBS lead trajectories at the 3T MR scanner. A) Normalized amplitudes of the
calculated Q% are shown. B) Wirelessly measured RF-induced signals by the
implant are displayed for WC, CP and OP transmission modes. C) Corresponding
RF-induced heating for all six implant lead configurations and all pTx
transmission modes measured by fiber-optic temperature probes.
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Table 5-2 The RF-induced signals and the corresponding temperature rises of
the six realistic DBS implant leads for different pTx excitation modes. WC, OP, and
NM were calculated by using wirelessly acquired Q% in the MRI setting.

Lead# Induced signal / V Temperature rise / K

WC CP OoP NM WC CP OoP NM

1 1.841 | 0.438 0.137 0.121 | 3.33 0.21 0.14 | 0.00

0.572 | 0.313 0.003 0.002 | 0.52 0.42 0.13 | 0.01

1.082 | 0.597 0.002 0.093 | 2.32 0.46 0.03 | 0.07

1.297 | 0.223 0.002 0.125 | 1.68 0.07 0.04 | 0.00

1.779 | 1.335 0.124 0.003 | 3.26 1.28 0.04 | 0.02

Ol B~ O

1184 | 0.583 0.002 0.001 2.19 0.50 0.04 | 0.07

The longer (400 s) RF-heating experiments to evaluate the pTx mitigation
performance for an average MR sequence timing are shown in Figure 5.15. During
the pTx experiments, the WC mode RF-induced maximum temperature rise was
3.14 K (probe #1) and 2.24 K (probe #2). The CP mode RF-induced heating was 0.81
K and 0.67 K after 400 seconds for probes #1 and #2, respectively. The pTx
mitigation using wirelessly acquired Q% shows substantial RF-heating reduction
for NM and OP. The RF-heating was <0.12 K for the NM and <0.05 K for the OP

mode.
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Figure 5.15 RF heating experiment (400 s performed with Lead #3.) for the pTx
excitation modes WC, CP, OP and NM. The fiber-optic temperature probe
locations are shown in Figure 5.4. The small spatial (~1 mm) difference in
temperature probes effects the absolute temperature increase.

MR imaging experiments to further investigate the imaging performance of the
pTx mitigations are shown in Figure 5.16. A single coronal slice that coincides with
the implant tip was selected for all lead configurations. It is evident that the RF-
induced signals close to the implant wire are the highest for WC, because the RF-
induced currents create B; imaging artifacts around the conductive wire. NM and
OP substantially reduce the artefacts, while NM has the overall lowest image
quality considering the entire imaging region. For Lead #1, Lead #4 and Lead #6
imaging performance of OP is comparable to CP, while for Lead #2-3 and Lead #5

itis slightly degraded in some regions in the phantom.
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5.4. Discussion

In this chapter, wireless reference implant hardware and a wireless
communication workflow between the implant and an MRI| scanner were
implemented to demonstrate a potential RF safety workflow for AIMDs. The
implant hardware is equipped with small RMS sensors and together with Q%
acquisition and OP mode calculations, safe excitation settings could be

determined on-the-fly maintaining imaging quality.
5.4.1. Implant hardware and wireless communication

The presented implant hardware was constructed to acquire the information
about the RF-induced signal at the implant tip by using arectification circuit inside
the implant casing. Some implants may already have similar electronic
components that could be used for RF safety in MRI; for example, measuring

activity from the neurons to implement a closed loop stimulation.'®®1%°

Other detector designs to measure gradient-induced and RF-induced fields also
exist.'”!12 The provided design can be improved by adapting other small-form RF-
detector modules that are commonly implemented in millimeter-wave
communication antennas.'®®'®* The size of the on-chip RF power detectors can be

even smaller than 0.04 mm?2.195

Using the SoC, the measured RF-induced sighals at the implant tip could be
measured by its ADC and its BLE link was used for the data transmission. The data
transmission for the 8-channel Q¢ was limited to 15 ms (7.5 ms Q% + 7.5 ms BLE
timing uncertainty). The BLE timing uncertainty could not be reduced any further
because it is at the limit according to the current BLE standard.'®®¢ Moreover, there
was an adjusted 100 ms latency for the RF pulse after the RF-trigger from the MR
scanner. The delay provides processing time to the SoC, which can be improved

further by optimizing the firmware or using faster microprocessors.

There are other application specific timing limitations during the wireless data
transfer. In this implementation, all Q€ raw data was transmitted from the SoC for

the data analysis. This can be improved by implementing on-chip Q% data
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extraction and pTx excitation vector calculations. These calculations could
reduce the transmitted data load more than several hundred times compared to

the current implementation.

Even though the abovementioned timing limitations exist and can be improved, it
should be noted that continuous Qf acquisition is unnecessary for imaging
patients with implants as long as field distribution is not changed (e.g., patient
motion). Monitoring patients through rapid wireless E-field measurements
embedded in a clinical sequence, with intervals in the order of seconds, can
tremendously enhance RF safety for patients with implants. Thisimprovement can
be achieved without a pTx system as well because of direct E-field measurements

from the implant.
5.4.2. Lead design

The realistic lead implementation in this chapter were used from open patient DBS
data.®® However, it should be noted that the fine details of the lead design can vary
according to lead manufacturers. This would have changed the absolute value of
the RF-induced heating values.'°"%6197 | this thesis, these structural differences
were not addressed. Lead design may also alter the method how Q£ can be
acquired. The RF-induced voltage between inner and outer conductor of the lead
was utilized in this work. The outer conductor shields the spurious RF signals from
the Q% measurements. Although similar DBS leads exists,'°® other methods such
as differential signaling can be implemented for unshielded DBS leads having
multiple wires. Further investigations for the robustness of the Q% for these types

of leads should be conducted.

Although the main focus of this chapter is on the acquisition of the E-field based
Qs (QE), which affected the lead design, the temperature-based Qg (QF) can be
used as well. The temperature probes at the implant tip or ablation catheter were
already discussed in the previous chapter.’%%%157 |t would be also straightforward
to implement wireless communication for slower temperature measurements as

well. The main advantage of these type of leads would be the option of direct
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thermal dose calculations such as using the CEM43 concept in (Equation (2.8)).83-

85

5.4.3. Sensor calibration

Although the same Schottky diode was used as in the previous chapter (4.3.), the
dynamic range of the measurements were much higher in this chapter because
the receiver circuit was matched. Therefore, the non-linearity of the Schottky
diode became more visible and needed to be calibrated for better accuracy. The
sensor can be calibrated for different MRI frequencies as shown at both 7T (Figure
5.10 and Figure 5.11) and 3T (Figure 5.13). This is needed to be performed for any
sensor-embedded implant and for each MR frequency. Further calibrations can be
performed to match sensor signal to temperature values at a given location by
using temperature simulations considering the hotspot locations. It should be also
noted that a safety factor should be added by considering the varying tissue

parameters around the implant, which might influence the results.

Some technical remarks can also be made about the calibrations. The ADC of the
used SoC can operate at a maximum number of 11.6 effective bits, which would
indicate less than 4096 discrete voltage levels. This translates to approximately
1 mV resolution without considering the diode non-linearity correction. Therefore,
the low-level fluctuations around the Schottky diode threshold can be attributed
to the quantization errors and sensitivity problems at the ADC (Figure 5.10). For
values above 1.6 V (see Figure 5.13), the SoC has its electrical limits. These types
of limitations may affect the acquisition of the Q. For example, Q% acquired with
very low-power settings may lead to uncertainties due to missing Q% indices.
Therefore, the dynamic range of the implant acquisition system needed to be
considered and adjusted during the design step or a suitable RF transmission

amplitude communicated by the implant to the MR system.
5.4.4. Wireless pTx mitigations

Wirelessly acquired Q% data was sufficient to mitigate RF-induced heating at all
six realistic DBS lead configurations demonstrated in 3T MRI experiments. The

temperature rises for the WC mode were less than 4 K and for the reference CP
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mode less than 2 K. These values should not indicate a realistic heating scenario
for a patient with a DBS implant as the aim of the chapter is to demonstrate the
safety concept of a sensor-equipped implant and its wireless communication with
an MRI scanner. The 8-channel coil used in the experiments was driven with a
relatively low-power (22 £ 0.5 W) for a coil with high losses. It should be also noted
that it is a head-only pTx coil, where large parts of the implant lead and the AIMD
casing are outside the main RF coil excitation region. Other volume coils such as
body coil should also be investigated in future studies because unlike DBS
implants, pacemakers may be entirely exposed to strong E-fields resulting in

implant tip temperature rise of more than 25 K as demonstrated in other studies.®®

It should be also noted that MR imaged-based methods can be used as a
complementary method to determine if there is a current at the tip of the
wire,515657.115117.118 Thig would have the advantage, that no sensors are needed at an
implant, which is a more general solution to the implant safety problem. The
drawback of image-based methods is the additional time needed to assess the RF
safety threat and its susceptibility to errors due to image artefacts. Sensors on
the other hand provide fast and independent measurements that do not require
MR scanner components used for imaging. A combination of both methods is also

feasible to improve robustness.

A further remark can be made to extend the work to multiple implants and
multiple leads.53199200 Q¢ acquired from multiple sources can be easily combined
at the scanner to adjust pTx mitigation settings. This is an important argument in
a complex configuration, since each implant and implant vendor would be
responsible for the individual implant only determining the Q¢ and sending this
information to the MR system. The MR system on the other hand would be able to
use the information of multiple Q¢ implant sources and embed it in the overall

safety assessment including the native RF safety case.'®?
5.4.5. Imaging performance of OP method

It was shown that OP still produces similar imaging quality to CP even for complex
lead trajectories. However, it has been also observed that in some configurations

e.g., for Lead#5, the imaging performance of the OP mode is significantly
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degraded compared to the CP (Figure 5.16). For this particular lead trajectory, the
amplitude distribution of the Qf (Figure 5.14A) showed a more homogeneous
distribution compared to other lead trajectories, where all channels could
contribute to the RF-induced signals. Hence, the WC was similar to the CP mode,
which was also confirmed by the sensor signals. Therefore, the OP method may
not be sufficient since by definition, it is orthogonal to the WC vector. This
condition is, however, easily detectable and other strategies for the imaging
vector may be applied in this case. For example, another B;-shim vector to image
a dedicated area outside of the implant could be used for the projection with WC
as demonstrated in Figure 4.17. Faster B -mapping techniques?’'-2%3 to optimize
Qs based RF-induced heating calculations and the imaging using optimization

methods similar to the Equation (2.23) can also be implemented in future works.
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6. Conclusion

This thesis demonstrates the feasibility of using sensor-equipped implants for
enhanced assessment and reduction of RF-induced heating by parallel

transmission MRI.

First, a pTx hardware for automated implant safety testing was developed and
constructed allowing measurements of an extensive range of various RF safety
scenarios, which in quantity was limited, so far, to simulations only. Next, the
Orthogonal Projection method was implemented, which rapidly calculates a
transmission vector solely based on a sensor signal to substantially reduce the
heating threat and maintain imaging quality. This methodology was tested on
time-domain E-field probes and extended to root-mean-square sensors with the
so-called sensor Q-matrix methodology. The utilization of miniaturized low-cost
sensors that can potentially be embedded within the implant lead tip or the
implant casing, demonstrated a realistic configuration that can be translated to
actual implant hardware. Moreover, a wireless reference implant and wireless
communication workflow were developed, implemented, and investigated. It
highlights the potential of the presented work to be translated into a novel
implant safety concept, where a “smart” implant communicates with an MR
scanner utilizing on-the-fly safety related patient-specific and in-situ information
improving patient safety and imaging. This novel safety concept was successfully
tested in approximately 400 different implant configurations at 3T and 7T MRI
frequencies, in four different phantoms, with complex lead trajectories, in and

outside of the MR scanner.

A smart implant safety concept can drastically boost the current safety practice
by evidently differentiating implant safety responsibilities among implant and MR
manufacturers. Consequently, it would also alleviate the current burden on

clinical personal assessing and implementing implant safety procedures.
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implant tip. (Reproduced with permission from the Reference [120] © John Wiley
Yo ) a T 0101 ) TR 42

Figure2.9  An example of an external toroidal sensor to detect RF-induced
currents on the conductor. (A) Simplified schematic of a current sensor to
measure RF-induced currents on the wire by using a toroidal transformer
surrounding the wire structure. The measured currents are transmitted via a fiber
optic cable using light emitting diodes. (B) An experimental setup using the
current sensor is shown. The sensor is placed around the wire, which is several cm
away from the wire tip. (Reproduced with permission from the Reference [124]).
43

Figure 3.1 A photograph of the pTx implant safety testbed hardware. On the
left, a submillimeter positioning system. On the right, the assembled pTx
electronics within a 19” rack. The annotated photo indicates different system
components for the implant safety measurements, including 8-channel pTx
arbitrary waveform generator, broadband RF power amplifiers and 4-channel
receiver. Please note that the free space was left intentionally for an additional 8-
channel pTx amplifiers. (Adapted from Reference [63] CC BY 4.0, 2020,.............. 50

Figure 3.2 Measurement setup using external time-domain E-field sensor for
system calibrations and pTx mitigation. A) Photograph of the implant wire in the
phantom together with the 8-channel pTx RF coil (7T). The RF shield of the coil
was removed for the photograph. The placed E-field sensor measures radial E-
fields (sensor axis depicted with a dashed blue arrow) induced on the implant. This
information can be used for pTx mitigation. B) A close-up photo of the implant wire
with an embedded thermistor. The external fiber-optic temperature probes are
taped around the implant allowing tip temperature measurements. 15 mm outer
insulation of the coaxial cable was removed around the lead tip in order to mimic
an implant electrode geometry (Reproduced from the Reference [63] CC BY 4.0,
2020). 54

Figure 3.3  Simulation setup for RF coil validations at 297 MHz (7T). A) 3D
representation and B) top view of an 8-channel pTx RF coil for 7T and a cylindrical
phantom in the electromagnetic field simulation software (Reproduced from the
Reference [63] CC BY 4.0, 2020). ....ccocueeeeeeeereeesesesesssssssssssssssssssssssssssssssssssssssssssssssses 56

Figure 3.4  Results of the repetition experiments using the time-domain E-field
probe is shown. (A) Results of 10-consecutive measurements without robot
movement. The mean and standard deviation of the measurements are 91.09 +1.00
V/m. (B) shows the results of 10 consecutive measurements at the same location,
where the robot retreats the probe and implant lead out of the phantom and
repositions it again 10 times. The mean and standard deviation of the
measurements are 93.80 £ 2.58 V/M.. ettt eaenns 57

Figure 3.5  The results of the B1 +-field validations are shown for A) simulated,
and B) measured B1 + using the mapped time-domain H-field probe information
inside the phantom (total area = 60 x 60mm?, axis: x-y, spatial resolution 5 mm).
Field comparisons between simulation and experiments in (A) and (B) are depicted
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across the horizontal line in (C) and the vertical line in (D) (Reproduced from the
Reference [63] CC BY 4.0, 2020). ....cccuuieeeeeeereeesssssesssssssssssssssssssssssssssssssssssssssssssssssees 58

Figure 3.6 Measured temperature rise for two fiber optic temperature probes
and one thermistor at the implant tip in a single RF-heating experiment. The
dashed lines indicate the measurements by the fiber-optic temperature probes
and the solid black line indicates the temperature measurements with the
thermistor. The blue arrows point to the intended short interrupts of the RF source
(Reproduced from the Reference [63] CC BY 4.0, 2020).......ccereevevecrcscscsrsnsssnsesens 59

Figure 3.7 Results of RF heating experiments using the pTx implant safety
testbed. A) Temperature measurements of an RF pulse train with 64 different
pulses applied consecutively 10 times. The start and end of the RF excitations are
shown with black dashed lines. The measurement curves are normalized to the
temperature right before RF transmission. The first measurement (#1) shows
different cooling rates after the RF pulse train compared to the last measurement
(#10), which indicates a different cooling rate due to a larger temperature gradient
B) Zoomed temperature rise from a single RF pulse repeated 10 times. C)
Derivatives of the temperature increase from (A). (Reproduced from the
Reference [64] CC BY 4.0, 2022) .....creecesssssssssssssssssssssssssssssssssssssssssssssssssssssssens 60

Figure 41 Numerical simulations to demonstrate the efficacy of the OP method
that provides acceptable imaging quality while substantially reducing RF-induced
implant heating. A) Calculated B1 + results for the reference CP mode with the
implant. B) The B1 + results for the OP method at the same slice and equal
transmit power. C) B1 + profile along the yellow dashed line for CP and OP
transmission.D) The corresponding temperature increase for the CP mode and E)
for the OP mode. F) Temperature profile coincide with the implant tip (dashed lines
in (D) ad (E)) are shown where OP suppresses the RF-induced heating.
(Reproduced from the References [62,63] CC BY 4.0, 2020). .....cooevevererrrerereresernrernnns 67

Figure 4.2 MRI experimental setup using time-domain E-field sensor-based
pTx mitigations. A) Photograph of the measurement setup inside a 3T MRI using
the pTx implant safety testbed. An extension rod was used to hold the E-field
sensor and measure the induced radial E-field along the implant. B) Photograph
of the 8-channel pTx RF coil used for excitation with the implant inside a
rectangular PVP phantom liquid C) Photograph of the console, power amplifiers,
and digital multimeter located outside the scanner room and connected through
the filter plate to the 8-channel pTx RF coil and the implant lead for thermistor
readings (Reproduced from the Reference [63] CC BY 4.0, 2020). ....ccceverrererevenenee. 70

Figure 4.3  The results of the mitigation experiment at three different implant
positions (P1, P2 and P3) in the phantom inside an 8-channel RF coil for 7T. RF-
induced E-fields and temperatures recorded for these positions. The magnitude
and phases of the E-fields are plotted for consecutive single-channel transmission
of each channel of the RF coil. The magnitude and phase measurements for all
channels take ~1 ms and are used to calculate WC, CP, and OP modes. The RF-
induced E-fields and temperatures are lowest for the OP method compared to WC
and CP modes. (Adapted from the Reference [63] CC BY 4.0, 2020)......ccoceevervence. 71
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Figure 4.4  Results of 210 different implant locations inside a cylindrical
phantom. An area of 50 x 105 mm? and resolution of 5 mm? was investigated and
the E-fields were measured to calculate WC and OP transmission modes. The
results for each mode; WC, CP and OP are shown in the top row. The bottom row
shows the ratios of the modes. Please note that moving the implant wire by only a
5 mm can alter the E-field magnitude by more than a factor of 5 in CP mode.
(Reproduced from the Reference [63] CC BY 4.0, 2020).....cccceereerererereresesesesesesens 73

Figure 4.5  The results of the sensor positioning experiments by altering the E-
field sensor position in 10 mm steps. A) Measured radial E-field along the implant
lead at 15 positions and WC, CP, and OP pTx excitation vectors demonstrating OP
mode is successful at all sensor positions. B) Position-dependent ratios (WC/OP)
and (CP/OP) of the measured E-fields. (Reproduced from Reference [63] CC BY
4.0,2020). 74

Figure 4.6  RF-heating experiments utilizing the E-field sensor measurements
to determine WC and OP transmission vectors in MR. OP substantially reduces tip
heating compared to CP and WC modes. (Reproduced from the Reference [63] CC
BY 4.0, 2020)....c.ciieeicrernrierieeessssssssssssssssssssssssssssss s sssssasss s ssssssas s sssessssassssesesssnsasas 74

Figure 4.7  Axial GRE images at 3T utilizing an 8-channel pTx system A) CP
mode and B) OP mode images. The B1 + imaging artifact indicates the location of
the implant wire. C) RF-induced E-fields measured at the implant wire for a phase
coherent (WC-based phases but equal amplitudes per channel), the CP and OP
mode transmission with the sequence. All three modes were transmitting with the
same forward power. D) corresponding temperature curves for RF-induced tip
heating performed with all pTx transmission modes. The TDS was widhdrawn and
its electronics together with the electronics of the positioning system were
switched off to suppress the electromagnetic interference from these devices.
(Reproduced from the Reference [63] CC BY 4.0, 2020).......ccemeerererercnerssesesesesesens 75

Figure 4.8 The photographs depict the implants with RMS sensors (diode and
thermistor) embedded at the tip for QS assessment, pTx mitigation of RF-induced
heating. In panel (A), a CAT-8 cable placed into a PVP phantom with embedded
diode (1.70 x 1.25 mm?) and thermistors (1.6 x 0.8 mm?) as shown in Panel (B). A
small extension wire is utilized to increase E-field sensitivity in regions of low E-
fields due to the low peak power of the pTx safety testbed experiments. In higher
transmitted RF magnitudes in the MR system, the extension can be detached. A
low-pass filter was employed for both thermistor and diode measurements. C) A
180 mm long coaxial cable as an implant with embedded thermistor at the tip
(Figure 3.2). D) Photograph of the coaxial cable with thermistor shown in (C).
(Reproduced from the Reference [64] CC BY 4.0, 2022).......ceeeeveerererereresesesesesesenns 78

Figure 4.9 Experimental setup within a commercial 3T MRI system with pTx
capabilities. Two different experimental settings were performed: A) using the
two-channel body birdcage coil from the MR system for transmission into a
cylindrical phantom and implant#2 with an embedded thermistor and B) using an
8-channel Tx/Rx RF coil for transmission into a rectangular phantom, and
implant#1 with embedded thermistor and diode. (Reproduced from the Reference
[64] CC BY 4.0, 2022). ..ottt sssssssssssssssssssssssssssssssssssssssssssssssssassssssssssssssssns 81
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Figure 410 Results from a QS acquisition (64 RF pulses using an 8-channel RF
coil) on implant #1 within the testbed at 297 MHz. A) Time courses of the diode-
based measurements (QSE, solid blue line) and thermistor readings (QST, dashed
red line) for 0.5 s long pulses. Calculated amplitude and phase of (B) QSE and (C)
QST. (Adapted from the Reference [64] CC BY 4.0, 2022, The linecolor and the axis
of the temperature plot are changed to red). ... s 84

Figure 411  The repeatability analysis of QST using the embedded thermistor
readings in the pTx safety testbed at 297 MHz A) Normalized eigenvalues
including standard deviation of the 10 measured QST matrices. There is 2%
deviation in the dominant eigenvalue #1 B) Magnitudes of the calculated QST.
including error bars for all QST elements indicating the standard deviations.
(Reproduced from the Reference [64] CC BY 4.0, 2022).......ceeeeereercneresesesnseseseens 85

Figure 412 The results of the automated QSE experiments in the pTx implant
safety testbed at 297 MHz measuring at 154 implant locations within the
phantom. A) The RF-induced voltage measurements by the RMS sensor from CP,
OP and NM mode. B) Heating rate after applying 2 s long RF pulses for CP, OP and
NM. OP and NM were calculated based on QSE acquisitions. (Reproduced from the
Reference [64] CC BY 4.0, 2022) .....eeeeererererereresessssssssssssssssssssssssssssssssssssssssssssssssssssses 87

Figure 413 The raw data of the temperature profiles of CP, OP, and NM for pTx
excitations from Figure 4.12B. Panel A) shows the temperature rises, where
temperature axis is fixed to 0-20 mK for all measurement locations. B) The
measured temperature rises displayed for the temperature axis normalized to its
local maximum temMpPerature ValUe. ...t seessss s snssenes 88

Figure 414 A) shows the RF-induced voltage ratios on the implant wire for
different transmission modes. The induced voltage ratio is clamped to 2. Both
methods (OP and NM) to reduce RF-induced signals on the implant wire were
successful at 99% of the locations. (B) RF-induced voltages on the implant wire
for the pTx excitation modes using box plots from Tukey’s original definition.'®
The smaller plot depicts the median of the pTx mitigation methods OP and NM is
close to zero. (Reproduced from the Reference [64] CC BY 4.0, 2022).......ccoeuuuee. 89

Figure 415 QS experiments performed at seven locations in the pTx implant
safety testbed at 297 MHz using the mock implant #1 with both thermistor and
diode at the implant tip. QST and QSE -based pTx mitigations are compared. A) The
selected implant locations are illustrated using white crosses. B) QST-acquisition
amplitudes and corresponding C) RF-induced signals and D) temperature
measurements for WC, CP, OP and NM modes. E) QSE acquisition amplitudes and
F) corresponding RF-induced signals and G) temperatures for all transmission
modes. (Reproduced from the Reference [64] CC BY 4.0, 2022). ......ccoevverererererennns o1

Figure 416 QST measurements inside a pTx capable 3T MRI using the system’s
2-channel body birdcage RF coil for the prediction of RF-induced heating. A)
Temperature rise calculated from the thermistor measurements versus nominal
flip angle set by the scanner console. B) Measured transmitted power with the
pick-up coil versus corresponding temperature slopes. C) QST raw data is
displayed (N2 = 4 temperature measurements; N =2 for two-channel body
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birdcage coil). D) Various temperature rates acquired during MRI for arbitrary RF
excitation voltages versus QST-based temperature slopes. E) Another location’s
QST raw data and F) the respective temperature increases for two different
complex-valued pTx RF excitation vectors in comparison to QST-based
predictions. QST acquisition can be performed at very low powers heating the
implant tip by less than 0.1 K. (Reproduced from the Reference [64] CC BY 4.0,
2022). 93

Figure 417 8-channel pTx MRI experiments at 3T for QSE based pTx mitigation
and imaging using WC, B1-shim, OP and NM. The red cross indicates the target
imaging location for the B1-shim. Images are shown in (A-D) coronal and (E-H)
axial view. SNR for all pTx excitations along () the x-axis (along red-dotted line in
A) (J) y-axis (along red-dotted line in E) and (K) z-axis (along green dotted line in
A). (L) Induced implant tip signals for all pTx modes. (Reproduced from the
Reference [64] CC BY 4.0, 2022). ......eenrereneneeessssssssssssssssssssssssssssssssssssssssssssssssssans 95

Figure 5.1 A radiograph of a patient with a DBS implant. The star annotates the
metallic case containing the electronics and the battery. Arrows indicate the
extension wire. The leads with uninsulated tip electrodes are implanted in the
brain. (Reproduced from the Reference ['7*] CC BY-NC-ND 4.0, 2020).......co.co.... 104

Figure 5.2 The electrical block diagram of the developed and constructed
wireless reference implant. The values of the lumped components are given in
Table 5-1. 107

Figure 5.3 Annotated 3D illustration of the implant casing, the developed
electronics PCB, and an example implant lead with an uninsulated tip................ 108

Figure 5.4 Photograph of the uninsulated implant tip with two fiber-optic
temperature probes (~1 mm apart along the lead direction) attached to the lead.
110

Figure 5.5 Constructed implant leads mimicking realistic implant lead
trajectories from patients with DBS implants.®® On top, the 3D printed models are
shown in black. The bottom series is constructed by using a red semi-flexible
coaxial wire with a 2 mm thickness that is shaped around the models.................. 111

Figure 5.6  The wireless communication workflow for the AIMD interface with
the pTx console is shown. In the initialization phase (black dashed line), the
communication parameters are set and in the acquisition phase, (green dashed
line) the data is acquired, transmitted, and processed. .......eersreeeeerereseeesnnnes 112

Figure 5.7 The constructed implant connected to the implant Lead#3 with an

extension wire is shown. The extension wire and the lead are interfaced with an

SMA connector, which is insulated. The holder glued to the implant lead is for the

placement inside the ASTM phantom. The temperature rise at the uninsulated tip

of the lead is measured with external fiber Bragg grating temperature probes.
113
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Figure 5.8  Experimental setup to compare the induced RMS signal with
measured E-fields at the implant tip. A) pTx safety testbed experiments at 297
MHz using an 8-channel pTx RF coil. The implant case is mechanically fixed to the
probe holder of the testbed. The extension wire connected to Lead#3 elongated
through the probe holder and the tip of the lead fixed to the radial time-domain E-
field probe for the reference measurements. External temperature probes are
also attached to the tip of the implant lead. B) A close-up photo with the reference
probes before Lead#3 is completely immersed into the phantom.........cceeveeneee 114

Figure 5.9 The MRI experimental setup is shown. Wireless reference implant
inside the ASTM phantom in a 3T pTx capable MRI using an 8-channel 3T pTx RF
coil. The sensor measurements in the implant were wirelessly triggered by the
MRI system and transferred to an external laptop computer. ......occcevrevecereienne 115

Figure 510 The comparison of TDS E-field probe readings at the implant tip and
the wireless reference implant readings using the RMS sensor in the casing.
Implant’s sensitivity is lower for RF-induced voltages less than 0.08 V. TD E-field
probe measurements saturate above 300 V/Mu.... s sessssenes 118

Figure 511 RF heating experiments for 24 selected pulses from Figure 5.10. A)
Implant sensor readings and B) TD E-field probe readings versus fiber-optic
temperature probe MEeaSUrEMENTS. ... ss e sa s e s s 119

Figure 512 Timing synchronization of the wirelessly triggered QSE acquisition
and transmission. A) Measured QSE raw data for 10-consecutive 7.5 ms long RF
transmissions including timing uncertainties of the BLE timing interval of 7.5 ms.
B) Corrected QSE acquisitions. The first and last two RF pulse acquisitions are
used as timestamps for the synchronization. The resulting amplitude C) and phase
D) of the OP mode, is shown in a violin plot.”® Since the standard deviation in the
wirelessly acquired OP was less than 1%, channel #4 amplitude and phases are
enlarged iN (C) @Nd (D)...coceeeeeeerrrerereriressesssssssse s ssssssssssssssssssssssasa e s ssssnas 120

Figure 513 Implant sensor signal measurements versus scanner’s effective
output (adjusted via the MRI console) voltage of a single pTx channel at the MRI
scanner. Above 1.6 V, the implant’s ADC input saturates due to its power limits.
Overall, the linearity between measured induced signals and the scanner input
well correlated with @an R2 = 0.99. ...t ss e sa e e s 121

Figure 5.14 The results of the pTx mitigation experiments using all six realistic
DBS lead trajectories at the 3T MR scanner. A) Normalized amplitudes of the
calculated QSE are shown. B) Wirelessly measured RF-induced signals by the
implant are displayed for WC, CP and OP transmission modes. C) Corresponding
RF-induced heating for all six implant lead configurations and all pTx transmission
modes measured by fiber-optic temperature probes.........vvevevnencecrr e 123

Figure 5.15 RF heating experiment (400 s performed with Lead #3.) for the pTx
excitation modes WC, CP, OP and NM. The fiber-optic temperature probe
locations are shown in Figure 5.4. The small spatial (~1 mm) difference in
temperature probes effects the absolute temperature increase.........oceeeeneee. 125
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Figure 5.16 Coronal MR images of all realistic lead trajectories (Lead #1 to Lead
#6) for pTx excitation modes WC, CP, OP, and NM that were calculated using the
wirelessly transmitted implant sensor signal. The total transmit power and the
scaling factor are the same for all imaging modes. OP mostly preserves the
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