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Abstract

Magnetic particle imaging (MPI) is a tracer based modality and thus lacks anatomical information. Medical ultra-
sound (US) imaging provides the desired morphological data in real-time that could complement functional MPI
images. However, most customary US devices will certainly be damaged by the strong alternating magnetic fields
inside the MPI bore. Moreover, US equipment might degrade MPI signal quality. In this work, US components that
are prone to eddy current heating were pointed out by presenting the major components of a medical US trans-
ducer. A theoretical model was utilized to derive maximum applicable sizes for conducting parts like electrode
surfaces and cables. Heating experiments inside the MPI bore showed that heating can be managed by dispensing
with extensive electric shields and keeping conducting structures reasonably small. Further, transducer dummies
that were placed inside the MPI scanner bore and actively driven with US signals were used to assess the inter-
ferences between both modalities. The MPI signals showed a minor increase in the noise level when transducer
dummies were present, while serious interferences were recognized when a dummy comprising a tuning inductor
was electrically driven. The US signals showed strong disturbances in the frequency range of the MPI drive fields
during MPI acquisition, which was decades lower than the relevant US frequency range. It is concluded that the
combination of an MPI scanner and adapted US hardware is feasible. Future work needs to address the suppres-
sion of mutual interferences and their impact on image quality of both modalities.

|. Introduction used for decades to image the mechanical properties of

tissue and organs which reflect the morphological struc-

Magnetic particle imaging (MPI) [1, 2] is a novel imaging
technology which exploits the characteristics of super-
paramagnetic iron oxide nanoparticles and thus is a
tracer-based modality. It generally lacks anatomical in-
formation and consequently an additional dataset is re-
quired to map the functional MPI data to the patient
anatomy. For this purpose, magnetic resonance imag-
ing has been used prior to an MPI acquisition and also
the combination into a single dual-modality scanner [3]
is investigated in order to perform MPI and MRI acqui-
sitions in an intermittent mode.

Medical diagnostic ultrasound (US) [4-7] has been
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ture. US is appreciated for high patient safety, low cost,
real-time capability and high spatial resolution. Per-
forming US imaging inside the MPI scanner bore could
be used to combine morphological US information with
functional MPI data. This could be achieved in real-time
and simultaneously with the MPI acquisition. However,
since MPI utilizes strong, alternating magnetic fields
and needs a low electrical interference environment,
it is generally challenging to introduce any electronic
component into the scanner bore.

Commercially available US systems have a multi-
channel transducer array located in a extensively
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shielded scan head. The probes can comprise large
electrode surfaces and usually further integrated elec-
tronic components, e.g., for electrical impedance
matching. The probe is connected with a well-shielded
multi-micro coaxial cable to a data acquisition unit with
pulser-receiver electronics. On the one hand, in US
components the magnetic fields of MPI cause heating
due to eddy currents which can lead to rapid destruc-
tion. Moreover, it is to be determined if MPI induced sig-
nals harm the pulser-receiver electronics. On the other
hand, currents on US cables or the nonlinear magneti-
zation behavior of materials built in the probe might de-
grade MPI signals. These principal reasons prevent the
insertion of standard US transducers into MPI scanners.

In this work, an overview of the basic requirements
for an MPI compatible US system is given. There-
fore, the major components of an US system are pre-
sented and evaluated regarding their compatibility to
MPI. Since heating due to eddy currents is the major de-
sign challenge, theoretical back background is provided.
After performing experiments in MPI, possible conse-
quences on image quality with respect to both modal-
ities are discussed. Thereby, heating of metallic compo-
nents, the MPI compatibility of electrical matching el-
ements, and the difference in signal-to-noise ratio due
to mutual interferences is considered. The work con-
cludes with design guidelines for critical components
towards the integration of an US transducer into a pre-
clinical MPI scanner.

Il. US Transducer Components

The MPI compatibility of an US device is determined
by its internal construction. Fig. 1 shows a commercial
2.5 MHz 64-element phased array scan head cut though
the axial/elevational plane. The depicted transducer
can be subdivided into three major components: The
transducer front, connections and tuning electronics,
and cables for signal transfer with the acquisition sys-
tem. These parts are discussed in the next subsections.

The basic level of compatibility of US and MPI is
regarded as the prevention of damage when only one
modality is active. An US transducer operating in an
MPI scanner may hardly damage the MPI hardware
severely since the electrical excitation can usually be in-
crementally increased to approach the operating cur-
rents cautiously. However, US transducers can instan-
taneously be destructed by the magnetic excitation- or
drive-fields of an operating MPI scanner. These fields
cause hysteresis and eddy current losses, both resulting
in heating. While hysteresis losses can be avoided by the
use of non-ferromagnetic materials like copper for all
electrically conducting components, eddy current heat-
ing is the primary compatibility issue. In the scan head,
all components are encased by a continuous circumfer-
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ential copper shielding, see Fig. 1 (A). This continuous
conducting surface is prone to eddy current heating and
has to be dispensed in an MPI-compatible design.

Connections and tuning

Front

Cabling

Figure 1: Top: Axial/elevational view of a through cut clini-
cal US transducer. Bottom/left: Axial/elevational view of the
transducer front. Bottom/right: Schematic of the transducer
front in axial/lateral view. A — Circumferential copper shield-
ing, B — Cable connections and electrical impedance match-
ing, C — Acoustic lens, D — Acoustic matching layer, E — Elec-
trodes, F - Piezo-electric material, G — Kerfs filled with com-
posites for the separation of elements, H — Backing.

Il.1. Transducer Front

The transducer front contains the mechanically active
components for transmitting and receiving ultrasonic
waves. Modern 1-D array probes usually consist of 64—
256 piezo-ceramic or piezo-composite [8] elements (F)
that can operate as a phased array for steering and/or
focusing the wavefronts. Therefore, they are mechan-
ically and electrically separated by kerfs (G) filled with
composite materials such as epoxy resin. A piezo-
composite itself consists of a mixture of piezo-electric
ceramics and plastics which both are not critical con-
cerning eddy-current heating or magnetic losses. Metal
film electrodes (E) usually made of gold or copper that
are at maximum a few pm thin are attached to the piezo-
elements at their front and back side. Via the electrodes,
electric pulses excite the elements for transmission in
the frequency range between 2-15 MHz for most US ap-
plications. For small animal imaging, systems in the
range up to 50 MHz are available. With higher frequen-
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cies, the size of the piezo-electric elements declines ap-
proximately inversely proportional.

Electrodes can either be attached to each element
separately as depicted in Fig. 1 (E) or be connected on
one side as a common (ground) electrode, which results
in a large conducting surface. In [9] it is shown that
a large electrode of a therapeutic US transducer shows
strong heating in MPL. In this work, the impact of elec-
trode sizes on eddy current losses is quantified and thin
copper foils are experimentally examined.

A backing material (H) is usually attached to the
backside of the piezo-elements to dampen the mechan-
ical oscillation. Thereby, short pressure pulses can be
transmitted which is required for high image resolution.
The backing is dense and acoustically highly absorptive.
Therefore, it may contain metal powder that is also ben-
eficial for an adequate heat transfer [10] that arises in the
piezo-material due to conversion losses.

The piezo-elements often reveal high acoustic im-
pedances in comparison to the acoustic impedance of
biological tissue, which leads to reflection of power
at this interface. Thus, acoustic matching layers (D)
are attached to the piezo-elements at the front side to
maximize the transmission of acoustic energy into the
medium. Matching layers are typically made from poly-
mers. Layers with higher acoustic impedances can also
be loaded with metal powders.

An acoustic lens (C) completes the transducer front
for focusing of the waves in the elevational plane. The
lens is typically made of silicon or rubber-like materi-
als and is not critical with regard to heating. However,
the MPI compatibility of each metal laden backing or
matching material needs a specific individual evalua-
tion which is beyond the scope of this contribution. Yet,
since the metal powders are usually non-ferromagnetic
and the composite is expected to be not electrically con-
ducting, compatibility is anticipated.

I1.11. Electrical Impedance Matching

Ahigh electrical impedance of the piezo-elements up to
over 6002 [10] is determined by its material properties
and size, as well as the effect of acoustic mass loading.
Since the piezo-material with high electrical permittiv-
ity between the front and back electrode forms a capac-
itor, the impedance is highly capacitive [11]. The capac-
itive impedance of the connected coaxial cable also in-
fluences the overall impedance at the terminals to the
acquisition system. Typically, for impedance matching,
series or shunt inductors are placed as surface-mounted
devices (SMD) directly in the scan head to cancel 40-
60 % [10] of the element impedance to provide a good
match to the ~ 50 —500012 input impedance of the US
acquisition system. Thereby, the electrical matching is
an important measure for attaining a large bandwidth
that is usually stated as a relative bandwidth Af—f in per-
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cent, where A f is the absolute bandwidth at —6 dB (dif-
ferent definitions exist) of the bandpass-shape round-
trip spectrum around the center frequency f.. While
presumably most standard transducers have a rela-
tive bandwidth of 50-70 %, high quality probes achieve
100 % with an acceptable sensitivity through a sophisti-
cated design process, including acoustical and electrical
matching. The feasibility of electrical tuning in an MPI
compatible design is here investigated experimentally.

I.111. Cables

For the transfer of high voltage excitation pulses up to
ca. 250V to the transducer and transfer of low voltage
receive signals (WV to mV range) to the acquisition sys-
tem, typically a multi-micro coaxial cable is used which
usually connects each piezo-element to one channel of
the acquisition system. In [9] a 68 xAWG 40 multi-micro
coaxial cable with a silver plated copper braid shield was
tested during a standard MPI imaging sequence. It is
concluded that the dispense of the outer cable shield
is essential to achieve MPI compatibility. In this work,
the compatibility of cables of different diameters is an-
alyzed by utilizing a theoretical model.

To prevent the induction of destructive eddy currents, it
is indispensable to avoid any conducting loop. Conse-
quently, an ordinary continuous shielding of transducer
components usually cannot be carried out in MPI com-
patible hardware. We consider a non-ferromagnetic in-
finitely long metal wire and a thin metallic plate of lim-
ited spatial extent, placed in a spatially homogeneous,
quasi-stationary magnetic field, as idealized compo-
nents to account for the two essential parts of every US
transducer, i.e., cables and electrodes.

Theory

I11.l1. Copper Wire

The generation of eddy currents in wires is extensively
treated in [12] from which we report important results
and universal considerations applicable to the problem
at hand: Eddy current losses per unit length in a wire
perpendicular to the magnetic field are therein calcu-
lated as

1)

Q(@):Re{@@@}, @

5 Jo(v2] 3)
with the specific electrical conductivity y, the magnetic

field strength amplitude H ((H]=Am™'), and the radius
of the wire ry. J, and J; denote the zeroth and first order
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Bessel function of the first kind and Re {} is the real part
operator. The frequency dependent skin depth

2
0=\ ,
Wt ¥

proves to be an important measure for many calcula-
tions on eddy currents, with the permeability of free
space u, and the angular frequency w = 27 f of the
quasi-stationary magnetic field. For copper, 6 =425um
with y =561-10°Sm™! at a typical MPI drive field fre-
quency of f =25kHz.

The skin depth 6 is a measure of the depth of mag-
netic field penetration in that eddy currents are con-
centrated due to the skin effect. For a wire of radius
o > 0, the phenomenon of eddy currents is limited to
its surface, while the inner wire remains eddy-current-
free where no losses arise. In contrast, if r, < 9, losses
are generated more homogeneously in the volume of
the wire. With the aid of the skin depth, (2) is approx-

imated to
70 \4
g(ro)N (3) <o
6 —% ,r0>>5 '

3)

IS

4)

SIS

in order to emphasize the proportionality relations
HPr) f*2 ,1p<o
P~ . )
|HP o/ f 19>6

Despite the proportionality, naturally P is always lower
for smaller H, ry, and f, as calculated with (1). Although
heating is dependent on the specific thermal charac-
teristics of the material and its environment, it is gen-
erally beneficial when eddy currents are not concen-
trated in the outer boundary of a component, causing
the losses to be spatially concentrated. Therefore, one
usually chooses the characteristic dimension d =21, <0
so that in practice P ~|H|? d* f? holds. This serves as a
guideline for component sizing (d) subject to the mag-
netic field characteristics (H, f).
For a magnetic field oriented parallel to a wire,

To 1

HEo(2)=5P,

T

=—= 6

A p ®)
is the power loss per unit length as calculated in [12],
which also follows relation (5). A wire passing through
the middle of the MPI scanner bore is exposed to the
orthogonal x-, y-, and z-drive fields that generate a
Lissajous-trajectory for each image acquisition. Hence,
we expect that the induced power due to the orthogo-
nalfields, all oscillating with almost the same frequency,
leads to a maximum possible power loss of P = B +
2P, = 5B. The power loss P for different radii, field
strengths, and frequencies, around typical values in MPI
is shown in Fig. 2. Since P(H) and P(f) are plotted for
ry=0, all relations of (5) are apparent.
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Figure 2: Power loss due to eddy currents in a copper wire of
radius ry =0 =425pm at f; =25kHz and H,/u,=12mT over
the normalized radius P(r), magnetic field strength P(H), and
frequency P(f). For r < 0 losses are effectively reduced.

In practice, the heating associated with eddy current
losses is most interesting, however, strongly dependent
on the thermal characteristics of the component and its
environment. If cooling due to radiation is neglected for
objects with small surface area and relatively low tem-
peraturerise, a thermal equivalent circuit can be used to
model the heating. For an isolated wire, the heat capac-
ity of the conductor C¢ and of the insulation C;, as well
as the thermal resistance between the conductor and
the insulation R is required. The heat transfer from
the wire merely due to convection can be modeled as
a thermal resistance R;. However, if the conductor and
the insulation is well connected R¢; ~ 0 and the over-
all thermal capacitance is C = C¢ + C;. For example, for
a thin coated copper wire of 1y, = 0.45mm, with a spe-
cific heat capacity of 382 Wskg~' K7!, the heat capacity
is calculated as Cc =2.17WsK~!'m™!. Presumably C; is
much lower, hence, is neglected (C ~ Cc). Under this
assumptions the simple model

AT(t)=PR[1—exp(Z)], t>0, @)
can be applied to approximate the heating AT(¢) over
time ¢ with the thermal time constant 7 = R; C.

I1.1l. Thin Copper Plates

For thin copper plates, resembling electrodes, the same
basic considerations apply and especially (5) holds
when replacing the radius ry with d =1/2, half of the re-
spective characteristic size. Analytical calculations for
the dissipated power in thin plates of different shape are
presented in [13]. There, an analytical approximation of
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the total power dissipated in a rectangular plate is found

7.[2 313

Pr—yh
8 X a?+ b2

f?1B? (8)

_ TE_Z h l4 2 B 2

with the magnetic flux density amplitude B = uyH, the
thickness of the plate & < § and the rectangle dimen-
sions a and b or the side length of a square [, respec-
tively. While the warming of cables can often be well ap-
proximated by the aid of (7), for the heating of electrodes
the more complex composition of surrounding materi-
als, such as piezo-elements, backing or matchinglayers,
are essentially determining the rate of heating. Hence,
more specific and complex models are usually required.

IV. Materials and Methods

IV.l. Heating of Components

To evaluate heating, components were placed in a
commercially available small animal MPI scanner (MPI
25/20 FE Bruker BioSpin MRI, Ettlingen, Germany) and
monitored with an IR thermography camera (Vario-
CAM, InfraTec, Dresden, Germany) from outside the
scanner bore. For all experiments, the 25kHz drive field
strength was set to 12mT for all (i.e., x, y, z) channels
in the Bruker ParaVision software and the gradient field
was turned off.

To test wires, twelve samples of copper wire with a
thin polyimide coating (i.a. Dielektra Porz, Cologne,
Germany) with a diameter between 0.15-1.5 mm were
mounted on self made, round (r 85mm diameter)
paperboard carriers and placed in the middle of the
700 mm long scanner bore comprising a diameter of
119 mm. To evaluate the heating of thin electrodes, cop-
per foils of 18 um thickness (JTCHTE, Gould Electronics,
Eichstetten, Germany) were cut into squares of 1-10 mm
edge length and were examined in the same manner.
Due to the placement of the carrier in the bore and of the
samples on the carrier, some samples were positioned
closer to the bore and the field generating coils.

It was accounted for the low emissivity of the thin
coated shiny copper wires by adjusting the emissivity
correction of the IR camera to a standard literature value
of € = 0.65 [14] and by verifying the order of magni-
tude of heating with a comparison of polypropylene
tape (57401, Tesa, Norderstedt, Germany) coated areas.
For the heating of copper electrode samples, it was not
aimed for a quantitative temperature measurement and
only the detectability of heating >4 K was investigated.

For evaluating the heating of ferromagnetic impe-
dance matching elements, ten different inductive SMD
parts of sizes 0603 (ca. 1.6 x 0.8 mm and different hight),
0805 (ca. 2 x 1.25mm), 1206 (ca. 3.2 x 1.6mm), as well
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as two through-hole technology inductors all together
covering a range of 0.1-100 uH were glued on a single
paperboard carrier and were IR monitored.

IV.Il. Interferences in MPI

To evaluate whether MPI images are affected by pas-
sive or active US components, two transducer dum-
mies (TD) were manufactured, see Tab. 1. Micro-
coaxial cables taken from an older 3.5 MHz scan head
(Model 833921011001, Siemens, Germany) were consid-
ered as standard transducer cables. One of these ca-
bles of 800 um outer diameter and 180 cm length was
connected to each transducer dummy. TD-1 has no
electrical connection between copper stripes mimick-
ing the transducer electrodes and thereby mainly the
cable capacitance is charged and discharged when ac-
tively driven. TD-2 comprises a capacitor in parallel
with a resistor to imitate a capacitive piezo-electric el-
ement. To mimic electrical matching at the transducer
inside the MPI bore, a SMD inductor was addition-
ally installed in series. The samples were successively
placed in the scanner bore. MPI measurements were
conducted with an open terminated cable and with the
cable connected to a one-channel US device (US.Box,
Lecoeur Electronique, Chuelles, France) transmitting ~
25ns long pulses with a repetition frequency of 1kHz
and maximum 230V peak voltage to a TD to imitate US
operation during MPI acquisition.

Table 1: Transducer dummies (TD) manufactured: TDs have
a 35um thick copper array structure with an active area of
15 x 60 mm, but the longer dimension separated into n ele-
ments to achieve thermal compatibility. The space between
elements (kerf) is constantly 230 um while the width w is
varied. TD-2 has SMD components soldered on the copper
stripes to mimic the electrical impedance Z of an US trans-
ducer and an impedance matching inductor. Nominal ele-
ment values are R =8601), C =75pF, and L =27 uH.

Dummynr. n w/pm VA
TD-1 106 340 o}
TD-2 38 1340 R||IC+L

To investigate the effect of strong eddy currents on
MPI spectra, a copper disc of 320mm? surface area,
35 um thick, on a printed circuit board (FR-4 material)
was placed in the middle of the bore. During all experi-
ments, the spectra of all channels are acquired using the
ParaVision software.

IV.11l. Interferences in US

To measure the potential influence of MPI operation on
US signals, the same TD samples were connected to an
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oscilloscope (TDS3034C, Tektronix, Beaverton, OR) ter-
minating the samples at 1 MQ in AC-mode. Thereby, it
was aimed for an US-system independent signal char-
acterization. A time series of the sampled signal was
stored and analyzed before and during MPI acquisition
with all drive fields at 12 mT.

V. Results

V.l. Heating of Components

The IR temperature measurements were not used to as-
sess the thermal MPI compatibility of all samples quan-
titatively, since the emissivity € of the imaged surfaces
was not experimentally determined and a discrepancy
in € has a considerable impact on the measurement.
In addition, measured surfaces may reflect temperature
radiation of the surroundings and bias the measure-
ment. However, relevant heating was always detected
and verified by simultaneous IR monitoring of the car-
rier and the tape partially sticked over the samples.

The well observable heating of a wire of 0.9 mm di-
ameter was employed to verify the theoretical consider-
ations made, see Fig. 3. The wire heated up over 55K
after 70 s on the paperboard carrier at an ambient tem-
perature of 19 °C. The model of the form

AT(t)zA[l—exp(Et)], (10)
see (7), was fitted to the measured curve, resultingin A=
59K=PR and B=18s= EC, where™ denotes measured
parameters. The heat capacity per meter was deter-
mined based on the geometry and the material param-
eters as C =2.17WsK'm™.. According to the model,
£ =8.29mKW~'=R allowed the calculation of the a pri-
ori unknown thermal resistance. With the aid of (7), the
induced power was calculated P=7.26Wm™'. The the-
oretical value was P=7.01Wm™.

In the same setup, a wire of 0.6 mm diameter showed
awarming of 12 K after 70 s. At wires with a diameter be-
low 0.6 mm no significant heating was observed (<4K).
Eventually, wires with a diameter below 0.48 mm did not
stand out from of the background of the IR camera im-
age, hence, heating was below the detection limit.

Regarding the heating of thin copper plates, no
warming was observed for the copper foils of 1-2 mm
side length. All other samples showed heating. The cop-
per foil with 10 mm side length heated up to over 70 K af-
ter 80 s. With only the y- and z- channel operating with
fields parallel to the plates, a heating lower than 4 K in-
dependent of the sample size was observed.

Concerning the open terminated inductors tested as
possible impedance matching elements, SMD induc-
tors of size lower than 1206 were heated <4 K, while the
through-hole devices were at 15 K after 25 s. Atthat time
an overload of the MPI amplifiers has been recognized
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Figure 3: Temperature rise in a copper wire of 0.9 mm diam-
eter in MPI fields with all drive field channels at 12mT.

that has presumably existed since the beginning of the
measurement. As a precaution, the drive fields were im-
mediately turned off.

V.ll. Interferences in MPI

During all experiments, MPI spectra were recorded.
Thereby, it was observed that merely the presence of
TDs in the MPI bore did not change the received spec-
tra conspicuously, see Tab. 2. Contrary, the carrier with
multiple inductive elements with ferrite cores led to an
(presumably instantaneous) overload in the MPI sig-
nals. Since the inductive elements were electrically not
connected, the overload is ascribed to the magnetiza-
tion characteristic of the ferrite material. Further, it was
observed that a circular copper disk placed in the y-z-
plane in the middle of the bore leads to a reduction of
overall spectral energy of 14 dB, a decrease in the y- and
z-channel and a slight increase in x-channel energy, see
Tab. 2. Since the disk rapidly heats over 80 K, this effect
is attributed to eddy currents, mainly induced by the x-
direction drive field.

Table 2: Overall energy in the MPI spectra in dB (scaled in
accordance to Fig. 4) for measurements with passive compo-
nents. TD-1 does not influence the spectral energy. When
eddy currents are present in the disk, energy is basically re-
moved sample orientation dependent.

sample x-channel y-channel z-channel
empty bore 99.5 103.4 96.3
TD-1 99.6 103.5 96.4
copper disk 101.25 92.2 91.8

When US signals were sent to the TDs, MPI channels
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were affected. The strongest effect was observed with
TD-2, see Fig. 4b, that appears orientation dependent.
However, also with TD-1 signals were induced in the y-
and z-channels that were presumably more affected by
amagnetic field of the coaxial cable that was orientated
in x-direction. In addition, at TD-2 the axis of the in-
ductive coil was oriented in y-direction.

45 T T T T T T T T T
—TD-2 +US
40 + - - TD-2 .
empty bore

35

m

=30

=

-

= 25

NS
o

s o e
10 |!" | .F [ “. ‘ Jﬂ.‘&;:?"".'"'?‘lb‘\":"-
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f/MHz
(a) Smoothed single acquisition y-channel spectra.
i T ;IY(If )
60 — I1Z(A)I
= X (I
~50 ‘
£
L
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2
sl | m
g o e
o TP RN
0 | \ | | L | | | |

01 02 03 04 05 06 07 08 09 1

f/MHz
(b) All channel single acquisition spectra for TD-2 +US.

Figure 4: Magnitude of the MPI frequency spectrum,
smoothed with a moving average filter of 100 taps or 460 Hz,
acquired with TD-2 passive and actively driven (+US), com-
pared with an empty bore measurement (a) and all channel
non-smoothed spectra of actively driven TD-2 (b).

As depicted in Fig. 4a, TD-2 containing the inductive
element increases the noise level about 10 dB compared
to the reference measurement with an empty MPI bore.
The spectra were, however, not changed by a passive
TD-2. For TD-1, no significant change was observed.
When the spectra were averaged over 1000 acquisitions,
the interferences averaged out but the former character-
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istics of an empty bore spectrum did not recover.

V. 11l. Interferences in US

Measurements of the induced voltage in the TDs and
their cables were evaluated by taking a 2 ms acquisition
of the oscilloscope signal with a sample rate of 25 MHz.
Results are distilled in Tab. 3. Without MPI operation,
the noise level was measured below —72 dBV in the fre-
quency band of 1-5 MHz. The noise level increased
when MPI was turned into acquisition mode. The same
applies for the signal band of 23-27 kHz that covers the
MPI drive field frequencies. In this range, a strong signal
was measurable. The acquired signal over time for TD-
1 is exemplary depicted in Fig. 5. When the TD cable
was removed from the scanner bore, the induced signal
rapidly decayed.

Table 3: Voltage induced into the US transducer cables con-
nected to TDs. The signal power is calculated over the respec-
tive frequency band and values are reported in dBV.

all drive fields 12mT
23-27kHz 1-5MHz

no MPI operation
23-27kHz 1-5MHz

TD-1
TD-2

—101
—107

=72
—73

—12
-10

—44
—48

e
=~

e o o
o~ v Ww

|
e
P

amplitude / V

L
-
B W b

0 0.1 0203040506070809 1
time / ms

Figure 5: Induced voltage in the cable of TD-1 during MPI
operation. The value of —12 dBV in the 23-27 kHz range stated
in Tab. 3 translates into an amplitude of 355 mV.

VI.
VI.I.

For the design of electrodes and cables, a simple mea-
sure for the maximum possible structure size is desired.

Discussion

Heating of Components
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Although heating is dependent on thermal rather than
only the electrical characteristics, the skin depth (3)
turns out to be a measure of importance. No heating
is detected for wires of a diameter below d < 0.48 mm.
Wires with 0.48mm < d < 0.6mm reveal low heating,
possibly biased by the reflection of adjacent warmer
wires. Further, no heating is detected with thin square
plates of edge length d <1 mm. Comparison of the char-
acteristic sizes d with twice the skin depth 26 =850pum
shows that to avoid a significant heating, the character-
istic sizes should be chosen smaller, i.e., d <26. More
important, a homogeneous heating is presumably man-
aged better than a strong and spatially concentrated.
The proportionality relation (5) allows the estimation of
applicable structure sizes of the examined geometries
when field parameters change.

Calculation of the induced power loss based on the
thermal measurement of one wire shows a deviation un-
der 5 % to the theoretical model. Further, PR=58.1K~
A s also close to the measurement and can be regarded
as a further verification. However, due to the position
of the considered wire closer to the edge of the bore,
a somewhat higher value was expected. For the laying
of cables it is important to note that the field strength
and heating generally increases towards the edge of the
bore. Yet, the stationary temperature difference AT(t —
00)~ P between a wire approximately in the middle of
the bore and 50 mm from the middle of the bore was al-
ways less then 15 %. Consequently, to incorporate heat-
ing into the thermal calculations for an US transducer
inside the bore, (1) and (8) can be applied.

The smaller inductive SMD parts tested do not show
heating. They are not expected to carry induced cur-
rents when connected to a capacitive piezo-element,
hence, the use of electrical matching is feasible with re-
gard to thermal aspects. In summary, by a reduction of
electrode surfaces to piezo-element dimensions and by
the avoidance of continuous shields for cables and com-
ponents, destructive heating can effectively be avoided.

VI.Il. Interferences in MPI

It was shown that the MPI signal is influenced by fer-
rite material of passive inductors up to a signal overload.
Moreover, when TD-2 with a single SMD inductor is ac-
tively driven, MPI spectra are strongly distorted. This
can be attributed to the leakage field of the inductor and
currents on the imperfectly shielded cable. The latter
is supported by the same but smaller influence of TD-
1. However, although electrical impedance matching is
often important for US bandwidth and sensitivity, it is
expected to conflict with MPI requirements.

All interferences appear dependent on the orienta-
tion of the interfering source. For cables in x-direction,
mainly y- and z-channels are influenced. Further, in-
terferences are expected to increase with the magnitude
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of currents. Hence, for power transfer into the bore,
higher voltages should be preferred and an adapted ca-
ble construction and installation in the bore can ac-
count for the spatial dependence of interferences.

The presence of strong eddy currents in the bore,
that have basically the drive field frequency, does not
change the MPI spectra in shape. However, they are de-
tectable by a difference in overall spectral energy. This
effect appears also dependent on the orientation of the
sample that generates the induced interfering field. For
lower eddy currents in adapted hardware, only a minor
effect on MPI spectra is measurable.

Since the simple presence of components with rea-
sonable structure sizes does not change the acquired
MPI spectra conspicuously, it is expected that MPI oper-
ation can be performed when passive adapted US hard-
ware is present. It is to be determined, if interferences
of active components can be sufficiently suppressed by
a dispense of inductive elements and averaging of mul-
tiple MPI acquisitions for one image. For the interpre-
tation of the interferences due to US components, it has
to be considered that with the TD experiments just one
piezo-electric element was imitated, while a functional
US transducer will usually comprise more than 64.

VI.II. Interferences in US

Regarding US signal quality, the dispense of a shield-
ing is usually detrimental for SNR. However, it can be
accounted for narrow-band interferences in the MHz
range inside the well shielded MPI cabin with dig-
ital filtering, when analog-digital converters are not
overloaded by the induced voltages. Moreover, high-
frequency shields can possibly be designed, that are not
effective in the MPI but in the US frequency range.

The voltages measured on the US cables appear to be
determined on the coaxial cable used. They are not sig-
nificantly dependent on the TDs that have very different
impedances and form slightly different induction loops.
Since the induced voltages are relatively low (<1 V), this
order of magnitude will neither harm pulser-receiver
electronics nor piezo-elements. To prevent overloading
during US acquisition, an electrical filtering of the kHz
range signals might be necessary. This filtering, how-
ever, can potentially be provided by the high-pass char-
acteristic of customary US front-end circuits so that sig-
nal quality is expected to be little affected.

The potential lack of an electrical impedance match-
ing directly at the piezo-elements is considered as par-
ticularly detrimental for US signal quality. For exam-
ple, the capacitance of a piezo-electric element is usu-
ally lower than 100 pF while the capacitance of a micro
coaxial cable of 1 m length can have the same order of
magnitude. This increases the quality factor of the over-
all electrical system which can never be fully recovered
by broadband impedance matching techniques. A lim-
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ited impedance matching, however, can be conducted
directly outside the scanner bore.

VIIl. Conclusion

Towards the integration of an US transducer into an MPI
scanner, the heating due to MPI drive fields was ex-
amined as a primary compatibility issue. Therefore, a
guideline for the determination of applicable structure
sizes depending on drive field strength and frequency
is given and equations for the calculation of remaining
eddy current losses are stated. Accordingly, basic com-
patibility of US equipment is achieved by dispensing
with continuous shielding and any induction loop, the
reduction of electrode and cable sizes, as well as the use
of non-ferromagnetic materials.

Further it is shown that the operation of US hard-
ware inside the scanner bore affects MPI signals. Con-
trary, merely the presence of adapted US hardware does
not necessarily degrade MPI image quality severely. A
compromise, however, has to be made with regard to
image quality of US when dispensing with electrical
impedance matching inside the MPI scanner bore. At
the same time MPI is expected be affected by the MHz
currents on US cables. Nevertheless, it is potentially
possible to acquire images with both modalities inter-
mittently as well as simultaneously. Future experiments
with compatible US hardware will provide quantitative
results regarding the influence on image quality and the
suppression of mutual interferences.
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