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The design, simulation, assembly and testing of a novel dedicated antisymmetric transmit/receive (Tx/Rx)
coil array to demonstrate the feasibility of cardiac magnetic resonance imaging (cMRI) in pigs at 7 T was
described. The novel antisymmetric array is composed of eight elements based on mirrored and reversed
loop orientations to generate varying B; field harmonics for RF shimming. The central four loop elements
formed together a pair of antisymmetric L-shaped channels to allow good decoupling between all neigh-
boring elements of the entire array. The antisymmetric array was compared to a standard symmetric rec-

Key V‘fords" tilinear loop array with an identical housing dimension. Both arrays were driven in the parallel transmit
Cardiac MRI : . . .
Ex-vivo pigs (pTx) mode forming an 8-channel transmit and 16-channel receive (8Tx/16Rx) coil array, where the same

Multichannel coil arrays posterior array was combined with both anterior arrays. The hardware and imaging performance of the
UHF dedicated cardiac arrays were validated and compared by means of electromagnetic (EM) simulations,
RF shimming bench-top measurements, phantom, and ex-vivo MRI experiments with 46 kg female pig. Combined
Parallel transmit (pTx) signal-to-noise ratio (SNR), geometry factor (g-factor), noise correlation maps, and high resolution ex-
vivo cardiac images were acquired with an in-plane resolution of 0.3 mm x 0.3 mm using both arrays.
The novel antisymmetric array enhanced the SNR within the heart by about two times and demonstrated
good decoupling and improved control of the B; field distributions for RF shimming compared to the
standard coil array. Parallel imaging with acceleration factor (R) up to 4 was possible using the novel

antisymmetric coil array while maintaining the mean g-factor within the heart region of 1.13.
© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Design of radiofrequency (RF) coil arrays for ultrahigh field
(UHF) (Bo >7T) magnetic resonance imaging (MRI) yields an
improvement of the signal-to-noise ratio (SNR) compared to lower
field strength (<3 T) [1,2]. Moreover, due to the reduced wave-
length effects, which arise at 7 T (Jef ~ 12 cm), constructive and
destructive interferences of the transmitted B; field magnitude
and hence strong corresponding intensity artifacts will occur in
the acquired MR images [3-6]. To solve the issues of the B field
inhomogeneity for brain imaging at 7 T, different coil array designs,
concepts, and hardware technologies have been introduced [7-21].

Cardiac magnetic resonance imaging (cMRI) is promising for
clinical applications due to the possibility to differentiate various
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myocardial diseases at 7 T. However, unlike in the brain, cMRI at
7 T is considered to be a challenge. On one hand there is the neces-
sity to optimize a large number of resonant elements in order to
enhance the penetration of B field within the thorax (about
10 cm from the coil surface to the heart), to improve the B; field
uniformity, maximize the SNR, and maximize the transmission
efficiency within the heart. On the other hand the specific absorp-
tion rate (SAR) needs to be kept within the standard limits accord-
ing to IEC or national regulations. Therefore, different coil arrays
and design concepts have been introduced for cMRI in humans at
UHF including, transmission line resonators [22,23], multichannel
Tx/Rx loop arrays [24-30], dipole antenna arrays [31-37], com-
bined dipoles and loops arrays [38,39] and dielectric resonant
antenna arrays [40].

An optimized multichannel transceiver array composed of inde-
pendent coil elements (typically 8 to 32) lead to reduced inhomo-
geneity of the transmit B; field. By optimizing the magnitude and
phase of each individual transmit coil element, the combined B;
field can be shaped and controlled in order to achieve better By
field homogeneity within the targeted Region-Of-Interest (ROI),
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which here is the heart. This process called RF shimming or B}
shimming [41-46] and can be applied via software using the pTx
system available at the modern 7 T scanners without modifying
the coil hardware. To effectively use RF shimming, the outcome
transmit By field arrangement of the individual coil elements
should reveal spatially separated profiles in the required ROI.

Although, increasing the number of elements in the array
enhances the signal-to-noise ratio (SNR), allows accelerations with
lower noise amplification g-factor for parallel imaging, and
improves the B; field homogeneity, the coupling between neigh-
boring loops will increase, and the RF shimming will get less effi-
cient. Therefore, novel coil array designs with different coil
geometries (e.g. antisymmetric configuration), with combination
of different loop shapes (e.g. circular, rectangular, octagonal, or tri-
angular) and with novel decoupling mechanisms and element dis-
tributions are required for RF shimming. A recent study presented
a dedicated multichannel symmetric Tx/Rx coil array for cMRI in
pigs at 7T [47]. A significant degradation of the SNR and the B;
field homogeneity was shown by using a human coil array for per-
forming cMRI in pigs compared to a dedicated array for pigs. Car-
diac coil arrays based on multichannel Tx/Rx loops with optimal
coil dimensions, geometry, and decoupling schemes enable RF
shimming and therefore give control over the transmit B; field
homogeneity within the heart region.

In this paper, a novel antisymmetric transceiver pTx coil array
was designed and evaluated for cMRI in pigs at 7 T. The novel
antisymmetric array was compared to the rectilinear coil array.
Both arrays were characterized through bench-top measurements,
EM-simulations, phantom and ex-vivo pig measurements using the
pTx system of the 7T Siemens Scanner. High resolution ex-vivo
images were acquired with an in-plane resolution of up to
0.3 mm x 0.3 mm using both arrays. Two fold higher SNR was
achieved using the antisymmetric array compared to the rectilin-
ear array.

2. Materials and methods
2.1. The symmetric rectilinear coil array (Design 1)

The anterior array for Design 1 was composed of eight elements
and was designed using the standard 4 x 2 rectangular symmetric
elements distribution. The optimal size of the loop elements for
the anterior array was selected to be 4cm x 8 cm as recently
described in [47]. For the anterior array, all central elements 2, 3,
4, 5, 6 and 8 have the same symmetric dimensions as shown in
Fig. 1a. However, elements 1 and 7 were adjusted to keep some free
space on the housing by taking into considerations the legs of the
pig. An effective surface area of 64 cm? was optimized for each pair
of the elements (e.g., the combination of elements 1 and 2 in one Tx
channel) with a channel pair size of 4 cm x 16 cm. Two tuning
capacitors (Ct and C},) were distributed equally in the gaps between
the segment for each resonant loop in order to have the element
resonating at 297.2 MHz. The decoupling of the adjacent coil ele-
ments (e.g., element 1 and 2) was accomplished using a common

conductor and a shared decoupling capacitor (SDC) of (C‘f)[48].
For all neighboring elements (e.g., element 1 and 3), the decoupling
was accomplished using two equal capacitors (Cg) in addition to a
horizontal decoupling gap of 1.8 cm. The external dimension for
the anterior array of Design 1 was 17.2 cm x 24.6 cm.

2.2. The novel antisymmetric anterior coil array (Design 2)

The novel antisymmetric anterior coil array of Design 2 was
composed of eight elements based on mirrored and reversed loop

orientations. Six elements (3, 4, 5, 6, 7 and 8) were distributed
around the central two elements (1 and 2) in mirrored and
reversed loop configurations as shown in Fig. 1c. The central four
loop elements formed together a pair of antisymmetric L-shaped
channels to allow good decoupling between all neighboring ele-
ments of the entire array. This method allows generating varying
By field harmonics for each individual Tx channel for RF shimming.
The size of the central two elements 1 and 2 was
3.50 cm x 7.35 cm. For both central elements 1 and 2, three tuning
capacitors (C}) were distributed in the gaps between the segment
for each resonant loop in order to have the element resonating at
297.2 MHz. Their respective locations were chosen to allow capac-
itive decoupling with the neighboring elements. The decoupling
between the central elements was accomplished using a SDC of
(C%). The elements 3 and 4 were reversed and decoupled with ele-

ments 1 and 2 using a SDC of (Cg). The elements 5 and 7 and the
reversed identical elements 6 and 8 were decoupled using a SDC

of (Cg). The central elements 1 and 2 were decoupled from the
neighboring elements 5, 6, 7 and 8 using capacitive decoupling

(C¢ and C?) in addition to a decoupling gap of 1.5 cm. The external
dimension for the array was 15.9 cm x 23.6 cm.

2.3. The posterior array

The posterior array was built using 4 x 2 rectangular symmetric
elements configuration as shown in Fig. 1b with element dimen-
sions (5.0 cm x 10 cm) [47].

In order to maintain the same imaging position and not moving
the phantoms or the pig between scans, both anterior arrays (i.e.,
the standard rectilinear array of Fig. 1d and the novel antisymmet-
ric array of Fig. 1f were combined with the same posterior array of
Fig. 1e.

2.4. Channel pairing for the pTx system

The 7 T Magnetom Terra scanners are equipped with only eight
transmit channels (8Tx). Therefore, for all arrays, each two ele-
ments were combined in one Tx channel forming four independent
Tx channels for the anterior array and another four independent Tx
channels for the posterior array (8Tx/16Rx). Since Design 1 is sym-
metric, each two elements, which have a common conductor and a
SDC (e.g., elements 7 and 8) were combined in one Tx channel
(Ty1). The same for the other channels Ty,, Tys and Ty4 as described
in Table 1. The other four Tx channels were set for the posterior
array of Fig. 1b (Tys, Txs, Tx7 and T,g) [47]. However, for the
antisymmetric array of Fig. 1c, the selection of the channel paring
was composed of two central antisymmetric L-shaped channels
(Ty, and T,3) and two antisymmetric channels (Ty; and Ty) as
described in Table 1. Each array was connected to a Tx/Rx switch
interface via two plugs (ODU GmbH & Co. KG, Miihldorf a. Inn,
Germany).

2.5. EM simulations of the dedicated coil arrays

For coil design and B; field optimizations, comprehensive EM
simulations were performed using CST® Microwave Studio (Com-
puter Simulation Technology AG Darmstadt, Germany) for both
arrays at 297.2 MHz. Fig. 1g shows the RF simulation model of
the dedicated cardiac coil arrays developed for a 50 kg pig. Each
cardiac array consists of eight elements for the anterior and eight
elements for the posterior sections.

All coil arrays were loaded with two different phantom loads to
test worst and best cases of the cardiac arrays performance since
pigs have a significant heterogeneity of the thorax structure. The
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Fig. 1. Schematics and prototypes of the dedicated pig coil arrays including the element dimensions, the capacitor variables, and the element numbers. The anterior array of
Design 1 (a) & (d), posterior array of Design 1 (b) & (e), anterior array of Design 2 (c) & (f). (g) Simulation models of a dedicated pig cardiac array loaded with a 16 cm diameter
spherical phantom combined with six bottles (top) [47] and with a pig body phantom (bottom). Note: in all schematics, the variable names for capacitors are: m for matching,
t for tuning, d for decoupling and a, b for splitting tuning at the feeding ports. Both anterior arrays were combined with the same rectilinear posterior array of Fig. 1e [47].
Obtained permission from IEEE to include Fig. 2(b) and e from ref. [47] (License Number: 4606371380227)

Table 1
Measured relative phases and loaded to unloaded quality factor (Qi/Qyy) ratios for
both anterior arrays of Design 1 and Design 2 loaded with an ex-vivo pig of 46 kg.

Channel # Element # Phase [°] Qio/Qun Ratio
Anterior Array of Design 1 (Fig. 1a)
Ty 7 58 32/45 0.71
8 60 32/42 0.76
Ty 5 45 30/40 0.75
6 47 31/40 0.77
Ty 3 31 30/40 0.75
4 32 29/40 0.72
Txa 1 52 32/45 0.71
2 64 32/42 0.76
Anterior Array of Design 2 (Fig. 1c)
Ty 6 60 28/37 0.76
8 72 44/70 0.63
T2 1 41 68/90 0.75
4 46 36/56 0.64
Ty 2 50 68/90 0.75
3 66 38/56 0.68
Txa 5 102 28/37 0.76
7 100 4470 0.63

first phantom load consisting of a 16 cm diameter spherical phan-
tom combined with another six bottles (Dimensions:
7.0 x 5.6 x 14 cm®) [47]. The second phantom load was a pig body
phantom mimicking the shape of a pig with width, height and
length of 25, 23 and 20 cm, respectively, as shown in Fig. 1g, bot-
tom. This load was used only for simulations and B; shimming.
Both phantoms have the same electrical properties with
(&:=59.3, 0=0.79 S/m). All feeding ports, tuning, matching, and
decoupling capacitors were modeled as 50 Q discrete face ports
for RF circuit co-simulations [49]. After adjusting the meshing for

all coils, the final total number of mesh cells was 25.3 and 27.3 mil-
lion for Design 1 and 2, respectively. Individual 16-AC simulation
tasks corresponding to the 16 elements for each array combination
were evaluated at 297.2 MHz. The 3D-data of the H-field for each
resonance element was exported to MATLAB® (MathWorks, Natick,
MA, USA) for post-processing and B; phase shimming.

All coil arrays were designed to have a copper (Cu) track width
of 4mm and a thickness of 35 pum etched on a 0.3 mm FR4
(&r=4.24 and tané=0.014 at 297.2 MHz) printed circuit board
(PCB) (Q-print Electronic GmbH, Heddesheim, Germany). To
increase the filling factor and improve the SNR, all flexible PCBs
were bent around a semi-half elliptical shape housing of 5 mm
thickness made from ABS" material (¢, = 2.8 and tand = 0.0095 at
297.2 MHz) and were fixed using screws and nuts. Fixed chip non-
magnetic capacitors (Voltronics Corp., Denville, NJ, USA) were used
for tuning, matching and decoupling.

2.6. Characterization of the cardiac arrays

2.6.1. Measurements of the scattering parameters

Both arrays were optimized (i.e., matching, tuning and decou-
pling capacitors) on bench using the cadaver of 46 kg pig as the
load. The scattering parameters (S-matrix) for both arrays were
measured using an E5080A 4-port Vector Network Analyzer
(VNA) (Keysight Technologies, Santa Rosa, CA, USA). The measured
and simulated S-matrix for the first phantom load (a 16 cm spher-
ical phantom combined with six bottles), which represents the
worst case of loading are shown in the Appendix (Tables 2 and
3). For the pig body phantom we show only the simulated
S-matrix (Tables 4 and 5). For each resonant element, one cable
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trap was designed to remove the unbalanced surface current and
cable resonance on the coaxial cables. The initially optimized
capacitors values using CST RF-circuit co-simulation were in good
agreement with the optimized values on bench-top measurements
(Tables 6 and 7). The prototypes of the dedicated cardiac coil arrays
were shown in Fig. 1d-f.

2.6.2. Measurements of the phase shifts

To adjust the phase shift between elements, individual low pass
pi-network discrete phase shifter (PS) circuits consists of two equal
capacitors and one nonmagnetic and high quality factor inductor
(Coilcraft, Inc., Silver Lake Road, Cary, IL) were designed for each
element. The PS was inserted between the resonant element and
the cable trap. For both array designs, the implemented hardware
phases were obtained using an in-house developed MATLAB script
as described in [46,47]. The measured absolute hardware phases
for all anterior channels were described in Table 1. For the ele-
ments 9-16 of the same posterior array, the phases were measured
as 100°, 82°, 72°, 64°, 73°, 72°, 96°, and 92°, respectively.

2.7. MR measurements

All MR measurements were performed on a 7T whole-body
MAGNETOM Terra scanner (Siemens Healthcare, Erlangen, Ger-
many) equipped with a 16 kW RF power amplifier for eight chan-
nel pTx mode. For all MR measurements (phantom validations
and ex-vivo), the same rectilinear posterior array of Fig. le [47]
was combined with both anterior arrays of Design 1 and of Design
2. Phantoms and the ex-vivo pig were not moved between scans in
order to maintain the same imaging position. Both coils were fed
with the same reference voltage.

2.7.1. Phantom MR measurements

A phantom MR experiment was performed using the phantom
setup of Fig. 1g (top) (a 16 cm spherical phantom combined with
the 6 bottles). The measurements of the B] spatial distribution in
both phantoms and ex-vivo experiments were performed using
mapping of magnetization FA by the saturated double flip angle
(SDAM) approach based on a GRE sequence. The GRE-SDAM mea-
surement parameters were: TE/TR 1.8/4000 ms, pixel resolution
2 x 2 mm, slice thickness 3.5 mm, and number of slices 36. The
FA maps were acquired in two successive measurements with
30° respective 60°. The actual FA maps were reconstructed using
an in-house developed MATLAB script.

2.7.2. Ex-vivo MR measurements

Both coil arrays were tested in an ex-vivo experiment with one
female pig (German Landrace pig, 46 kg in weight obtained from
Heinrichs Tierzucht GmbH, Heinsberg, Germany). The animal was
provided for ex-vivo measurements, following its approved use in
project 55.2 DMS 2532-2-664 (Regierung Unterfranken, Germany).
Euthanasia was performed with an intravenous application of
150 mg/kg pentobarbital under isoflurane anesthesia with fentanyl
analgesia. The MR measurements were performed starting with
Design 1 followed by Design 2 while keeping the posterior array
of Fig. 1b the same without moving the animal between scans.
The pig was placed head first in supine position inside the scanner.
The initial coil position was marked to be in the same place after
exchanging between both anterior arrays. The position of the heart
was estimated to fit approximately in the center of the coil.

The sequence parameters for CINE short axis (SA) views were:
TR/TE = 69.52/4.07, FA =45°, pixel size=0.3 x 0.3 mm, GRAPPA
acceleration factor R = 2, number of averages = 8, FOV =320 x 320
and a slice thickness of 4 mm. The total measurement time was
about four hours covering the preparatory pulse sequences,

anatomical CINE GRE sequence, FA maps, SNR maps, noise correla-
tion, and the g-factor maps.

2.8. Outlook of B; shimming for the coil arrays

2.8.1. Decorrelation analysis of the Tx-Channels B; maps

In order to characterize and compare between the pTx B; adjust-
ments capabilities for RF shimming of both designs, the B maps of
the combined pTx RF channels were additionally analyzed in order
to reveal the effective amount of degrees of freedom available for
By shimming procedure. For this purpose, the so-called, “multi-
band decorrelation-stretch” procedure was applied to the four
channels of the anterior array part for each design individually. This
procedure was based on the principal component analysis (PCA) of
the channel maps, which was widely used to reveal correlations and
subsequent “compression” of the correlated physical array channels
to the smaller amount of de-correlated virtual eigen-channels. The
numerous applications of PCA-based coil compression approaches
can be found in [50]. We therefore, only provide a brief description
of the analysis algorithm. The decorrelation-stretch procedure con-
sists of the following steps: (1) selecting the coronal plane slice in
the numerical body phantom B] maps and forming L x M x N array,
where L x M was the dimensions of the B map coronal slice and N
was the number of bands (pTx channels); (2) whitening of the chan-
nels, subtracting mean and normalizing to standard deviation; (3)
rotating the bands into the eigen-space of the correlation matrix
using singular value decomposition (SVD); (4) apply a stretch
according to the found singular components in the eigen-space,
leaving channel maps de-correlated and normalized in the eigen-
space; (5) rotate back to the original band-space, where the chan-
nels remain de-correlated and normalized; and (6) restore a mean
in each channel. The difference found in the normalized original
and de-correlated stretched B maps will reveal the strength of cor-
relation presented in the original physical channels.

2.8.2. Static B; shimming

For a specific RF-pulse waveform and constant driving ampli-
tudes delivered by radio frequency power amplifier (RFPA), the
spatial distribution of combined Bjfield produced by N Tx-
channels can be represented as sum of individual array elements
spatial profiles b}, (r) weighted by phasors of driving currents
applied with phase shifts ®y.

Bi (1) = >,  ubiy(n)] (1)

where @, = e%. The static Bj shimming of the array was performed
by control of the phasor vector {®} = {®; --- ®y} to achieve the tar-
geted spatial homogeneity of the combined B; field. The task can be
solved numerically as an optimization problem for the cost function
Fope maximizing the combined B; (r) field homogeneity and total
arrays transmit efficiency within the selected region Ar.

® = argmaxg.c (Fope (Ar)) (2)

The geometry of the designed thorax arrays creates intrinsically
strong gradients of theBj field in anterior-posterior direction lead-
ing to insufficient FA value in the dorsal regions of the myocardial
wall. This put higher demand on the uniformity of B;field to be
achieved with default static phases shimming. Therefore, in order
to find the phasor forming the optimal combined Bj field we have
introduced the cost function with additionally enhanced sensitiv-
ity to homogeneity within a specific optimization region Ar as

_ median(B; (Ar) - g, (Ar)
" [max(B; (Ar)) — mean(B; (Ar))]

Fopt (AT) Txerr (Ar) (3)
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where ¢,(Ar) = BG40 s the relative standard deviation and
mean(Bj (Ar))

_ e
B0 = o
lem (3) has a numerous locally optimal solutions if a standard
approach based on the non-linear solvers was applied. All computa-
tions on the B field were performed using an in-house developed
MATLAB 2017Db scripts.

is the transmitting efficiency factor. The prob-

3. Results
3.1. Characterization of the cardiac arrays

3.1.1. S-Matrix measurements

For both arrays, the reflection coefficient S; corresponding to
each coil element was measured with a 46 kg pig load to be
—20+7 dB. The transmission coefficient S;; was measured to be
below —12 and —14 dB for Design 1 and Design 2, respectively.
For phantom measurements, S;; was measured to be below —9 dB
and —13 dB for Design 1 and Design 2, respectively. The antisym-
metric coil design shows better decoupling among all neighboring
loops compared to the rectilinear array as shown in Table 3.

One of the main issues of the rectilinear array design was the
coupling between the diagonal elements (e.g. between elements
1 and 4 or elements 2 and 3), which was minimized in the antisym-
metric design. The rectilinear array could generate magnetic cou-
pling between adjacent elements or diagonal elements due to
diagonal coupling even with a large gap distance of 1.8 cm. The
arrangement of the elements in the further novel array Design 2
allows for additional shared decoupling capacitors for the central
antisymmetric L-shaped elements (e.g., between element 1 and 4
or element 2 and 3) and with capacitive decoupling in addition
to gaps between the other four elements 5, 6, 7 and 8. This
antisymmetric array design with reversed and mirrored loops facil-
itated the decoupling between all elements in the entire array.
Therefore, good isolations between the individual elements were
obtained in order to ensure spatially unique sensitivity for all
channels.

3.1.2. Measurements of the phase shifts

For Design 1, the hardware phases were adjusted to have
approximately the same reference phase for each two channel
formed by the combination of two elements which have a common
conductor and a SDC. For example the phase shift between ele-
ments 1 and 2 was 8° and between elements 3 and 4 was 1°
(Table 1). For the posterior array of Design 1, the phases were
adjusted in the same way. However, for Design 2 the adjustments
of the initial hardware phases and the channel pairing were found
to be more complex because the structure was antisymmetric.
Each two mirrored and reversed elements (e.g., elements 1 and
4) or (elements 2 and 3) were combined in one Tx channel (T,
and T,3 ), respectively. The hardware phase setting for each channel
pair provides the maximum efficiency of the coil elements with
spatially unique B field profiles within a16 cm diameter spherical
phantom.

3.1.3. Quality factors measurements

Since both anterior arrays of Design 1 and Design 2 have differ-
ent element dimensions and bending conditions, the quality fac-
tors differed. For example, for Design 1, the elements 1, 2, 7, and
8 had stronger bending than elements 3, 4, 5 and 6 (Fig. 1a). The
same was the case for Design 2: elements 3, 4, 5, 6, 7 and 8 bent
more than elements 1 and 2 (Fig. 1c). For both anterior arrays of
Design 1 and Design 2, the loaded Q,, were measured with a
46 kg ex-vivo pig from the reflection coefficients (S;). The Qi/Qun

ratios for all elements of Design 1 were in the range of 0.71 to
0.77. The Q,/Qyn ratios for all elements of Design 2 were in the
range of 0.63 to 0.75 as listed in Table 1. The Q,/Qu, ratios for
the posterior array were in the range of 0.35 to 0.55 [47], which
indicate that the sample noise dominates the coil noise.

3.2. Phantom MR measurements

3.2.1. Individual channel FA maps

Figs. 2 and 3 demonstrate the normalized central coronal B;
field distribution within a 16 cm diameter spherical phantom for
the individual four channels of the anterior arrays of Design 1
and Design 2, respectively. The normalized B; field distribution
of the four individual anterior channels obtained from CST simula-
tions was compared to the normalized FA maps obtained from
DAM MR measurements. The combined B; field for each channel
was normalized to its own maximum value. For Design 2, the sim-
ulated By field and the measured FA maps for the four individual Tx
channels (Ty;, Tx2, Tx3, and Ty4) were in good agreement and
matched well with minima, maxima and even with the destructive
interference locations (Fig. 3). However, for Design 1, there were
some differences in measured B; field patterns for the two chan-
nels, Ty3 and Ty as shown in Fig. 2c, d, g and h.

3.2.2. Combined FA maps

Fig. 4 shows the simulated B field distribution and the mea-
sured FA maps within a 16 cm diameter spherical phantom from
all combined eight channels. The relative standard deviation
(RSD) which was defined by the ratio of the SD of the B field to
the mean of the By field was evaluated in the same selected ROL.
It is of interest to note that the distribution of the combined B;
field generated from both coils was considerably different espe-
cially with the destructive interference locations. For Design 1,
the locations of the constructive interference were near to the
peripheral of the phantom and the destructive interferences were
much bigger in size than for Design 2. For Design 2, a constructive
interference with local maximum was pronounced at the center of
the phantom. The RSD values were computed in the selected ROI as
0.37 and 0.21 for both anterior arrays combined with the same
posterior array. Hence, the novel antisymmetric array improved
the combined B} field homogeneity by about 43% compared to
the rectilinear array. Design 2 showed better homogeneity with
less destructive interference combined with the same posterior
array. The posterior array has about 10% contribution of the total
B; field, which is why changing the posterior array has minor
effects on the B} field within the heart region. This confirms that
the posterior array has minimal impact at 16 cm depth.

3.3. Ex-vivo pig MR measurements

3.3.1. Noise correlation

Fig. 5 shows noise correlation matrices for an ex-vivo pig experi-
ment acquired using Design 1 (left) and Design 2 (right). Despite the
complexity of the novel antisymmetric design, the noise correlation
was decreased by about 25% compared to the rectilinear array,
which was mainly due to better decoupling between elements.

3.3.2. g-Factor maps

Parallel imaging performance was measured with acceleration
factors R=2, 3 and 4 for both dedicated arrays as shown in Fig. 6
using a vendor-provided sequence for coil tests on the scanner (coil
utils, Siemens Healthcare, Germany). The mean = SD of measured
g-factor maps from within the heart region for an ex-vivo pig
experiment with acceleration from the left-right (L/R) direction
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Fig. 2. Simulated and measured normalized central coronal B; field distributions for the individual four channels: Ty;,Tx2,Ty3, andT,4 of the anterior array of Design 1 within a

16 cm diameter spherical phantom. Simulation (a)-(d). Measurement (e)-(h).

Simulated B} (Des2: Tx1)
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Fig. 3. Simulated and measured normalized central coronal B; field distributions for the individual four channels: Ty;,Tx2,Tx3, andTyq of the anterior array of Design 2 within a
16 cm diameter spherical phantom. Simulation (a)-(d). Measurement (e)-(h).

for both coil array designs. Even with less elements from the L/R
direction (three elements for Design 2 compared to four elements
for Design 1), the antisymmetric array supports parallel imaging
with acceleration factors up to R=4 and keep the mean g-factor
within the heart region of 1.13.

3.3.3. SNR and FA maps

The SNR evaluations from an ex-vivo pig experiment for both
designs were obtained as part of the standard Siemens coil test
procedures. The results representing SNR-map in a mid-
ventricular short axis view of the pig thorax were shown in

Simulated B (Des2: Tx3) Simulated B (Des2: Tx4) [a. u.]

~

Measured B! (Des2: Tx3) MeasuredB (Des2: Tx4) [a. u.]

0

Fig. 7. The mean of the SNR was evaluated in the ROI of the heart
for both combinations. The measured mean SNR values were
53.7 from the novel antisymmetric coil array compared to 21.2
from the rectilinear array. The novel antisymmetric array of Design
2 improved the SNR within the heart by about two times compared
to standard Design 1. The spatial separation of the elements in the
novel array with good decoupling and flexibility to bend the PCBs
around the semi-half elliptical shaped housing resulted in a signif-
icant improvement in the SNR within the heart region. Addition-
ally, the novel coil array demonstrates essentially better B] field
homogeneity in the measured FA maps within heart regions
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Measured FA map (Design 1)
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L AL RSD=0.37 [
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Fig. 4. Simulated and measured central coronal combined B; field distributions and
the FA maps within a 16 cm diameter spherical phantom for Design 1 (a) & (b),
Design 2 (c) & (d). Both anterior arrays were combined with the same rectilinear
posterior array of Fig. le. The RSD of the FA maps were evaluated within the
selected ROL. For both coil arrays, the total input power was 8 W.

1 1
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Fig. 5. Measured noise correlation matrices for an ex-vivo pig experiment acquired
using Design 1 (left) and Design 2 (right). The maximum noise correlations are 0.24
and 0.18 for Design 1 and Design 2, respectively.

Measured FA map (Design 2)

compared to the standard array design. The computed RSD was
decreased from 0.65 from Design 1 to 0.46 for Design 2, which
means about 30% improvement in FA homogeneity.

Fig. 8 shows high resolution ex-vivo short axis (SA) and long axis
(LA) views of the pig heart acquired using Design 1 (left), and Design
2 (right), respectively. The novel cardiac array displayed a deeper
penetration B] profile with less destructive interference (white
arrows) over the entire heart of the pig compared to Design 1. Differ-
ences in signal intensities at the posterior wall of the left ventricle
(LV) between the two designs are up to 45%. The novel array could
provide better image quality in future in-vivo measurements.

3.4. Outlook of B; shimming for the cardiac arrays

To achieve the best possible image quality with the developed
dedicated RF coil arrays for future in-vivo pig MR studies, compre-
hensive B] field optimizations of the RF shimming using the pig
body phantom will be required.

3.4.1. Decorrelation analysis of the Tx-channels B; maps

Figs. 9 and 10 demonstrate the decorrelation analysis of four
anterior Tx channels maps:Ty;,Tx2,Tx3, andTy, for the standard rec-
tilinear array and the novel antisymmetric array, respectively. The

Fig. 6. Measured g-factor maps of R=2, 3, and 4 for an ex-vivo pig experiment
acquired using Design 1 (first column; (a), (c) and (e)), and for Design 2 (second
column (b), (d) and (f)) with an acceleration in the L/R direction. The mean + SD g-
factor values were computed in the selected ROI as 1.03 +0.03, 1.06 + 0.05, and
1.14 £ 0.09 for Design 1 and 1.03 + 0.03, 1.06 £+ 0.05, and 1.13 £+ 0.07, respectively.

SNR Map (Des1) Log3 SNR N_|ap (Des2) Log3
P —

Fig. 7. Measured combined SNR maps in logarithmic scale (first row) and the
combined FA maps in degrees (second row) acquired from Design 1 (a) & (c), and
Design 2 (b) & (d).

two row panels demonstrate: (first row) the normalized original B}
maps, (second row) the B] maps after decorrelation. One can see
that the decorrelation procedure essentially modifies two of four
channels maps for Design 1 with new spatial harmonics appearing
forT,; andTy4. In the same time, both 2D maps before and after
decorrelation of the similar maps for the antisymmetric array show
no modification of the spatial distribution of peak positions and
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profiles. Computed across summit points of B maps, their shapes
were preserved. For Design 1 decorrelation introduces minimal
changes inT,; andTy,, whereas a significant modification of B; spa-
tial distribution was observed for de-correlated maps in T,3 andT 4.
This confirms essential correlation of B; produced by these physi-
cal channels and, thus, reduction of degrees of freedom available
for By shimming. In contrast, for Design 2 there is practically no
difference in original and de-correlated maps for all four channels.
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Fig. 8. High resolution (0.3 mm x 0.3 mm) ex-vivo SA and LA views of the pig heart
acquired using Design 1 and Design 2. Plots in the upper right corner show profiles,
connecting the anterior and posterior red and blue points respectively. The
difference between the two designs is plotted in percentage for the profile through
the left ventricle. Areas of destructive interference in the short axis images are
indicated by white arrows. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

This confirms essentially higher independence of spatial harmonics
of B field produced by Design 2.

3.4.2. Static B; shimming

The results of the global search of the hard-wired phase set per-
formed for Design 1 and 2 were shown in Fig. 11. The simulated
transversal combined B; field distributions within the pig body
phantom for Design 1 and Design 2 before RF shimming and after
RF shimming were shown in Fig. 12. The transversal, B fields were
computed for the optimal phase vectors ® providing optimal tar-
geted B; field found by solving the optimization problem (3). The
angular diagrams showing corresponding phase vector compo-
nents. The important statistical characteristic of the B field con-
tributing cost function are inverse relative standard deviation,
mean value of Bf and transmission efficiency Tx.; Maximizing of
this value ensures homogeneity of the B; distribution in the opti-
mization region Ar, and achieving necessary FA with minimal nec-
essary power. These values were found to be (3.2, 0.34, and 0.44)
versus (2.95, 0.42, and 0.52) for Design 1 and 2, respectively. The
product of these three values could be considered as “coil perfor-
mance index” which is 20% better for Design 2 in comparison to
Design 1.

4. Discussion

In this work, we have presented a novel antisymmetric TX/Rx
coil array to demonstrate the feasibility of cMRI in pigs at 7 T.
The antisymmetric array was compared to a standard rectilinear
coil array optimized for a 50 kg pig, where the housing fits well
to the thorax shape. Both coils have been designed to have a curved
housing for both anterior and posterior sections. EM simulations
were performed and validated for all individual channels of both
anterior arrays and for the combined B; field for all eight channels,
while keeping the same posterior array without moving to show
the advantages of the antisymmetric array versus the standard rec-
tilinear array. High resolution ex-vivo cardiac images were
acquired with an in-plane resolution of up to 0.3 mm x 0.3 mm
using both arrays. Parallel imaging with R =4 in the L/R direction
is possible using the novel antisymmetric array, while maintaining
a mean g-factor of 1.13 within the heart region.

4.1. Symmetric versus antisymmetric coil array design

Performing cMRI at 7 T requires a multichannel Tx/Rx coil array
combining an arrangement of multiple individual elements in dif-
ferent shapes, different element sizes, and different physical orien-
tations in order to homogenize the B} field within the heart region.
To enable RF shimming and to improve the transmit B field uni-
formity for cMRI at 7 T, each coil element should have its individ-
ual and unique transmit B; field and receive sensitivity. The
multichannel Tx/Rx arrays based on rectilinear loop configurations
could have coupling between the diagonal elements (Table 2).
Therefore, we proposed in this work, a novel antisymmetric array
coil design based on mirrored and reversed loop elements aiming
to minimize coupling between all neighboring loops through the
entire coil array (Table 3). In this paper, the dimensions of the coil
elements were chosen as described in [47]. Instead of extending
the elements in the longitudinal direction like in Design 1, six ele-
ments of Design 2 (the elements 3, 4, 5, 6, 7 and 8) were extended
in the transversal direction (Fig. 1c). The penetration of the B] field
was stronger (Fig. 8) from those elements after bending of the
elements.
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Fig. 9. Simulated multiband decorrelation performed on the original normalized coronal B; field at 10 cm from coil surface within the pig body phantom for the individual
four channels of the anterior array of Design 1 (Tx1,Tx2,Tx3, andTys) (a)-(d) and the de-correlated normalized B; field (e)—(h).

Design 2 (Tx1 Design 2 (Tx2 Design 2 (Tx3 Design 2 (Tx4) [a.u.]1
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Fig. 10. Simulated multiband decorrelation performed on the original normalized coronal B; field at 10 cm from coil surface within the pig body phantom for the individual
four channels of the anterior array of Design 2 (Tx1,Tx2,Txs, andTxs) (2)-(d) and the de-correlated normalized B; field (e)-(h).
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Fig. 11. Optimal phase vector components for Design 1 (left) and Design 2 (right)
were optimized within the pig body phantom.
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Fig. 12. Simulated combined B field distributions within the pig body phantom for
Design 1 (first column) and Design 2 (second column) with zero phases (a) & (b) and
after shimming (c) & (d).

4.2. MR measurements

The antisymmetric array Design 2 provides a varying coronal B
field profiles at different geometrical locations within the phantom
compared to Design 1 (Figs. 2 and 3). For Design 1, the B; field dis-
tribution per channel shows some magnetic coupling for both
channels Tys and Ty in a 16 cm diameter spherical phantom
(Fig. 2¢, d, g, and h). The observed discrepancy between simula-
tions and MR measurements are most probably not related to elec-
trical coupling because there is no evidence of electric coupling in
the measured S-matrix in both phantom and in ex-vivo pig. This is
most probably effect of distribution of the B field in the specific
spherical phantom. We performed additionally the multiband de-
correlation analysis of B; field for the pTx-channels combinations
of both designs in order to reveal the correlations presented in
the individual channels B; field profiles. The simulation was done
using elliptical phantom which provide best possible loading of all
elements was used in the numeric simulation. The discrepancy
between simulation and MR measurements has many reasons.
First, it may be due to a variation of the phantom geometry and
position with respect to the coil. Second, in CST simulations, the
PSs and cable traps were not taken into account because they were
considered to be ideal 50 Q circuits. However, in the real coil it is
possible that the input impedance of the element changes. Third,

the intrinsic error in the DAM FA-mapping is at least 5% because
it is based on the division of two images which, increases error
propagation. Finally, the relative phases for each element were
measured at 9.5 cm distance from the element surface; however,
the phases may change at the center of the spherical dielectric
phantom.

The developed coil array demonstrates essentially better B;
field homogeneity in the measured FA maps within heart region
by about 30% (Fig. 7d), good decoupling between neighboring ele-
ment and distinct B field localizations in phantom measurements
(Figs. 3 and 4) compared to the standard rectilinear loop design,
which could be efficient for RF shimming for cMRI in future in-
vivo pig experiments at 7 T. Parallel imaging with acceleration fac-
tors up to R = 4 were feasible with reasonable mean g-factor of 1.13
measured in the heart region. The novel antisymmetric coil array
provides lower noise amplification values (1.13 £0.07) with
GRAPPA acceleration factors of R=4 compared to the typically
measured g-factors (1.58 £0.43, 2.33+0.50, and 1.2) using 8-
channel [28], 16-channel [29] and 32-channel [24] Tx/Rx loop
human coil arrays, respectively. The novel coil array design offers
improved B} penetration within the heart region of the pig com-
pared to the standard rectilinear array design. The thorax-
matched shape of the housing, the optimized element dimensions,
and the novel decoupling scheme improved B; and B; field profiles
in comparison with the ones achieved using the traditional recti-
linear arrays at 7 T.

The novel antisymmetric array enhanced the SNR in an ex-vivo
measurement of the heart by about two-fold compared to standard
rectilinear array design (Fig. 7). To the best of our knowledge, the
in-plane high resolution of 0.3 mm x 0.3 mm cardiac images that
we acquired using the dedicated pig array are among the top
obtained so far for cMRI at 7T in humans or in large animals
(Fig. 8). Improved sensitivity of the dedicated pig coil array enabled
the acquisition of cardiac images with a resolution up to three
times higher than typically acquired resolutions at 3 T using
human receive surface coils [51-53]. Simulation results regarding
RF-shimming (Fig. 12) show that the antisymmetric coil array will
perform well in in-vivo measurements using the pTx system.

Recent developments demonstrated the benefits of using dipole
antenna arrays for body imaging at 7 T [31-35]. Dipole antennas
have higher penetration depth inside the body compared to the
traditional loop elements and are thus suited for organs such as
the heart. Combining dipole antennas and loops has the potential
to increase both receive sensitivity and transmit performance for
body imaging [38] and cMRI at 7 T [39]. Further improvement of
the proposed antisymmetric coil design is possible by increasing
the number of elements of the array on the same PCB to 16 or even
higher with 32 elements, while keeping good decoupling between
all elements and distinct B; field localizations. A 16-channnel
antisymmetric loop array for the anterior section could be
combined with a 16-channel dipole antenna array for the posterior
section to form 32 channel coil array. This combination could help
to improve both transmit and receive efficiency for cMRI at 7 T.

4.3. Contribution of the B field from the posterior array to the total
transmit B field

A posterior array from the novel antisymmetric design has been
designed, implemented, and tested only in a spherical phantom.
Phantom MRI measurements have been performed using the ante-
rior part of Design 2 in combination with both the rectilinear array
Design 1 and the novel antisymmetric array Design 2 type as poste-
rior array part (the results can be found in supplementary materials
Fig. 1). The combined B; field was measured in the center of the
phantom sphere (at 10 cm from anterior array and about 15 cm
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from posterior array). One can see that there is only minimal differ-
ence on B; field when the posterior array was changed from Design
1 to Design 2 antisymmetric type. This confirms that the effect of
posterior array design on the B; field distribution at the targeted
region is minimal and therefore the only Design 1 was used in the
ex-vivo test. These, in particular, ensured the fixed position of the
pig body in the MRI comparison tests. While anterior array parts
could be changed without pig body repositioning, the changing of
posterior array would lead to re-allocation of the pig body and thus
missing the MRI slice position localization relative to the scanner
reference system. The contribution of the transmit B; field from
the posterior array to the total B; field was about 10% with the ani-
mal in place. As a result, building a second posterior array from the
same novel design was considered of minor importance.

4.4. Decorrelation analysis of the Tx-channels B; maps

The PCA-based decorrelation analysis has additionally proven the
advantages of the Design 2 in comparison with Design 1 in terms of
usage for static and dynamic pTx-shimming. The changes in shape of
the de-correlated B; spatial harmonics formed by two Tx-channels
T3 andTy4 proved that the initial B] distribution in physical channels
were significantly correlated and, thus, limiting the degrees of free-
dom available for B shimming. This is especially remarkable in the
gap zones between elements. In the same time the de-correlated B
maps for Design 2 shows very little difference with the original phys-
ical channel maps, where the 2D profiles were identical before and
after decorrelation. This confirms that both configuration of ele-
ments in Design 2 and its distribution within available Tx channels
were optimal and provide optimal flexibility for B] shimming via
maximization of the dynamic range and minimization of the corre-
lation of spatial harmonics formed by individual Tx channels.

4.5. Static Bf shimming

The phase vector optimization results reveal the significant
advantage of Design 2 in terms of static B shimming optimization
potential (Fig. 12). The larger amount of degrees of freedom avail-
able for optimization provides more than factor 1.5 larger mean B}

Table 2

values in the transversal projections of the optimized region
whereas the difference of mean and maximal value characterizing
targeted B] homogeneity was practically the same in both cases.
The second important factor of Design 2 was the smaller spread of
the optimal phase vector components in comparison to Design 1
(Fig. 11).This leads to an improvement of the transmit efficiency fac-
tor and, thus, additionally increased of maximal and mean B; values.

5. Conclusions

In this paper, the design, simulation, assembly and testing of a
novel antisymmetric array for cMRI in pigs at 7T have been
described. The antisymmetric array has demonstrated good decou-
pling provided by the reversed and mirrored geometrical loop ori-
entations and improved control of the Bj field distributions for
efficient RF shimming. The antisymmetric coil array improved the
SNR by about two times within the heart region compared to the
regular symmetric coil array. The main achievement of the novel
dedicated pig coil array was the possibility to obtain cardiac images
with high in-plane resolution (0.3 mm x 0.3 mm), with high SNR,
B field homogeneity within the heart, and the possibility of sophis-
ticated B] shimming. Using the novel antisymmetric coil design it is
possible to increase the number of elements of the array on the
same PCB to 16 or even 32 elements, while keeping good decou-
pling between all elements and distinct B field localizations.
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Appendix A

See Tables 2-7.

Simulated (yellow) and measured S-Matrix in dB for the dedicated pig coil array (Design 1) loaded with a 16 cm spherical dielectric phantom

combined with six rectangular bottles with ¢,=59.3, ¢ =0.79 S/m.

Ch. 1 2 3 4 5 6 7 8

10 11 12 13 14 15 16 Ch.

=18 -18 -15 -10 -21 -14 -20 -16
-25 -10 -16 -14 20 -17 -21

1 -13 -23 -15 -12 -15 -16 -18
2 -9.0 | -18 =15 -15 -1 -17 -14
3 20 -11  -7.0 =27 -23 -13 9.0
4 -1 21 -28 -11 =25 -10 -17
5 -9 20 -19 -14 | -10 -17  -18
6 -19 -19 -15 -18 27 @ 9.0 -29
7 -20 23 20 -18 -19 -11  -13
8 -24 20 22 -18 -11 21 -9.0 20
9 -24 30 -32 35 -36 37 -32 38
10 -29 24 -36 -32 -35 -39 -38 -31
11 -24 29 -31 38 -33 -35 -30 -38
12 28 24 36 32 34 36 35 28
13 -30 -39 34 35 -31 -38 -25 29
14 -36 28 -35 -35 -36 -32 -28 -24
15 -32 -4 37 -3 -31 -36 -25 -29
16 -39 31 -3 -39 -3 -33 -30 24

33 22 31 -32 32 -34 34 -36 1
35 23 -35 -31 -42 -30 -29 -27 2
50 30 33 35 -34 -34 32 -41 3
-39 40 -40 -38 -—42 37 38 -32 4
32 37 34 -35 34 -34 -3¢ -35 5
40 35 38 -37 -45 34 -52 -36 6
37 30 36 -52 38 -32 32 27 7
30 27 -41 -31 37 28 35 -32 8
=30 -16 -19 -18 24 27 24 27 9

=00 19 21 -30 21 28 26 10
-14 =00 -16 -16 25 26 -28 11
—26 =70 00 27 16 27 23 12
-19 —20 =0 00 -18 24 -19 13
20 -21 -14 /=70 600 -18 24 14
25 33 -17 24 =50 =i 20 15
34 -26 -24 -17 -15 "0 =Y 16
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Table 3
Simulated (yellow) and measured S-Matrix in dB for the dedicated pig coil array (Design 2) loaded with a 16 cm spherical dielectric phantom
combined with six rectangular bottles with ¢, =59.3, ¢ =0.79 S/m.

Ch. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Ch.
-6 24 23 -13 -16 -16 -17 -18 -33 -36 -32 -35 -34 -34 -33 -39 1
-20 -15 -21 -18 -17 -18 -19 -38 37 -36 -34 -32 -34 -36 -33 2
1 -9.0 9.0 -25 -14 -17 -18 -14 -27 -24 30 -29 -34 27 -34 -28 3
2 -20 9.0 -12 -20 -12 -15 -13 -34 -41 29 -36 28 -32 -28 -27 4
3 -26 -18 | -10 -12 -18 -12 -18 -34 -30 -34 -33 -32 -35 -29 -29 5
4 -18 -26 -31  -10 =10 27 -11 33 42 -36 44 34 41 -34 -34 6
5 24 -19 -16 -19 =20 -80 -39 -32 -30 -28 -35 -28 -36 27 -35 7
6 -19 -25 -19 -16 -21 @ 20 -80 -31 -34 -39 -33 -34 -31 -29 -33 8
7 -19 -21 -18 -13 -14 22 -7.0 -14 -16 20 -18 24 -29 -26 27 9
8 -21 -19 -13 -17 22 -14 -28 -9.0 -90 20 -23 -30 23 -29 -27 10
9 -37 -47 33 -28 31 42 24 35| -13 6.0 -17 -16 -28 -25 —40 11
10 -49 37 26 38 -32 -4 -33 31 -29 -7.0 60 26 -16 29 23 12
11 -37 -46 33 26 -32 40 -24 40 -19 -21 -10 6.0 -17 -23 -20 13
12 47 37 25 48 -32 45 35 27 20 -21 -15  -7.0 —6.0 -18 -26 14
13 =37 47 45 24 -42 31 -28 34 -25 -34 -17 -25 -70 -13 | -18 15
14 —-45 38 27 35 40 34 -43 24 34 27 -25 -17 -15 | 6.0 9.0 16
15 -37 -47 38 -25 42 -32 -31 -32 31 -36 -25 -35 -20 -21 -10
16 —-47 -37 -30 34 43 33 -37 -25 35 -33 34 -27 -22 21 29  -6.0

Table 4
Simulated S-Matrix in dB for the dedicated pig coil array (Design 1) loaded with the pig body phantom with ¢.=59.3, ¢ =0.79 S/m.

Ch. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1 -15

2 -19 | -12

3 20 -17 | -12

4 -15 21 20 -10

5 26 -32 -17 -17 | -10

6 -30 -28 -17 -16 20 -10

7 -40 -31 26 -30 -21 -15 -15

8 -31 -4 -32 28 -17 21 -19 -12

Table 5
Simulated S-Matrix in dB for the dedicated pig coil array (Design 2) loaded with the pig body phantom with ¢.=59.3, ¢ =0.79 S/m.

Ch. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
1 —-10

2 -18 | -10

3 —-44 -17 | 13

4 -17 -43 -35 | -13

5 -22 21 -18 27 | 23

6 -21 22 27 -18 25 | -23

7 -18 -32 27 -23 -14 37 -14

8 -32 -18 -23 27 -37 -14 -33 -14
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Table 6

Optimized capacitor values in pF obtained using CST RF-circuit co-simulation loaded
with the pig body phantom and optimized on bench-top measurements for the
anterior array of Design 1 loaded with a 46 kg ex-vivo pig. All capacitor variables and
values are corresponding to Fig. 1a.

Capacitor Bench Simulation Deviation
C‘,’ 12.7 12.7 0%
c 14.7 14.7 0%
Cg 1.60 1.60 0%
ch 5.20 5.20 0%
c 4.70 4.70 0%
cr 10.0 10.0 0%
(&4 6.20 6.20 0%
cy 6.20 6.20 0%
cy 6.20 6.20 0%
cr 6.20 6.20 0%
g 6.20 6.20 0%
cr 10.0 10.0 0%
cy 6.20 6.20 0%
c 10.0 10.0 0%
(& 10.0 10.0 0%
C5 8.20 8.20 0%
(o 8.20 8.20 0%
cs 8.20 8.20 0%
Cg 8.20 8.20 0%
c 10.0 10.0 0%
Cs 10.0 10.0 0%
c 18.2 18.2 0%
C’z’ 16.4 16.4 0%
c 10.0 10.0 0%
C'j 11.0 11.0 0%
la4 11.0 11.0 0%
Cg 10.0 10.0 0%
c 18.2 18.2 0%
Cg 16.4 16.4 0%
Table 7

Optimized capacitor values in pF obtained using CST RF-circuit co-simulation loaded
with the pig body phantom and optimized on bench-top measurements for the novel
antisymmetric array Design 2 loaded with a 46 kg ex-vivo pig. All capacitor variables
and values are corresponding to Fig. 1c.

Capacitor Bench Simulation Deviation
o 18.2 18.2 0%
c 12.7 12.7 0%
c 8.00 8.00 0%
c 4.70 4.70 0%
c 1.60 1.60 0%
cd 1.00 1.00 0%
c 2.10 2.10 0%
c} 10.5 10.5 0%
a 6.20 6.20 0%
4 3.30 3.30 0%
c, 10.0 10.0 0%
ct 8.20 8.20 0%
Ck 6.20 6.20 0%
cr 4.70 6.20 32%
(&4 4.70 6.20 32%
cy 8.20 8.20 0%
cy 8.20 8.20 0%
cr 10.0 8.20 22%
g 10.0 8.20 22%
cr 8.20 8.20 0%
cy 8.20 8.20 0%
c 10.0 10.0 0%
c 10.0 10.0 0%

Table 7 (continued)

Capacitor Bench Simulation Deviation
c 8.20 8.20 0%
4 8.20 8.20 0%
Cg 6.20 6.20 0%
o 6.20 6.20 0%
c 8.20 8.20 0%
C3 8.20 8.20 0%
C‘]J 18.2 16.2 14%
Cg 19.2 16.2 18%
c 10.5 10.5 0%
CZ 11.0 10.5 0%
ct 8.20 8.20 0%
C'é 7.80 8.20 12%
C'; 8.70 8.20 06%
Cg 9.50 8.20 12%

Appendix B. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jmr.2019.07.004.
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