Magnetic Resonance in Medicine

USE OF DIELECTRIC PADDING TO ELIMINATE LCF ARTIFACT
IN CR-MREPT CONDUCTIVITY IMAGES

Journal: | Magnetic Resonance in Medicine
Manuscript ID | Draft
Wiley - Manuscript type: | Full Paper
Date Submitted by the Author: | n/a

Complete List of Authors:

Yildiz, Gulsah; Bilkent Universitesi, Electrical and Electronics Engineering
Ider, Yusuf; Bilkent University, Electrical and Electronics Engineering

Research Type:

Artifacts < Technique Development < Technical Research, Contrast
mechanisms (dynamic, etc.) < Contrast < Biophysics < Technical Research

Research Focus:

No specific tissue or organ focus

Note: The following files were submitted by the author for peer review, but cannot be converted to
PDF. You must view these files (e.g. movies) online.

SupportingInformationVideoS1.avi

\RONE"

Magnetic Resonance in Medicine




Page 1 of 29 Magnetic Resonance in Medicine

USE OF DIELECTRIC PADDING TO ELIMINATE LCF
ARTIFACT IN CR-MREPT CONDUCTIVITY IMAGES

oNOYTULT D WN =

9 Gulsah Yildiz', Yusuf Ziya Ider"”

13 ! Department of Electrical and Electronics Engineering, Bilkent University, Ankara, Turkey
15 * Correspondence address:

17 Yusuf Ziya Ider, PhD.

Department of Electrical and Electronics Engineering

Bilkent University

Ankara, Turkey

26 Phone: +90-312-290-2339, Fax: +90-312-266-4192

28 E-mail: ider(@ee.bilkent.edu.tr

30 Grant support: This study was supported by TUBITAK 114E522 research grant.

32 Running head: Use of Dielectric Padding to Eliminate LCF Artifact in cr-MREPT

Conductivity Images

36 Word Count: 4911

60 Magnetic Resonance in Medicine



oNOYTULT D WN =

Magnetic Resonance in Medicine

Convection-reaction-equation based magnetic resonance electrical properties tomography (cr-
MREPT) provides conductivity images that are boundary artifact free and robust against noise.
However, these images suffer from the Low Convective Field (LCF) artifact. We propose to use
dielectric pads to alter the transmit magnetic field (H"), shift the LCF region and eliminate the LCF

artifact.

In computer simulations, pads with different parameters (electrical properties, pad thickness, pad
height, arc angle, and thickness of the pad-object gap) are used. Two data sets with the pad located
on the left or on the right of the object (phantom) are acquired, and the corresponding linear system
of equations are simultaneously solved to get LCF artifact free conductivity images. In experimental

studies, water pads and BaTiO; pads are used with agar-saline phantoms.

A pad should have 180° arc angle and the same height with the phantom for maximum
benefit. Also, the closer the pad is to the phantom, the more pronounced is its effect.
Increasing the pad thickness and/or the relative permittivity of the pad, increase the LCF shift
while excessive amounts of these parameters cause errors in conductivity reconstructions
because derivatives of Hz become non-negligible. Conductivity of the pad, on the other hand,

has minimal effect on elimination of the LCF artifact.

Using the proposed technique, LCF artifact is removed and also the reconstructed
conductivity values are improved. Thick water pads are proved to be better than the thin ones

whereas high dielectric pads must be preferred as thin.
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|.  INTRODUCTION

Imaging the electrical properties (EPs: conductivity, permittivity) of tissues is beneficial in many
respects. Conductivity imaging provides clinically important information due to conductivity
differences among healthy tissues and also between healthy and malignant tissues [1,2]. Calculation
of specific absorption rate [3] is another important application in high field MRI. Transcranial
magnetic stimulation [4], hyperthermia treatment [5], and radiofrequency (RF) ablation [6] are
examples of therapy monitoring applications requiring EP information.

The idea of calculating EPs at the Larmor frequency of an MR system has been proposed by
Haacke in 1991 [7] and applied for the first time by Wen in 2003 [8]. Electrical properties tomography
(EPT) has been reintroduced and extensively analyzed by Katscher in 2009 [3]. MREPT is based on the
fact that EPs perturb the RF magnetic field and therefore they can be extracted from the information
buried in the RF magnetic field. Haacke has developed the first formula for the relationship between
admittivity (y = o+iwegg,) and the RF magnetic field:

V2H* (1)

g iopHY

where o is the conductivity, €, is relative permittivity, g, is free-space permittivity, w is the Larmor
frequency, and H+=(Hx+ij)/2 is the complex left-hand rotating magnetic field, or in other words, the
transmit magnetic field. Eq. (1) will be referred to as the standard MREPT (std-MREPT) method for
the reconstruction of conductivity. This standard method is point-wise, prone to noise, and more
importantly, it assumes locally constant EP values (the so called Local Homogeneity Assumption,
LHA), which results in error at the tissue boundaries where EPs change abruptly.

Several studies to overcome the boundary artifact issue have been conducted. Gradient
based electrical properties tomography uses a multi-channel transceiver RF coil and obtains the
gradients of EPs, which are then integrated starting from a seed-point [9]. Contrast Source Inversion
based EPT [10] tries to minimize the difference between the measured and the modelled H" data
iteratively to find the EPs. Hafalir [11] has proposed the convection-reaction equation based MREPT
(cr-MREPT) where the relation between EPs and the H' is modelled as a convection-reaction PDE. cr-
MREPT is a global method, such that it finds the solution for all pixels simultaneously and considers
the constraining effects of neighboring pixels on each other, so that it is more robust against noise.
The cr-MREPT PDE is as follows:

F:Vu+ VZH'u — ioyH* =0 (2)

where u = 1/(o + iwegye, ) is the unknown in cr-MREPT equation. In cylindrical phantoms where
there is no change in EPs along z-direction, derivative of “u” in z-direction becomes zero. In such
cases, the cr-MREPT PDE will simplify to its 2D form, where

ou OHt . 9HT  10H,
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Note that Fy, = iFy and F is referred to as the convective field.

H; cannot be measured in MRI, and using a transverse RF excitation field with a volume
birdcage coil, in the center slices, derivatives of H; are significantly smaller than the derivatives of H*
and therefore they are neglected by many investigators. The convective field is then calculated as

oH* i6H+

E ox oy
F_[Fy]_ ;OHY | 9HY @

ox ay

When |F]| is very low, the solution for u displays artifacts. This region is called the Low
Convective Field (LCF) region and the resulting distortion is called the LCF artifact. While being a spot-
like artifact in simulation studies, the effect of LCF is increased due to noise in experimental data,
resulting in a disturbed region, generally in the center of the object. gEPT also suffers from a similar
artifact, as mentioned as a “global bias” in [12]. Also, it is observed in CSl-based methods that low E
field regions, which are identical with the LCF regions, result in artifacts [10,13]. Hafalir proposed a
double-excitation method by cutting a portion of the phantom and repeating the data collection.
Although it eliminates the LCF artifact, it would be impractical in a real life application. Another
multi-excitation method is presented by Ariturk where a multichannel TEM array is used to obtain
different H* fields with shifted LCF regions [14]. This method however is demanding on the RF
amplifiers and requires a multi-transmit coil and system. Gurler proposed a phase-based MREPT,
which uses the phase data only and suffers less from LCF artifact [15]. In general phase-based
methods give high contrast conductivity images, but they fail to give the correct values as they
assume low B;" magnitude gradients [16, 17].

Regularization, based on introducing an artificial diffusion term in the cr-MREPT PDE, has
been proposed to mitigate LCF artifacts [18,19]. Determination of the value the regularization
parameter (the diffusion constant) is still a major issue in such methods because one has to
compromise spatial resolution (concomitant with blurring) with elimination of the LCF artifact.
Although one may experience complete elimination of the LCF artifact in some numerical simulation
cases, it is our experience that LCF artifact reappears when noise is added to the simulated data or
when actual noisy experimental data are used [19].

High dielectric pads are generally being used in high field MRI for shimming purposes [20-23]
while padding is also applied to improve electrical properties estimation [13]. CaTiO3 and BaTiO; are
the most widely used materials for padding due to their high dielectric constants. In the literature,
the powder form of these materials are mixed with water to obtain slurries, while a bead-water
mixture can also be used [24]. In a preliminary study [25], we have shown that using high dielectric
pads, one can shift the LCF region. Furthermore, it is shown that if two data sets with non-
overlapping LCF regions are simultaneously solved, LCF artifacts can be eliminated in conductivity
maps.

In this paper, we investigate the double-excitation method using dielectric pads to eliminate the
LCF artifact in cr-MREPT conductivity maps. First, the effect of a dielectric pad on the H* field in the
object is studied by simulations, and then padding is applied both in simulation and experimental
studies for cr-MREPT. Two cases, where the LCF regions do not overlap (by use of pad in various
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locations), are solved simultaneously to reconstruct conductivity using cr-MREPT method. Results for
different pads are simulated and the optimum pad structure for MREPT is determined. Phantom
experiments with BaTiO3 slurry pad and water pad are also conducted and the reconstructed
conductivity images are compared.

Il. METHODS

Simulations have been conducted in COMSOL Multiphysics 5.2a (COMSOL AB, Stockholm,
Sweden), using the frequency domain study in Radio Frequency Module. Quadrature birdcage coil
(QBC) model is used for transmission. The coil is 24 cm in height, 14.5 cm in radius, and has 16 rungs.
The QBC coil is excited in the quadrature volume transmit mode where two ports which are spatially
90° apart are driven by voltage sources (100V rms) with 90° phase offset with respect to each other
[26]. Electromagnetic study is performed at 127.7MHz, the nominal frequency of a 3T MR system.
Calculated H is exported with 1 mm resolution.

A cylindrical phantom (height=15 cm, radius=6 cm) with two anomalies is designed (Figure
1a). Small anomaly has 6=1 S/m and large anomaly has 6=1.5 S/m while background has 6=0.5 S/m.
The whole phantom has &.=80 and p =1 (relative permeability). For -0.5 cm<z<0.5 c¢m, the mesh size
is less than 1.75 mm and the data are taken from the z=0 slice. Mesh is at most 3 mm in the rest of
the phantom (Figure 1b). In some studies, the anomalies are removed and a homogeneous phantom
with =80 and 0=0.5 S/m is obtained. Figure 1d displays a 3D head model [26], the conductivity
properties of which are shown in Figure 1f. Mesh is arranged similar to the cylindrical phantom
(Figure 1e) and the data are taken from the z=0 slice.

In Figures 1a,b an example pad with 1 cm thickness and 2 mm gap is shown, where it lies
along the full height of the object. When pure water pads are simulated, the corresponding material
properties are £.=80 and 0=0 S/m. The 150, 220 and 290 relative permittivity values are meant to
represent pads made by different ratios of BaTiO; and water. Pad in the head model simulation is
shown in Figure 1d. Head pad is designed to have a shape which would be expected in a real
experiment.

Cylindrical experimental phantom (height=17 c¢m, radius=12.5 cm) is used. Background of the
phantom is prepared using an agar/saline gel (20 g/L agar, 2 g/L NaCl, 1.5 g/L CuSO,) and the higher
conductive regions are prepared using a saline solution (20 g/L agar, 6 g/L NaCl, 1.5 g/L CuSQ.,).
Background is expected to have app. 0.5 S/m conductivity where the anomaly regions are expected
to have app. 1S/m [27].

Magnetic Resonance in Medicine
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Two kinds of material for padding are considered: water and BaTiO; slurry. Two different BaTiO;
powders from different vendors (MERCK and Entekno) are used, two slurries with BaTiOs/water
weight ratio of 2/1 are prepared. The slurries are collected into polyethylene bags which are hot-
sealed (Figure 1g).

Std-MREPT is used to measure the dielectric constant and the conductivity of the resulting
slurries. As the BaTiO; slurry (suspension) is not homogenous and also some of the BatiO;
precipitates in time, std-MREPT images are noisy and the obtained H' needs to be highly filtered. A
5x5x5 median filter and 5x5x5 Gaussian filter with s.d. of 5 are applied. For two different BaTiO;
slurries, dielectric constant and conductivity are obtained as: for Merck, €,= 187.6 + 42.5 (s.d.) and o
=0.055/m 0.8 (s.d.); for Entekno, €,=214.1 + 18.9 (s.d.) and 6 =1.96 S/m + 0.45 (s.d.).

In general, three consecutive data sets are acquired: without pad (NP-no pad), pad on the left
side (LP) and pad on the right side (RP). One important point is that the object should not move
between the successive experiments. A Styrofoam dock is used to prevent motion during the
experiment (Figure 1h). However, while placing and stabilizing the pad, the phantom may still move.
To spatially match the datasets, “Genetic Algorithm” (GA) method is used as the optimization tool for
registration of the images onto each other [28].

Experiments are performed using Siemens Tim Trio 3T Scanner (Erlangen, Germany). We use
double angle (DA) method [29] for B," (or equivalently H*) magnitude mapping and bSSFP sequence
to obtain the B," phase. Body QBC is used for transmit and Phased-Array is used for receive in the
two gradient-echo sequences which are used for DA. Sequence parameters are as follows:
FoV=170mm, voxel size=1.3mmx1.3mmx3mm, flip angles=60/120, TE/TR=5/1500ms, NEX=4, total
duration for DA=26 min.

bSSFP is used due to its speed and high SNR features, also it does not have the additional phase
component due to eddy-currents, which makes it a better option than a spin-echo sequence. Body
QBC is used both for transmit and receive. Transcieve Phase Approximation (TPA) is used, and the
transmit phase is taken as half of the transcieve phase [3]. bSSFP parameters are: FoV=170mm, voxel
size=1.3mmx1.3mmx3mm, flip angle=40, TE/TR=2.23/4.46ms, NEX=32, duration=20 sec.

Numerical methods are implemented in MATLAB (Mathworks, Natick, MA, USA). H*, either from
the simulation environment or from MRI, is obtained on a regular grid and is interpolated into a
triangular mesh. For experiments, diffusion filter, which corresponds to a Gaussian filter with s.d. of
1.7 mm, is used for denoising. Gradients and Laplacian are calculated using the method proposed by
Fernandez [30].
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The cr-MREPT PDE is discretized to build a linear system of equations as explained in [11]. At
boundaries we use Dirichlet boundary condition, and boundary values are set to 6=0.5 S/m and
€=80. Even if the given boundary values are not exactly correct, the values converge to the correct
ones within couple of pixels towards the inside of the object. While finding “u”, backslash operator of
MATLAB is used, which uses the Minimum Norm Least-Squares approach. When the two data sets, or
more, are being solved simultaneously, the system of equations are concatenated and again the

backslash operator is used.

IIl. RESULTS

Simulations are conducted to understand and visualize the effects of pads on the object. The
primary rotating electromagnetic field created by the QBC results in current flow within both the pad
and the object. The homogeneous phantom together with a (left) pad which has uniform EP of &,.=80
and 0 =0 S/m are simulated, and the current distribution in the pad is displayed in Figure 2a. Since H"
is a (left-hand) rotating field, the current distribution also rotates. At different phase instants, current
flow direction and intensity change throughout the pad as shown in Figures 2a-d. Also an animation
showing the rotating current distribution is given by the Supporting Information Video S1.

One can view the current in the pad as one of the sources which generate the H' field in the
object. To exhibit its contribution, i.e. the effect of the pad, three simulations are conducted in
series:

i) The QBC is excited but a pad is not introduced. The magnetic field generated in the object,
i.e. the field caused by the coil, H}, is given in Figure 2e.

ii) The QBC is excited and also a pad is placed on the left-hand-side of the object. The
magnetic field for this simulation, called Hj (T for total), is given in Figure 2g. The current
distribution induced in the pad is saved to disc.

iii) The QBC is not excited (the driving voltage sources are killed) and the pad is replaced by a
volume current source identical to the current distribution saved in the previous step. The field in the
object obtained in this case, i.e. the contribution of the pad to the object’s magnetic field, Hf, is
shown in Figure 2f.

As shown in Figure 2h it is found that Hf + H} ~ H{f. The extra magnetic field (H}) and the
primary magnetic field (H}) are in phase; therefore, the magnetic field close to the high dielectric
pad becomes higher in magnitude.

The same simulations are repeated with a pad that has uniform EP of &,=150 and ¢ =1 S/m.
For this case, the same magnetic fields as explained above are shown in Figures 2i-l and it is observed
that H{ has lower magnitude. This is due to the fact that in this case, the pad has conduction
currents due to o as well as dielectric currents due to &,. The conduction current and the field
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generated by it are out of phase with those of ¢, and therefore the effect of o subtracts from the
field generated by the coil.

The amount of the LCF shift in the presence of a pad depends in general on the amount of
current flowing inside the pad. The parameters that effect the amount of current are the EPs of the
pad material, thickness of the pad (PT), angle of the arc that the pad subtends (PA), the height of the
pad (PH), and the gap thickness (GT).

Simulation results for the NP case are shown in Figures 3a-c, where the convective field can
be seen. The LCF region is almost at the center and the location of the minimum value of the
convective field is shown on Figure 3c. A LP (PT=2 cm, GT= 2mm, 0=0 S/m) is placed and the
dielectric constant of the pad is varied. The convective fields are obtained and the locations of the
corresponding convective field minimums are displayed in Figure 3d. The direction of the LCF shift is
towards one end of the pad; moreover, for a fixed pad location changing the pad’s dielectric
constant, thickness, height and the gap thickness does not alter the direction of the shift but only the
amount of it. However, looking to Figure 3e, this is not the case for changing the pad’s conductivity.
Keeping other parameters fixed and varying the conductivity of the pad, one can observe that the
locations of the convective field minimums shift almost on an arc centered on the NP minimum
location rather than a straight trajectory. A similar difference was observable with the H" magnitudes
given in Figure 2, such that the inclination of H' is also different between pure-dielectric and
conductive-dielectric pads.

Figures 4a-d display the dependence of the amount of LCF shift on the thickness of the pad,
the amount of gap thickness, and the value of the dielectric constant of the pad. LCF shift is
calculated as the Euclidean distance between the locations of the convective field minimums of NP
and LP. No-gap pads (gap thickness is 0 mm) give rather high shifts than pads with non-zero gap. This
is due to the fact that a very low dielectric medium (air) is introduced between the pad and the
object when there is a non-zero gap and consequently the effect of the pad is significantly reduced.
However, in practice since a gap may be unavoidable, it is more interesting to observe the results of
a non-zero gap, and even up to 30 mm shifts are possible with such pads. It can be observed that, for
a PT=1 cm pad and GT=2 mm, 3 to 7 mm shifts are possible as &, is varied from 80 to 290. Similar
amount of shifts is achieved with a 2 cm thick pad even when GT is 8 mm. In general, looking through
the different PT results, if GT is needed to be increased, then the PT can be increased to balance the
amount of the shift. Considering the effect of ¢, the amount of the shift increases with increasing
dielectric constant, irrespective of the values of the other parameters. Dependence of LCF shift to &,
seems to be linear with PT=1-2 cm pads; but the incremental effect is more pronounced as &, is
increased for the cases of PT=3-4 cm pads. LCF shift dependence on 1/GT, on the other hand, is not
linear, in the sense that, doubling GT will not cause the amount of the shift to be halved. Increasing
PT or &, both act to increase the LCF shift and therefore they can be used as a substitute for each
other. For example, a pad with PT=2 cm and &,=290, and another pad with PT=4 cm and ¢,= 150,
both cause about 15 mm of LCF shift.

Another set of simulations is conducted to clarify the effect of the angle that the pad
subtends. PT=3 cm pad with &,=150 and GT=2 mm, is wrapped around the phantom with increments
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of 45° until it reaches the full coverage. The amount of the LCF shift with respect to PA can be seen in
Figure 4e. Until 180° the amount of the shift increases, whereas after 180° the effect reverses and
the amount of the shift decreases since the effects enforced from opposite sides begin to cancel. As
180° of arc angle gives the highest shift, all the pads in this study have 180° of arc angle unless
otherwise stated.

The height of the pad is also another important factor. Keeping the center of the pad fixed at
z=0 (PT=3 cm, GT=2 mm, &,=150), the height is varied from 2.5 cm to 20 cm with 2.5 cm steps.
Although the results are acquired from the center slice, the amount of the LCF shift is still influenced
by PH; in fact, with 2.5 cm high pad, no shifts are observed. The relation between PH and the LCF
shift amount is displayed in Figure 4f. Until 15 cm, which is also the height of the object itself, the
relation seems to be almost linear. When PH exceeds the height of the object, increments in the
shifts get smaller, though the LCF still shifts further.

The main purpose of this study is to determine whether, by using padding, the LCF artifacts in
the conductivity maps are eliminated (or reduced) and the conductivity values are more correct. To
monitor the effect of the pad parameters on the final conductivity map, reconstructions for
individual pad cases are made separately and also for when the data are combined as previously
explained.

For conductivity reconstructions, the first phantom model with 2 anomaly regions is used.
Figure 5 displays H" magnitude, convective field, and conductivity maps for left pad with £,=290, NP,
and right pad with &,=290 (pads have PT=1 cm and GT=2 mm and 0=0 S/m). Dielectric constant of
290 is a relatively high value and the highest that we analyzed, and it succeeds to separate LCF
regions (LCF artifacts) from each other to a large extend. Seeing the behavior of LCF artifacts in
Figures 5¢,f,i and examining them throughout the study, LCF artifacts do not show themselves in a
predetermined shape, but instead change their pattern depending on whether the LCF is in or out of
an anomaly or whether it coincides with the boundary of an anomaly; the LCF artifact may have
patterns like a single dip, a single peak, or both, with the effect fading within couple of pixels or
within dozens.

As it is proposed, different data sets are combined to get rid of the LCF artifact: left pad and
without pad (LP+NP), right pad and without pad (RP+NP), and left pad and right pad (LP+RP). Figures
5j-1 display the corresponding combined conductivity results and also the conductivity profiles (on
the line given in Figure 5m) is plotted in Figure 5m. LP+RP combination gives better accuracy and it
effectively eliminates the LCF artifact.

A similar simulation result is given in Supporting Information Figure S1 for the same pad but
with &,=80. Combined conductivity map for this simulation fails to fully eliminate the artifact while
still being more accurate than NP conductivity map. Looking at the LCF artifacts in with and without
pad cases, it can be seen that they are not sufficiently far away from each other (the LCF regions
overlap) and therefore the artifact is not eliminated completely.

LP+RP combination conductivity results for pads with &.=[80, 150, 220, 290], o=[0 S/m, 1
S/m] and PT=[1 cm, 3 cm] are provided in Figure 6 and the percent L’-errors are also given below the
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corresponding images (Percent L*-error is calculated excluding the anomaly boundaries). Having the
lowest dielectric constant of studied EPs, £,.=80 pad provides more accuracy if it is made thicker as
opposed to higher dielectric pads. For example using a PT=3 cm and &,=290 pad gives very poor
accuracy, whereas a PT=3 cm and ¢&,=80 pad gives the highest accuracy among the studied pads.
Adding 0=1 S/m to pads, it affects the results minimally when the pad is thin, while it increases the
error rate with thicker pads.

The fact that the combined conductivity values are highly distorted with thick high dielectric
pads is not what we had expected (see for example in Figures 6 jk,n,p). Moreover, it is also
unexpected to see that the individual (not combined) conductivity values are also poor in accuracy
also in regions other than the LCF (Figures 5c¢,f,i). It is suspected that neglecting the derivatives of H;
in Eg. (3) may be the reason. To examine the effect of this assumption, reconstruction process is
repeated with the H; terms included. Supporting Information Figure S2 shows the individual and
combined conductivity images, where a PT=1 cm &,=290 0=0 S/m pad is used. Comparing the
individual conductivity images with the ones in Figure 5, one can conclude that neglecting the
derivatives of Hy, in fact, causes errors which are even higher with high dielectric pads. With thinner
or lower &, pads, combined conductivity maps are less erroneous, such that combining the data sets
overcomes the issues formed by neglecting the H; derivatives; however, with thicker and higher ¢,
pads, derivatives of H; become significant and conductivity maps are incorrect. Considering Figure 6
again, for £,=220 or &,=290, thin pads with PT=1 cm are suitable, but when &,= 80, a thick pad with
PT =3 cm can be used.

Simulation results using the head simulation model and a pad with PT=2 ¢cm, GT=2 mm,
&-=220 and 0=0 S/m is given in Figure 7. Individual and combined conductivity reconstructions, and
their profiles along the introduced white line are presented. With this head phantom simulation
model, the LCF artifacts in both the LP and RP cases are considerably shifted. The conductivity maps
obtained with (LP+RP) and (LP+NP) combinations are satisfactory from the point of view of reduced
LCF and accuracy of the conductivity values.

For the two anomaly experimental phantom the bSSFP magnitude images are shown in Figures
8a-c for the NP, left water pad and right water pad cases. Pad is approximately 2.5 cm and is
approximately 2 mm away from the phantom. Expected conductivity map, Figure 8d, is formed using
the bSSFP magnitude image. H" magnitude images for experiments NP, LP and RP are given in Figures
8e-g. Similar to what has been observed in simulations, the inclination of the H* field magnitude is
towards the pad. Individual (uncombined) conductivity maps, Figures 8i-k, have severe LCF artifacts.
Figure 8h displays std-MREPT result for NP. Figure 8l displays the combined (LP+RP) conductivity
map. Conductivity profiles (on the white line given in Figure 8d) of NP and LP+RP are plotted in Figure
8m. Combined result does not suffer from the LCF artifact and has more accurate results than NP.

Several other experimental results are given in Figure 9. Conductivity maps for NP and
(LP+RP) are given for each experiment. Also, the reconstructed conductivity profiles on the indicated
white lines are shown. Results using a thin water pad (PT=1.5 cm max) are given in Figures 9a-d. Even
though this is a thin pad and its dielectric constant is not as high as a BaTiO; slurry, LCF artifact is
eliminated with (LP+RP) pad combination. However, since this pad is not very successful at shifting
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the LCF region the conductivity values of the combination result are not accurate. Non-conductive
BaTiO3 slurry pad (PT=3 cm max) experiment results are given in Figures 9e-h. (LP+RP) combined
conductivity map is free from the LCF artifact and also more accurate than NP. Figures 9i-I shows
results for a somewhat different phantom in which large and small anomalies are present, and for
this case conductive BaTiO3 slurry pad is used. The big anomaly region’s conductivity is found just as
expected whereas the small anomalies are less accurate but still they have better accuracy than in
the NP reconstruction. Besides, the LCF artifact is eliminated. Even though the simulation results with
conductive pads are less accurate than the non-conductive ones, when the experimental results are
considered, there aren’t major differences between them probably due to the presence of
experimental noise and also the filters that we have used to combat the noise. The bSSFP magnitude
and H" magnitude images for NP, LP and RP pad situations for the experiments described in Figure 9,
are given in Supporting Information Figure S3.

In additional experiments, we have repeated the bSSFP sequence 32 times in order to
achieve more averaging and thus more SNR in the phase of H'. Results of these experiments, in
which a non-conductive BaTiO3 slurry pad is used (PT=3 cm max), are shown in Figure 10. Again,
LP+RP combinations yield LCF artifact free images. These images are less noisy, compared to the
images in Figure 9, due to the higher SNR of the data despite the fact that we have used higher cut-
off low pass filters for these cases (Gaussian filter with s.d. of 1 mm).

V. DISCUSSION AND CONCLUSIONS

Throughout this paper, padding technique has been proposed to improve the cr-MREPT method.
Both simulation and experimental results show that the LCF artifact on conductivity maps can be
removed with the padding method while also improving the accuracy of the conductivity values. We
have also provided information about the mechanism of pad action which may be useful for B,
shimming studies.

Though the amount of the LCF shift is important so that the LCF regions do not overlap, excessive
amount of shift is undesired. This is due to the fact that we neglect the derivatives of the H; field and
although they are negligible in most of the birdcage studies [3], they become significant with the use
of high dielectric pads. The larger the effect of the pad, the more critical H; becomes and therefore
the error due to neglecting H, derivatives in Eq. (3) increases. Therefore, if high dielectric pads (e.g.
BaTiO; slurry) are used they must be prepared as thin, or using a thick water pad may be preferred.

An important issue is the time constraint for data acquisition. For each of the experimental
phantoms covered in this work, three different sets of data have been acquired and different pairs
are used for the final image reconstruction. However, in general it is observed that, left and right pad
combinations give the best results as LCF regions tend to be further away with these pad cases.

Regularization methods have been proposed by several investigators in order to reduce noise
effects and/or algorithm-caused spurious oscillations [31,32]. Also as mentioned in the introduction,
artificial diffusion, which is another way of regularization, is proposed for reduction of the LCF
artifact [18,19]. In this work we have not utilized any regularization method because we wanted to
concentrate on the performance and limitations of the padding technique. Future work may cover
combined use of regularization and padding as well as comparison of the two approaches.
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Figure 1: Simulation and experimental phantoms and pads. a) QBC, cylindrical phantom and the pad. The
pad and the anomaly regions are shown with blue. b) Mesh used for the cylindrical phantom. ¢) Conductivity
values assigned to the cylindrical phantom. d) QBC, the head phantom and the pad. e) Mesh used for the
head phantom. f) Conductivity values assigned to the head phantom at the z = 0 slice. g) A BaTiOs slurry
pad. h) An experimental setup with the phantom, the pad and the Styrofoam dock.
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30 Figure 2: Effect of the pad on the H* magnitude and the current distribution in the pad. a-d) Current

31 distribution in the pad (e=150 ,0=0 S/m,PT=3 cm and GT=2mm) at 0°, 90°, 180°, and 270° phase instances

respectively. e-h) Hc*, Hp*, Ht*, and Hct+Hp* respectively for the same pad. i-1) Hc*, Hp*, Het, and Hct+Hpt
respectively for another pad (e=150 ,0=2 S/m,PT=3 cm and GT=2mm).
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Location of min(|F,|)

Without pad

Without pad

Figure 3: Effect of the EPs of the pad on the LCF shift. For homogeneous phantom without a pad, a)
magnitude of H*, b) magnitude of the convective field (|Fx|), and c) location of the minimum value of |Fx|.
d) Locations of the minimum values of |Fx| formed by the pads with different ¢.. e) Locations of the
minimum values of |Fx| formed by the pads with different o (S/m); inner points are for €.=80 and the outer
points are for e.=290 pads.
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Figure 5: Simulation results with the e=290 ,0=0 S/m,PT=1 cm and GT=2mm pad. a) Magnitude of H*. b)
Magnitude of Fx. ¢) Reconstructed conductivity image for LP. d-f) The same images for NP. g-i) The same
images for RP. j) Reconstructed conductivity image for (LP+NP) combination. k) Reconstructed conductivity
image for (RP+NP) combination. |) Reconstructed conductivity image for (LP+RP) combination. m) Real
conductivity map. n) Conductivity profiles on the line in m).
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Figure 6: Reconstructed conductivity images for (LP+RP) combinations. The properties of the pad used in
each simulation are indicated as (e,0,PT) above the figures and the corresponding percent L>-errors are
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Figure 7: Head phantom simulation results. The reconstructed conductivity image for a) NP, b) LP, c) RP, d)
(LP+RP), e) (LP+NP), and f) (NP+RP). For each case, conductivity profiles on the white line shown in a) are
also given. LCF artifacts in a-c) are indicated with white arrows.

175x64mm (300 x 300 DPI)

Magnetic Resonance in Medicine



Page 23 of 29 Magnetic Resonance in Medicine

b.

|bSSFP|(NP) <107 bSSFP|(LP) <107 |bSSFP|(RP) <10° o (Expected)

oNOYTULT D WN =

-0.04-0.02 0 002 0.04 0.06

h.

x10° 7 (td-MREPT)

15
14
13
12
11
o (LP+RP)
12 12
1 1
08 0.8
06 0.6
04 ¥ R —— — 04 b 04

004002 0 002 0,04 0.06 -0.04-0.02 0 0.2 0.04 0.06

12 20 40 60 80 100 120 20 40 60 80 100 120 20 40 60 80 100 120

[H*|(NP) [H'|(LP) |H"|(RP)

18 004002 0 002 0.04 0.06

004-002 0 002 004 006 004002 0 002 004 006

0.025 0.03

33 Figure 8: Experimental results with a thick water pad. bSSFP magnitude images for a) NP, b) LP, and c) RP.
34 d) The expected conductivity map. H* magnitude maps for e) NP, f) LP, and g) RP. h) Conductivity image
35 reconstructed with std-MREPT method. Reconstructed conductivity images with cr-MREPT for i) NP, j) LP, k)
36 RP, and d) LP+RP. m) Conductivity profiles for NP and LP+RP on the line indicated in white in d).
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Figure 9: a-d) Results of thin water pad experiment. Expected conductivity map, reconstructed conductivity
map for NP, reconstructed conductivity map for (LP+RP), and their profiles indicated with the corresponding
white line respectively. e-h) Same results for non-conductive BaTiOs; (Merck) pad. i-I) Same results for
conductive BaTiOs (Entekno) pad.
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Figure 10: Experimental results with high SNR data and non-conductive BaTiOs; pad. a-d) Expected
conductivity map, reconstructed conductivity map for NP, reconstructed conductivity map for (LP+RP), and
their profiles along the indicated white line for the 4-anomaly phantom. e-h) Same results for the 3-anomaly
phantom.

175x76mm (300 x 300 DPI)

Magnetic Resonance in Medicine



