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Email: P.R.S.Stijnman @umcutrecht.nl phase rather than relying on the transceive phase assumption. Furthermore, the radio
frequency (RF)-shield is numerically implemented to accurately model the RF fields
inside the MRI scanner. We verify that the reformulated two-dimensional (2D) CSI-
EPT algorithm can reconstruct electrical properties maps given 2D electromagnetic
simulations. Afterward, the algorithm is tested with three-dimensional (3D) FDTD
simulations to investigate if the 2D CSI-EPT can retrieve the electrical properties for
3D RF fields. Finally, an MR experiment at 3T with a phantom is performed.
Results: From the results of the 2D simulations, it is seen that CSI-EPT can recon-
struct the electrical properties using MRI accessible quantities. For 3D simulations,
it is observed that the electrical properties are underestimated, nonetheless, CSI-EPT
has a lower standard deviation than the standard Helmholtz based methods. Finally,
the first CSI-EPT reconstructions based on measured data are presented showing
comparable accuracy and precision to reconstructions based on simulated data, and
demonstrating the feasibility of CSI-EPT.

Conclusions: The CSI-EPT algorithm was rewritten to use MRI accessible quanti-
ties. This allows for CSI-EPT to fully exploit the benefits of the higher static mag-

netic field strengths with a standard quadrature birdcage coil setup.
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1 | INTRODUCTION

Electrical properties tomography (EPT) is an MR-based
technique aiming at measuring the electrical properties (con-
ductivity and permittivity) of tissues. This is achieved in a
non-invasive manner through MRI-based mapping of the
circularly polarized magnetic component (B, the transmit
efficiency) of the transmit radio frequency (RF) field. The
acquired conductivity and permittivity can be used as a con-
trast mechanism, especially the conductivity of tissue has
been shown to have potential as a biomarker in oncologyl'6
and stroke imaging.7‘8 Furthermore, the conductivity and
permittivity are important in the field of MR safety, where
they are used to compute the specific absorption rate (SAR).
The SAR defines the amount of deposited energy during MRI
exams and relates directly to the heating of the tissue under
examination.”"?

There is a variety of different EPT approaches that have
been recently published as shown in the review work.! A
large group of these approaches are derivative based and
stem from the Helmholtz equation for magnetic fields."*!7
In these approaches, a second-order derivative using finite
difference kernels needs to be computed on the measured B 1+
fields. This leads to noise amplification in the reconstructed
EPT maps and introduces errors in the reconstruction of the
electrical properties most notably at tissue boundaries.'®!”

Next to Helmholtz (derivative-based approaches), gradient-
EPT? and cr-MREPT,”' there are also approaches based
on the integral formulation of the Maxwell equations®**®
where the objective is to minimize a cost function by iter-
atively updating the electrical properties. Among these
integral-based methods, the contrast source inversion (CSI)
method** has been shown to be more noise robust than deriv-
ative-based approaches,25 and allows better EPs reconstruc-
tions at tissue boundaries. However, these benefits come at
the expense of a higher computational cost and, generally,
integral-based optimization methods are more difficult to
implement.

Furthermore, CSI-EPT reconstructions have two major
limitations. First, CSI-EPT requires knowledge of the in-
cident RF electric and magnetic fields. These are the RF
fields of the empty transmit coil, that is, when an object/
patient is not present. These RF fields can only be obtained
through electromagnetic simulations and will vary from coil
to coil. Second, similar to the derivative-based MR-EPT ap-
proaches, the CSI-EPT reconstruction algorithm is formu-
lated in terms of the complex B1+ field. While the magnitude
of the BIJr field is measurable with MRI, the phase is not ac-
cessible. To overcome this limitation, the measurable trans-
ceive phase is used. From this, the transmit phase is derived
as half of the transceive phase, which is known as the trans-
ceive phase assumption (TPA). However, this assumption is
only valid at low field strengths and for symmetrical objects,

where the polarization remains circular. For more complex
structures, nonsymmetrical objects, or multiple tissue inter-
faces, these conditions are not met, and the assumption is not
valid."® This occurs especially at higher static magnetic field
strengths due to the larger magnitudes of scattered RF fields,
leading to elliptical polarization.

To reconstruct the tissue parameters, essentially two op-
tions can be followed. The first option is to discard the phase
information of the Bl+ and formulate the CSI-EPT algorithm
in terms of only the magnitude. This has been done in Ref.
[26] and has been implemented for MR-EPT in Ref. [27].
While this approach showed its potential in two-dimensional
(2D) simulation settings, it comes with an intrinsic draw-
back. It is well known that the conductivity information is
mostly imprinted in the phase of the BIJr .2 therefore dis-
carding this information from the reconstruction algorithm
makes the reconstruction problem even more challenging.

Therefore, in this work, we reformulate the CSI-EPT algo-
rithm to use the B]Jr magnitude and the transceive instead of the
transmit phase, both measurable with MRI, without relying on
the transceive phase assumption, which was until now a cor-
nerstone of MR-EPT reconstruction methods. Furthermore,
CSI-EPT reconstructions require knowledge of the back-
ground RF-fields. These are obtained from electromagnetic
simulations which require inclusion of the RF-shield. We will
show that supplying the CSI-EPT algorithm with the correct
incident fields is necessary to obtain the correct electromag-
netic properties. These RF-shields are especially important for
reconstructions from realistic MRI measurements, as these
fields are only accessible via simulations. Thus, we numer-
ically incorporate this RF-shield to mimic the realistic MRI
scenario. Using these proposed changes, we will present the
first reconstructions of the electrical properties of a phantom
with MRI acquired data using CSI-EPT.

2 | THEORY

2.1 | Transceive phase correction

In this section, we reformulate the CSI-EPT algorithm as de-
scribed in Ref. [22]. We start by defining the contrast source
as

w(p) =x(P)E (p), ey

where E, is the z-component of the total electric field and y is
the contrast with respect to free space which is defined as

c(p)
Joey

x(p)=¢e.(p)—1- )

with p as the position vector, &, and €, as the permittiv-
ity in vacuum and relative permittivity, respectively, ¢ is
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the conductivity and o is the angular Larmor frequency.
Reconstructing the contrast is the goal of this method since
the electrical properties can directly be calculated once the
contrast is known. The contrast and contrast source are the
two parameters that are iteratively updated in CSI-EPT. This
is realized by minimizing the cost functional presented in
Ref. [22] given by

F(w, ) =n5 Y 1B, — (B
l

+1p X L2 (™ + G {wy ) w13, &)
1

A 2
s GE w112

where [ > 1 indicates a summation over various transmit chan-
nels including linear combinations such as a standard quadrature
drive, ng , are normalization factors for the data functional (first
term on the right-hand side of (3)) and object functional (sec-
ond term on the right-hand side of (3)). It should be noted that
in MRI the domain where the object is located, D, is the same
as the location where the data are collected, S. Furthermore, G;
and G, are integral operators that map the contrast source to the
scattered Bl+ field, B]+ ¢ and the scattered electric field, EY,
respectively. These integral operators are given by

EX(p) =Gp{w(p')} = kﬁj ,en Gp—p" )w(p')av,
“4)

B (p) =G+ {w(p")}
= (0, +j0, )J ,en G(p—p" )w(p')dv.
4)

Here, k, and ¢, are the wavenumber and the speed of light in
vacuum, respectively. The spatial derivatives with respect to x
and y are indicated with 0, ,. The source locations are defined
by p’ and G(p p')is deflned as the 2D free-space Green’s
function, which is given by

22

G(p- p)———H<2><ko|<p—p’>|>, ©)

4 0

where Héz) is the zeroth-order Hankel function of the second
kind.

The problem with the cost functional given by (3) is that
the phase of the B field is not directly accessible through
measurements. What can be measured is the so-called trans-
ceive phase ¢ ,. This transceive phase consists of the transmit
phase ¢ and receive phase ¢ _ according to

b.=d, +b_. ©)

Therefore, we can write the BIJr field in terms of the transceive

phase as . t b b b
Bl =|Bl |€] +=|Bl |€] te™I?-, @)

Substituting (7) into (3) results in a new cost functional given by

Fwp 2,¢-) =ng ) Il 1B}, |e#=1e77-0 — (B ™ + G¥ (w,}) |13
1
+1p 3 2 (B + Gp{w }) —will
!

®)

The transmit phase is now written in terms of the transceive
(known) and receive phase (unknown). Iterating through the al-
gorithm now proceeds similarly as in standard CSI-EPT, except
that the measurable transceive phase is used and that the receive
phase is iteratively updated using the estimates of the contrast
function and electric field strength at the current iteration, n.

In this section, the electric and magnetic RF fields are the
fields encountered in the receive state of the birdcage coil.
During transmission, the birdcage coil is fed in quadrature
mode (ie, a 90° phase difference between the two ports) and
this creates a circularly polarized B, field that is efficient
in tipping the spins. In receive mode, the birdcage coil is
switched to a receive state which means the 90° phase dif-
ference becomes a —90° phase difference. This results in a
counter-rotating circularly polarized field that is efficient in
receiving the signal. This receiving state of the birdcage coil
is called reverse quadrature or anti-quadrature. This mode of
the transmit coil creates different RF fields. The incident RF
fields in reverse quadrature display a simple phase shift for
a birdcage coil setup compared with forward quadrature, but
the scattered fields are inherently different which is why the
TPA is not valid when these scattered fields are comparable
in magnitude to the incident field.

To compute the scattered receive field at each iteration,
we use

B[, (p) =Gy {1y (PE,,(p"))
= —%(ax —jay>J ,eDG(p=p") 01 (P)E,,(p")dV,

0

®

where B[, defines the complex conjugate of the scattered
receive field and E_,, the electric field during reception (an-
ti-quadrature setting) at iteration n, is defined as

E.(p)=Gplx,1(P)E,,_(p)} +E(p).  (10)

Here Emc the incident electric field during reception, is mod-
eled together with B ¢ for an empty coil, that is, in reverse
quadrature mode for a birdcage coil. Since the incident fields
for the transmit state are already modeled for each port, the inci-
dent receive fields are acquired by driving these ports in reverse
quadrature.

By adding the receive phase as an extra unknown into the
minimization problem, the minimization becomes more dif-
ficult and the computation time is increased since the number
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of required integral operations is increased to obtain the re-
ceive phase. However, the TPA is no longer required to re-
construct the contrast from the BIJr data. The new pseudo code
is shown below with a dagger (1) indicating the quantities in
the receive state of the birdcage coil. Furthermore, the Polak-
Ribiere update directions can be found in Refs. [29,30] and
[22].

2.2 | Numerical implementation of the
RF-shield

Inside every MRI system, there is an RF-shield present. The
purpose of the RF-shield is to screen external RF signals
from the MRI signal. The RF-shield changes the RF-fields
produced by the transmit coil, and as previously stated,
the incident electric and magnetic RF-fields are required
as input for the CSI-EPT algorithm. Therefore, including
the RF-shield in the model that simulates these incident
RF-fields is required. The copper RF-shield can be approxi-
mated by a perfect electrically conducting (PEC) material.

In Ref. [31], the RF-shield was included in the Green’s
tensor functions. This is an accurate way to do this;
however, different MRI systems would require differ-
ent Green’s tensor functions. Furthermore, the spatial in-
variance of the free-space Green’s tensor function is lost,
G (p—=p') = G (p, p’) and this results in a significant
increase in computation time because the integrals in
Equations (4a, 4b, 9, and 10) can no longer be computed
using the fast Fourier transform, but instead have to be
computed using a convolution.

To avoid a severe increase in the computation time of the
CSI-EPT algorithm, we implemented the RF-shield for the in-
cident fields numerically using mirror currents. At the location
of the PEC, the tangential electric field should be zero. To ac-
complish this for the circular RF-shield, we assume that it is
infinitely long in the z-direction. From there, we follow Ref.
[32], where an improved placement of the mirror currents for a
first-order approximation of circular planes is given as

R2
d= —PEC. (11)
Rg

Procedure 1 Transceive phase corrected CSI-EPT

Input: Compute wy, wg, xo and the incident RF-fields

for n = 1 to maxlterations do
Step 1 Update the contrast sources:

Compute g* for FnR(wn—la Xn—1;Pn—1)

Compute the Polak-Ribiere update direction

Compute the stepsize

Update the contrast source

Step 2 Update F,

Step 3 Update the contrast:
Compute gi for Fy,(wn, Xn—1, Pn—1)

Compute the Polak-Ribiere update direction

Compute the stepsize

Update the contrast

Step 4 Update the receive phase:
Solve for El with Xn

Compute B 4

Extract the receive phase

Step 5 Update the residuals and normalization factors

if I}, < tolerance then
Break
end if
end for
Output: y,, wy,, Bfr, Bl_’T, FE, and El
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FIGURE 1  The top left shows the Original conductivity Original permittivity
conductivity of the phantom and the top

right shows the relative permittivity. The
bottom left shows the geometry of the
phantom where the inner compartment
will be referred to as the tube and the
other compartment is referred to as the
background. On the bottom right, the table
shows the conductivity and permittivity

values that were used in simulations as well

as the dimensions of the phantom

0 02040608 1 0 20 40 60 &0
o (S/m) i
Geometry

Conductivity Relative Diameter
(S/m) Permittivity (cm)

o Tube
Y 1 78 4
simulation

Back d
Background ackgroun R - "
simulation
Line source locations [E| o — wrong |E;"|
= = 1 1
X X -
0.8 0.8
x x
0.6 ? 0.6 i
0.4 = 04 &
x X
. . 0.2 0.2
o 0 0
xiine sources
xMirror sources
Line and mirror
source locations [E| o — correct |E;"|
x x x 1 1
X X
X, X
X % 0.8 0.8
Xx XX
. ) 0.6 ? 0.6 g
04 = 04 &
x* Xx
xx X, 0.2 0.2
7? X xx
0 0

FIGURE 2 The top row shows the setup of the line sources (left) and the resulting incident electric field amplitude (middle) and the
reconstructed conductivity when this incident RF-field is used (right). The bottom row shows the same for the numerical implementation of the

PEC with mirror sources. The same current is running through the line sources in both cases
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where d is the distance from the mirror source to the center
of the birdcage coil, Rpgc is the radius of the RF-shield,
and Ry is the distance from the center of the RF-shield to
the source.

3 | METHODS

First, CSI-EPT was used to reconstruct tissue parameters
based on simulated data. Simulations allow knowledge of
the ground truth EPs, thus benchmarking the accuracy of the
reconstruction algorithm. Subsequently, first CSI-EPT re-
constructions were performed from MRI measurements in a
phantom.

3.1 | Simulations

The performance of the modified CSI-EPT scheme is tested
first by the use of 2D line source simulations in Matlab
(MathWorks, Natick, MA). The contrast that is used for these
simulations is shown in Figure 1. This contrast was chosen to
be asymmetrical to render the TPA invalid. With these simu-
lated data, we investigated the following aspects:

3.1.1 | Impact of RF-shield

The incident electric and magnetic fields were computed
with and without the RF-shield included using the setup
that is shown in Figure 2. Only the quadrature mode of the
birdcage coil is used for comparison between the incident
field with and without the RF-shield. The reconstructed
conductivity is shown in the same figure to demonstrate
the impact of using the wrong incident RF-fields on the
reconstructed electrical properties. In all the subsequent
results, the RF-shield is included in the modelling of the
incident fields.

3.1.2 | Impact of TPC versus TPA

The effects of the transceive phase on the original CSI-
EPT algorithm, using the TPA, and the newly proposed
transceive phase corrected (TPC) CSI-EPT algorithm are
investigated for 3T and 7T. In all the simulations, both the
B 1+ amplitude and transceive phase are separately corrupted
with white Gaussian noise using realistic SNR values®® for
the corresponding field strength (1.5T SNR = 30, 3T SNR
=54, 5T SNR = 82, 7T SNR = 119, 9T SNR = 151). We
follow this approach because the Bl+ amplitude and trans-
ceive phase are acquired using two different measurements

STIINMAN ET AL.

TABLE 1 Scanner parameters for the AFI and SE sequence

Parameter AFI SE

FoV 200 x 200 mm? 200 x 200 mm?

Resolution 2.5 X 2.5 X 3mm? 2.5 X 2.5 x 2.5mm>

TR1 50 ms 1000 ms

TR2 250 ms =

TE 2.7 ms 5 ms

Flip angle 65° 90° /180°

each with a corresponding noise set.** The noise was added
to the simulation by duplicating the B; maps and corrupt-
ing both the real and imaginary parts separately. From one
pair of corrupted real and imaginary values, the Bl+ ampli-
tude was extracted. The other pair of real and imaginary
values was corrupted with a different noise set and used to
construct the transceive phase. In all the simulations, total
variation regularization was used during the minimization,
as described in Ref. [22].

To obtain a measure of the quality of the reconstructed
electrical properties, the mean absolute error is computed.
This is performed within a region of the phantom as indicated
by the black box in Figure 4 (see below). We define the mean
absolute error as

_ 1 | O true ~ Orecon |
Err, = NZN: —lue  “recon’ . 100%, (12)

O-true

where Err, defines the mean absolute error in the conductivity,
0 e 18 the original conductivity of the phantom, o, is the re-
constructed conductivity, and N is the number of voxels within
the region indicated by the black box.

After these 2D line source simulations, a 3D FDTD sim-
ulation package (Sim4Life, ZMT, Zurich, Switzerland) is
used to investigate the effects of the 2D assumption that is
used in this version of the CSI-EPT algorithm. This assump-
tion states that in the center plane of the transmit coil the
RF-fields have only the E,, B, and B, components. Before
using measured data, we want to characterize the error that is
made by using this 2D assumption.

For these simulations, the same phantom as for the 2D
line source simulations was constructed, the specifications
are shown in Figure 1. The simulated transmit coil is a
16-rung high-pass birdcage coil with a diameter of 72 cm
and a rung length of 42 cm. The endrings have a width of
8 cm and the included RF-shield has a length of 70 cm and
a diameter of 74 cm. The birdcage coil is driven in quadra-
ture mode. From these simulations, the incident RF-fields
and the B;” magnitude and transceive phase with the phan-
tom in the simulation are used as inputs for the CSI-EPT
algorithm.
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FIGURE 3 The top row shows the conductivity reconstructions with the corresponding absolute error maps below them. The reconstructions

were performed with the TPA and the newly proposed method, indicated with TPC, both at 3T and 7T. The third row shows the permittivity

reconstructions with the corresponding error maps below them

3.2 | Measurement
Finally, CSI-EPT reconstructions from MRI measurements
using a 3T system (Igenia, Philips, Eindhoven, Netherlands)
were performed to show the potential of this method on in
vivo data. Since there is no ground truth available with meas-
urements, unlike the simulations, the CSI-EPT reconstruc-
tions are compared to the standard Helmholtz-based EPT
method, where a 7-point kernel is used. 8?8

For the measurements, a phantom was constructed with
the same dimensions as the phantoms shown in Figure 1.
The phantom was agar based and NaCl was added to give the
two compartments different conductivity values. In the tube,
5.5 gr/L of NaCl was added, leading to a conductivity of
0.9 S/m at 21°C. For the background, 2.5 gr/LL was added
resulting in a conductivity of 0.41 S/m at 21 °c.?

An AFI sequence was used to obtain the Bfr almplitude.36
The transceive phase was acquired with two spin echoes with

opposite gradient polarity, this reduces the phase contribu-
tion due to the eddy currents.”® The body coil was used for
transmission and a head coil was used for reception.

A vendor-specific algorithm (Philips, Constant Level of
Appearance-CLEAR) was used to convert the receive phase
measured with the head coil to the body coil.*’ Using this al-
gorithm, it is as if the body coil was used for both transmitting
and receiving. The benefit is that using the head coil during
reception significantly increases the SNR of the measurements.
The sequence parameters that were used are noted in Table 1.

To correctly model the incident RF fields, the BIJr ampli-
tude and the phase difference between the two ports of the
birdcage coil were extracted from the log file created by the
scanner.

Finally, the mean (4) and standard deviation (o) are
given for the reconstructions of the measured data. These
values are computed for the two different compartments
of the phantom. Since standard Helmholtz MR-EPT is not
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FIGURE 4 The top left shows an example of a simulated noisy B;* amplitude map at 3T. The top middle figure shows the corresponding

simulated noisy transceive phase. The top right figure shows where the mean absolute error was computed. The bottom row shows the mean

absolute error in the conductivity and permittivity on a log scale vs the static magnetic field strength, where the left figure is without noise in the

simulation and the right figure is with noise. The 3T and 7T reconstructions of these data points can be seen in Figure 3

able to reconstruct the boundaries properly,'® we report the
mean and standard deviation in the case the boundary be-
tween the background and the inner tube is included and
when it is excluded.

4 | RESULTS

The effect of the mirror currents is shown in Figure 2. It can
be seen that the magnitude of the electric field significantly
decreases for equal currents running through the line sources.
Furthermore, it can be seen that the electric field goes to
zero at the location of the RF-shield. The inclusion of the
RF-shield, even with a numerical approximation, results in
a more realistic model of the incident RF fields which helps
with the practical implementation of the CSI-EPT method.
This is also observed in Figure 2, where the contrast is re-
constructed using the incident field with and without the
RF-shield (ie, the total RF fields were calculated with the
RF-shield present).

CSI-EPT reconstructions from the 2D line source simu-
lations at different field strengths are shown in Figure 3. It
can be observed that the error due to the TPA increases with
increasing field strength. This is because of the increasing
invalidity of the TPA at higher field strengths, whereas for

the transceive phase corrected CSI-EPT algorithm this error
is not present. Furthermore, the reconstruction for the trans-
ceive phase corrected CSI-EPT algorithm improves due to the
higher field strength with its inherently increased sensitivity.

This is further illustrated in Figure 4, where the ef-
fect of these two field strength dependent factors is shown.
The mean absolute error of the reconstructions at different
field strengths for both the standard CSI-EPT (with TPA)
scheme and the newly proposed TPC CSI-EPT are shown.
Furthermore, examples of the noise corrupted simulated
Bl+ magnitude and transceive phase are shown. From the
line plots, we can see the impact of the noise at lower field
strengths, because of the lower sensitivity, and the TPA at
the higher field strengths. When the TPC CSI-EPT algorithm
is used, the higher intrinsic sensitivity at the higher field
strengths can be utilized.

Figure 5 shows the conductivity reconstructions from
the 3D FDTD simulations. This is to demonstrate the
effect that 3D electromagnetic fields have on the recon-
structed contrast since we are using the 2D CSI-EPT. The
top left reconstruction is taken from the center slice of the
birdcage coil. The subsequent reconstructions are from
slices 1 cm further out of the middle. All these reconstruc-
tions were computed separately as 2D slices and not as a
3D volume.
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Reconstructed conductivity from 3D FDTD simulations
at x cm out of the center slice
1 cm 2 cm 3 cm
g
~
2
S
4 cm 5 cm 6 cm 7 cm
El
~
«Q
S
Conductivity at cross
06 T T T T T T

g

~

N 04 -

e

=

+~

E

< 0.2F |

g === Reconstructed conductivity value

@ === Original value

0 | | | | | |
0 1 2 3 4 5 6 7

z-posistion [cm| —

FIGURE 5 The top left figure shows the reconstruction of the conductivity in the center of the birdcage coil for the 3D FDTD simulations.
The seven subsequent figures are reconstructions each 1 cm more out of the center slice of the birdcage coil. The bottom figure shows the value of

the actual conductivity and the reconstructed value at the red cross marked in the top left figure

The bottom plot of Figure 5 shows the conductivity
value across the reconstructions for the point indicated
with the red cross in the top left reconstruction. From this
plot, it can be seen that the conductivity value is underesti-
mated. The underestimation increases for more peripheral
locations along the cylindrical axis of the birdcage coil
(ie, moving toward the endrings of the birdcage coil). This
arises from the fact that the 2D EM field approximation
becomes increasingly more invalid. Furthermore, the phan-
tom is not 2D thus at the end of the phantom the RF-field
is not 2D E-polarized.

Figure 6 shows the reconstructed conductivity maps
from MRI measured data for the proposed CSI-EPT method
and the standard Helmholtz MR-EPT as a reference. For

both methods, reconstructions were performed using a
number of signal averages (NSA) of 2 and 10. The compar-
ison between the two EPT methods was performed because
there is no ground truth of the contrast available, but only
an average value based on the NaCl concentrations. With
NSA 10, MR-EPT shows good quality maps, while these
are noisier for the NSA 2 case. This can also be observed
from Table 2. Furthermore, we observe that the standard
deviation of the CSI-EPT reconstruction is always lower
compared to the MR-EPT reconstruction. Additionally, in
both the NSA, 2 & 10 reconstructions of the CSI-EPT have
the same mean values, while this is not the case for the MR-
EPT reconstruction. However, the MR-EPT reconstructs
the mean value of the background better than CSI-EPT,
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CSI-EPT CSI-EPT FIGURE 6 On the left is a picture
with NSA 2 with NSA 10 of the phantom that was made for the
1 measurements. The top left shows the
0.8 conductivity reconstruction for the CSI-
0.6 g EPT reconstruction with an NSA of 2,
04 5 the top right shows the reconstruction
e for NSA = 10. The bottom two figures
0-2 show the standard Helmholtz MR-EPT
0 reconstruction. The left shows the NSA =
Standard MR-EPT Standard MR-EPT 2 reconstruction while the right shows the
with NSA 2 with NSA 10 NSA = 10 reconstruction
1
0.8
06 &
28
0.4 n
0.2
0
) ) TABLE 2 Mean and standard deviation
Mean inner SD inner Mean SD (SD) of th ductivit tructi
of the conductivity reconstructions
Reconstruction used tube tube background background Y
from MRI data
CSI-EPT NSA =2 0.87 0.17 0.29 0.12
CSI-EPT NSA = 10 0.87 0.05 0.29 0.09
MR-EPT NSA =2 0.83 0.22 0.42 0.16
MR-EPT NSA = 10 0.81 0.22 0.37 0.13
MR-EPT with boundary 0.6 0.51 0.29 0.7
NSA =2
MR-EPT with boundary ~ 0.63 0.42 0.24 0.68
NSA =10
Reference value 0.9 - 0.41 -

which underestimates the conductivity. Nonetheless, this
demonstrates the feasibility of CSI-EPT in a realistic set-
ting using data acquired in clinically feasible scan time.

Finally, since the newly proposed method also recon-
structs the receive phase during the minimization process,
it is possible to compare this reconstructed phase from
the measurement with the 2D line source simulated one.
This together with the comparison between the 2D simu-
lated transceive phase and the measured transceive phase
is shown in Figure 7. The simulated, measured, and the
reconstructed phases show good agreement. This indicates
that the receive phase can be reconstructed using the TPC
CSI-EPT.

5 | DISCUSSION

In this work, we reformulated the CSI-EPT algorithm in
terms of MRI accessible quantities, that is, the Bl+ mag-
nitude and the transceive phase. Furthermore, we showed
that with this formulation we can derive the true B[ fields

rather than the relative B, which is reconstructed by using
one transmit channel as a reference. Furthermore, we in-
cluded a numerical implementation of the RF-shield re-
sulting in more realistic incident RF-fields that are used
as input for CSI-EPT. Ultimately, with this work, we dem-
onstrated for the first time the feasibility of CSI-EPT con-
ductivity reconstructions from MRI measurements at 3T.
These results ultimately confirm the reduction of boundary
errors and less noise compared to Helmholtz EPT as is al-
ways claimed from simulated results.

The solution to the RF-shield was proposed to model the
incident RF-fields correctly. Another solution to implement
the RF-shield into the CSI-EPT scheme has been proposed
in Ref. [31], where instead of the free-space Green’s tensor
functions the Green’s tensor functions in the presence of a
circular PEC, which represents the RF-shield, has been used.
This solution showed great improvement, however, the down-
side of using this method is that the computation time of the
CSI-EPT algorithm will increase drastically. Since integral
approaches are already slower compared to derivative ap-
proaches, we chose to use the implementation proposed in
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FIGURE 7 The top left shows the transceive phase from the
2D simulation. The top right shows the transceive phase measured
with MRI. The middle left shows the simulated transmit phase and
the middle right shows the transmit phase reconstructed by CSI-EPT
from the measurement. The bottom row shows the simulated and
reconstructed receive phase

this work, where we only include the RF-shield in the inci-
dent RF-fields. For the center slice of the birdcage coil, the
2D RF-fields simulated with line sources is used and shows
similar electrical properties reconstructions compared to re-
constructions using FDTD simulated incident RF-fields.
The TPA is valid at lower field strengths, as a result, we
can reason that the error in the reconstruction from Figure 4
for the lower field strengths is dominated by the low SNR.
For higher field strengths, the error in the standard CSI-
EPT algorithm increases because the TPA is no longer
valid. In Figure 3, these effects can also be observed in the
electrical properties. In the 3T reconstructions, the error is
predominantly due to the low sensitivity, while at the 7T re-
construction more global over and underestimations of the
conductivity and permittivity can be seen. When using the
TPC CSI-EPT, the transceive phase is no longer negatively
affecting the reconstruction. Furthermore, we observe that at
the lower field strengths the conductivity reconstruction has a
lower error compared to the permittivity reconstruction. The
displacement current directly scales with the frequency.38
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Therefore, at higher static magnetic field strength, the im-
print of the permittivity on the contrast increases, possibly
allowing for higher quality permittivity reconstructions at
higher field strengths.

With the standard CSI-EPT algorithm and standard
Helmholtz EPT, there was a trade-off for the field strength
to use when measuring with a standard birdcage setup. At
lower field strengths, the sensitivity is poor, while at higher
field strengths the TPA is not valid. With the TPC CSI-EPT,
this trade-off is no longer present since TPC CSI-EPT is not
affected by the invalidity of the TPA. Therefore, the increased
SNR and inherent sensitivity of 7T for a regular widely avail-
able standard quadrature setup can be exploited. As a limita-
tion of this work, MRI measurements were only performed
at 3T and not at 7T because the specifications of transmit
coil at 7T are not available. As shown in Figure 2, an incor-
rectly simulated background RF-field would lead to an incor-
rect contrast reconstruction. Therefore, measuring at 7T with
no good knowledge of the transmit coil for the simulations
would result in poor reconstructions.

In each of the eight reconstructions, in Figure 3, it can be
noted that reconstruction in the center of the phantom has a
larger error compared to the rest of the reconstruction. This
is inherently due to the design of the birdcage coil, espe-
cially in quadrature and reverse quadrature mode. In these
modes, the electric fields constructed by each separate rung
of the birdcage coil destructively interfere in the center of
the coil creating an electric field that has an almost zero
magnitude. This local minimum in the electric field, as can
be seen in Figure 2, results in a poor reconstruction in this
area. To improve this, either a different antenna setup could
be chosen to create a different electric field distribution or a
dielectric pad could be used to move the local minimum in
the electric field.*"*

Figure 5 shows how realistic three-dimensional (3D) elec-
tromagnetic fields affect the reconstruction. The center slice
of the birdcage coil is the part that resembles a 2D transverse
magnetic (TM) polarized field. Slices outside of the center
have larger E|, E,, and B, components that are not taken into
account in this 2D CSI-EPT algorithm. This is the cause of
the underestimation of the conductivity, as can be seen by
the plot at the bottom of Figure 5, especially at the outermost
slices of the phantom. At the boundary between the phantom
and the air, the change in conductivity and permittivity cre-
ates 3D scattered fields, and the assumption that the field is
TM polarized is no longer valid. The same results were ob-
served for the permittivity, but is omitted here to not display
the same information twice.

The phantom has a contrast that is invariant over the
z-direction for the length of the phantom. This was done to keep
the assumption that the RF-field is 2D valid in the center slice
of the birdcage coil. In Ref. [40], the effects of reconstructing
fully 3D contrasts with a 2D CSI-EPT algorithm are shown.



STIINMAN ET AL.

12 . . o o
—I—Magnetlc Resonance in Medicine

Possible solutions for the underestimation of the dielec-
tric properties are to formulate the CSI-EPT algorithm for
3D REF fields. However, this will significantly increase the
computation time of the algorithm. Currently, the recon-
structions are obtained within 1 minute of computation time
using an i5-6600k processor compared to multiple hours for
3D CSI-EPT.*' The increase in computation time is a result
of the increased problem size, increasing both the time per
iteration and the total number of iterations required.41 If the
TPC is used in the 3D implementation of CSI-EPT, the re-
ceive phase could be calculated only at every nth iteration
to alleviate the additional computational effort. Further,
the increase in computation time can be managed by using
some form of a hybrid method, where either 2D CSI-EPT
or a deep learning approach42 can be used as initialization
for the 3D CSI-EPT method. Another solution could be to
use a tube with a reference dielectric during scanning. Then,
the results can be scaled until the correct reference value is
found.

From the reconstruction of the measured data in Figure 6,
it is clear that the CSI-EPT reconstruction is more noise ro-
bust compared to the standard Helmholtz MR-EPT. Another
striking feature is that for EPT a clear boundary error is
present while for CSI-EPT this error is not present. This
reconstruction of the electrical properties using MRI mea-
sured data shows the feasibility of CSI-EPT for the first time.
However, for the CSI-EPT algorithm we observe that for the
measured data the conductivity of the background is underes-
timated and at the outer edge of the phantom the conductivity
is overestimated as was expected from the reconstructions of
the 3D simulations. Therefore, to improve the reconstructions
for MRI measured data similar steps as discussed in the para-
graph above should be taken.

From the TPC CSI-EPT, we can also extract the recon-
structed transmit and receive phase as shown in Figure 7. This
was previously not possible and only the transceive phase and
the receive fields with respect to a reference channel could be
measured. The actual transmit and receive phase maps could
be of interest for coil design and to check the performance of
built coils.

Ultimately, the presented methodology enables the use of
CSI-EPT for higher field strengths with a standard birdcage
setup and as a result of the reformulation to MRI accessible
quantities, it could also move to be used for in vivo EPT.

6 | CONCLUSION

In this work, the CSI-EPT algorithm was reformulated such
that the B;"” amplitude and transceive phase can serve as input
data instead of the complex Bl+ field. Due to this reformulation,
the transceive phase assumption, which is not valid at high

field strengths, is not necessary anymore. This allows for CSI-
EPT to fully exploit the benefits of the higher static magnetic
field strengths with a standard quadrature birdcage coil setup.

Finally, in this work, the first MRI acquired data CSI-EPT
reconstructions are shown and illustrate a significant im-
provement over the standard Helmholtz MR-EPT reconstruc-
tions. Moreover, we observed that CSI-EPT can reconstruct
the boundaries between different dielectric properties and
that it is robust with respect to realistic SNR values.

ORCID

Peter R. S. Stijnman "= https://orcid.
org/0000-0001-8277-1420

Stefano Mandija "= https://orcid.org/0000-0002-4612-5509

REFERENCES

1. Katscher U, van den Berg C. Electric properties tomography: bio-
chemical, physical and technical background, evaluation and clini-
cal applications. NMR Biomed. 2017;30:e3729.

2. Holder D. Breast cancer screening with electrical impedance
tomography. In: Electrical Impedance Tomography: Methods,
History and Applications. 1st ed. London: Institute of physics pub-
lishing; 2015, vol. 32, 167-182.

3. Kim SY, Shin J, Kim DH, et al. Correlation between electrical
conductivity and apparent diffusion coefficient in breast cancer:
effect of necrosis on magnetic resonance imaging. EUR Radiol.
2018;28:3204-3214.

4. Shin J, Kim MJ, Lee J, et al. Initial study on in vivo conductiv-
ity mapping of breast cancer using MRI. J Magn Reson Imaging.
2015:42:371-378.

5. Kim SY, Shin J, Kim DH, et al. Correlation between conductiv-
ity and prognostic factors in invasive breast cancer using magnetic
resonance electric properties tomography (MREPT). EUR Radiol.
2016;26:2317-2326.

6. Tha KK, Katscher U, Yamaguchi S, et al. Noninvasive electrical con-
ductivity measurement by MRI: a test of its validity and the electrical
conductivity characteristics of glioma. EUR Radiol. 2018;28:348-355.

7. van Lier A, van der Kolk A, Brundel M, et al. Electrical conduc-
tivity in ischemic stroke at 7.0 tesla: a case study. Proc Intl Soc Ma
Reson Med. 2012;20:3484.

8. Jensen-Kondering U, Bohm R, Shu L, et al. Electric properties to-
mography in a rodent model of ischemic stroke: results of a com-
bined ex-vivo and in-vivo pilot study. Proc Intl Soc Mag Reson
Med. 2017:4627.

9. Carluccio G, Bruno M, Collins C. Predicting long-term tempera-
ture increase for time-dependent SAR levels with a single short-
term temperature response. Magn Reson Med. 2016;75:2195-2203.

10. Balidemaj E, Kok H, Schooneveldt G, et al. Hyperthermia treat-
ment planning for cervical cancer patients based on electrical con-
ductivity tissue properties acquired in vivo with EPT at 3 t MRI. Int
J Hyperther. 2016;32:558-568.

11. Homann H. Patient-Specific SAR Models. In: SAR Prediction
and SAR Management for Parallel Transmit MRI. Karlsruhe: KIT
Scientific Publishing; 2012; vol. 16, 41-55.

12. MartinR, Vazquez J, Marrufo O, etal. SAR of a birdcage coil with vari-
able number of rungs at 300 MHz. Measurement. 2016;82:482-489.


https://orcid.org/0000-0001-8277-1420
https://orcid.org/0000-0001-8277-1420
https://orcid.org/0000-0001-8277-1420
https://orcid.org/0000-0002-4612-5509
https://orcid.org/0000-0002-4612-5509

STIINMAN ET AL.

. . o o 13
Magnetic Resonance in MedlcmeJ—

13.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Katscher U, Findeklee C, Vernickel P, et al. Determination of elec-
tric conductivity and local SAR via B, mapping. /EEE Trans Med
Imaging. 2009;28:1365-1374.

Lee J, Shin J, Kim DH. MR-based conductivity imaging using mul-
tiple receiver coils. Magn Reson Med. 2016;76:530-539.

. Van Lier A, Raaijmakers A, Voigt T, et al. Electrical properties to-

mography in the human brain at 1.5, 3, and 7T: a comparison study.
Magn Reson Med. 2014;71:354-363.

Lee S, Bulumulla S, Wiesinger F, et al. Tissue electrical property
mapping from zero echo-time magnetic resonance imaging. /[EEE
Trans Med Imaging. 2015;34:541-550.

Marques J, Sodickson D, Ipek O, et al. Single acquisition electrical
property mapping based on relative coil sensitivities: a proof-of-
concept demonstration. Magn Reson Med. 2015;74:185-195.
Mandija S, Sbrizzi A, Katscher U, et al. Error analysis of Helmholtz-
based MR-electrical properties tomography. Magn Reson Med.
2018;80:90-100.

Lee SK, Bulumulla S, Hancu I. Theoretical investigation of random
noise-limited signal-to-noise ratio in MR-based electrical proper-
ties tomography. /EEE Trans Med Imaging. 2015;34:2220-2232.
Liu J, Zhang X, Schmitter S, Van de Moortele P, He B. Gradient-
based electrical properties tomography (GEPT): a robust method
for mapping electrical properties of biological tissues in vivo using
magnetic resonance imaging. Magn Reson Med. 2015;74:634-646.
Yildiz G, Ider YZ. Use of dielectric padding to eliminate low con-
vective field artifact in cr--MREPT conductivity images. Magn
Reson Med. 2019;81:3168-3184.

Balidemaj E, Van Den Berg C, Trinks J, et al. CSI-EPT: a
contrast source inversion approach for improved MRI-based
electric properties tomography. IEEE Trans Med Imaging.
2015;34:1788-1796.

Hong R, Li S, Zhang J, et al. 3-D MRI-based electrical properties
tomography using the volume integral equation method. /EEE T
Microw Theory. 2017;65:4802-4811.

Abubaker A, van den Berg P. Total variation as a multiplicative
constraint for solving inverse problems. /[EEE T Image Process.
2001;10:1384-1392.

Liu J, Wang Y, Katscher U, et al. Electrical properties tomography
based on b; maps in MRI: principles, applications, and challenges.
IEEE T Bio-Med Eng. 2017;64:2515-2530.

Li L, Zheng H, Li F. Two-dimensional contrast source inversion
method with phaseless data: TM case. IEEE T Geosci Remote.
2009;47:1719-1736.

Arduino A, Bottauscio O, Chiampi M, et al. Magnetic reso-
nance-based imaging of human electric properties with phaseless
contrast source inversion. Inverse Problem. 2018;34:084002.

Van Lier A, Brunner D, Pruessmann K, et al. B 1+ phase mapping at
7 T and its application for in vivo electrical conductivity mapping.
Magn Reson Med. 2012;67:552-561.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Nocedal J, Wright S. Conjugate Gradient methods. In: Numerical
optimization. 2nd ed. New York City: Springer Science & Business
Media; 2006:101-133.

Chong E, Zak S. Conjugate Direction Methods. An Introduction
to Optimization. 2nd ed. Hoboken, NJ: John Wiley & Sons;
2013:151-164.

Arduino A, Zilberti L, Chiampi M, et al. CSI-EPT in pres-
ence of RF-shield for MR-coils. [EEE Trans Med Imaging.
2017;36:1396-1404.

Jin J. Analysis and Design of RF Coils. In: Electromagnetic anal-
ysis and design in magnetic resonance imaging. lst ed. Leiden:
Taylor & Francis; 1998:137-202.

Collins C, Smith M. Signal-to-noise ratio and absorbed power as
functions of main magnetic field strength, and definition of “90™
RF pulse for the head in the birdcage coil. Magn Reson Med.
2001;45:684-691.

Haacke E, Petropoulost L, Nilges E, et al. Extraction of conductiv-
ity and permittivity using magnetic resonance imaging. Phys Med
Biol. 1991;36:723-734.

Stogryn A. Equations for calculating the dielectric constant
of saline water (correspondence). [EEE T Microw Theory.
1971;19:733-736.

Yarnykh V. Actual flip-angle imaging in the pulsed steady state:
a method for rapid three-dimensional mapping of the transmitted
radiofrequency field. Magn Reson Med. 2007;57:192-200.

Prisco M, Mansi L. Gary line (ed): MRI from A to Z: a definitive
guide for medical professionals. Eur J Nucl Med Mol 1. 2013;40:C38.
Griffiths DJ. Electromagnetic Waves. In: Introduction to
Electrodynamics. 3rd ed. New York City: Pearson; 2008:157-178.
Brink W, Remis R, Webb A. A theoretical approach based on
electromagnetic scattering for analysing dielectric shimming in
high-field MRI. Magn Reson Med. 2016;75:2185-2194.

Leijsen R, Fuchs P, Brink W, et al. Developments in electrical-
property tomography based on the contrast-source inversion
method. J Imaging. 2019;5:25.

Leijsen R, Brink W, van den Berg C, et al. Three-dimensional
contrast source inversion-electrical properties tomography: 3D
CSI-EPT. IEEE Trans Med Imaging. 2018;37:2080-2089.

Leijsen R, van den Berg CWebb A, et al. Combining deep learning
and 3D contrast source inversion in MR-based electrical properties
tomography. NMR Biomed. 2019: e4211.

How to cite this article: Stijnman PRS, Mandija S,
Fuchs PS, van den Berg CAT, Remis RF. Transceive
phase corrected 2D contrast source inversion-
electrical properties tomography. Magn Reson Med.
2020;00:1-13. https://doi.org/10.1002/mrm.28619



https://doi.org/10.1002/mrm.28619

