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Numerical Experiments on the Contrast Capability  
of Magnetic Resonance Electrical Property Tomography

Song Duan1, Yurong Zhu2, Feng Liu3, and Sherman Xuegang Xin4*

Purpose: Magnetic resonance electrical property tomography (MR EPT) is a technique for non-invasively 
obtaining the electric property (EP) distribution of biological tissues, with a promising potential for applica-
tion in the early detection of tumors. However, the contrast capability (CC) of this technique has not been 
fully studied. This work aims to theoretically explore the CC for detecting the variation of EP values and the 
size of the imaging region.
Methods: A simulation scheme was specifically designed to evaluate the CC of MR EPT. The simulation 
study has the advantage that the magnetic field can be accurately obtained. EP maps of the designed phantom 
embedded with target regions of designated various sizes and EPs were reconstructed using the homoge-
neous Helmholtz equation based on B1 

+ with different signal-to-noise ratios (SNRs). The CC was estimated 
by determining the smallest detectable EP contrast when the target region size was as large as the Laplacian 
kernel and the smallest detectable target region size when the EP contrast was the same as the difference 
between healthy and malignant tissues in the brain, based on the reconstructed EP maps.
Results: Using noise free B1 

+, the smallest detectable contrasts and contrastεr were 1% and 3%, respectively, 
and the smallest detectable target region size was 1 mesh unit (the base unit size used in the simulation) for 
conductivity and relative permittivity. The smallest detectable EP contrast and target region size were 
decreased as the B1 

+ SNR increased.
Conclusion: The CC of MR EPT was related with the SNR of the magnetic field. A small EP contrast and size 
were necessary for detection at a high-SNR magnetic field. Obtaining a high-SNR magnetic field is important 
for improving the CC of MR EPT.
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Introduction
Electrical properties (EP) of biological tissues, including 
conductivity (s ) and relative permittivity (εr), have been the 
subject of research for several years.1–7 Numerous studies 
have been conducted on the measurement of the EP values of 
various malignant and healthy tissue types at radiofrequency 

(RF) and microwave frequency.1–5,8,9 These investigations 
have consistently demonstrated that the EP values of malig-
nant tissues have definite levels of difference compared with 
those of healthy tissues. Numerous factors, including relative 
intracellular and extracellular fluid volumes, ionic concentra-
tions, and cellular membrane permeability, account for the 
difference mechanism of EP values between malignant and 
healthy tissues.1,2,10 Considerable differences in EP values of 
even up to 577% may exist between malignant and healthy 
tissues.7 Considering the biological continuous process of 
the alteration in EP values of tissues, we can assume that only 
a small change of EP values, for example, only 1%, occurs at 
the early stage of the progressive process of tissues devel-
oped from healthy to malignant status.11 Given the large con-
trast gap of EP values between healthy and malignant tissues, 
people believe that detecting the variations in EP values of 
tissues at the beginning of the entire progressive process 
from healthy to malignant status may be beneficial for the 
early detection of tumors.12–14
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Although the knowledge on EP values of tissues can be 
easily obtained in vitro, for example, using the open-ended 
coaxial probe method,10,15 non-invasively obtaining the tomo-
graphic EP data in vivo is difficult until the technique magnetic 
resonance electrical property tomography (MR EPT) was 
proposed. On the basis of the measurement of the transmitted 
B1 

+ field of the MRI system at the Larmor frequency,16–20 MR 
EPT can image the EP distribution inside the human body 
without requiring a current injection, as implemented in elec-
tric impedance tomography (EIT)21 and magnetic resonance 
EIT.22,23 The measurement mechanism is in the B1 

+ field being 
electromagnetically distorted by the loaded human body. 
Therefore, the quantitative assessment of the distorted B1 

+ 
allows the inverse reconstruction of the EP values of tissues. 
The concept of EP imaging was first introduced by Haacke  
et al.24 and was applied practically by Wen et al.25. Wen et al.25 

indicated that the distribution of the RF field in high-field MRI 
directly correlates with the EP distributions in the sample and 
that the relationship between the RF field and EP can be 
explained by a simplified EPT reconstruction equation, that is, 
the homogeneous Helmholtz equation. Since its proposal by 
Wen et al.,25 this simplified EPT reconstruction equation has 
become the most popular algorithm applied in the majority of 
EPT studies.14,26–33 In recent years, numerous studies have 
focused on the capability of the MR EPT technique. For 
example, in prior work, the validity of homogeneous Helm-
holtz equation was investigated by Seo et al.,33 demonstrating 
that a large reconstruction error occurred in inhomogeneous 
objects in which the EP homogenous assumption in the homo-
geneous Helmholtz equation fails. An alternative study con-
ducted by Lee et al.34 discussed the limit of signal-to-noise 
ratio (SNR) using a homogenous phantom, and it showed that 
the SNR of reconstructed EP is proportional to the square of 
the linear dimension of the ROI over which the EPs are deter-
mined and to the square root of the number of voxels in the 
ROI. Duan et al.14 quantitatively analyzed the reconstruction 
errors of Helmholtz-based MR EPT at the interfaces of adja-
cent tissues, showing the limitation of this homogeneous 
Helmholtz equation when applied to the human body. Mandija 
et al.35 indicated that numerical error is a major cause of lim-
ited accuracy in Helmholtz-based MR-EPT reconstructions. 
These studies have shown the various limitations of Helm-
holtz-based MR EPT in EP reconstruction, especially for inho-
mogeneous objects. Such limitations can lead to problems 
when the MR EPT algorithm is applied in vivo. For example, 
when the MR EPT is applied for the early detection of tumors 
that have different EP values with surrounding tissues, the 
detection of lesions may be affected due to the limitations of 
this technique. This question highlights the importance of the 
research on the contrast capability (CC) of MR EPT, i.e., the 
detection capability on the variation in EP values of tissues and 
the size of the image region. Wang et al.36 evaluated the sensi-
tivity for structures of various EP values and geometrical sizes 
at 7T for a boundary-informed electrical property tomography 
technique that can reliably retrieve EP distributions inside an 

object using an external EP reference area. However, to our 
knowledge, the CC of MR EPT remains unexplored.

This study aims to investigate the CC of MR EPT using 
the homogeneous Helmholtz equation. Hence, the recon-
struction of MR EPT is required, and obtaining the B1 

+ data is 
the first step. However, in the practical MR scan, the B1 

+ data 
inevitably involves engineering artifacts, such as Gibbs 
ringing that occurs when the spatial resolution is insufficient 
to represent small structures in the object37 and the distortion 
or blurring caused by resonance offsets and hardware limita-
tions38; in addition, the presently available B1 mapping 
methods in engineering cannot obtain the phase map of the 
B1 

+ field.39–41 In practice, a rough approximation of transmit 
phase was obtained by the transceive phase assumption 
using a quadrature volume coil.27,39,40,42 On the contrary, 
accurately obtaining the full set of B1 

+ data using numerical 
electromagnetic simulation is easy. Therefore, in this work, 
the CC of MR EPT was theoretically investigated via numer-
ical simulation. A carefully designed simulation scheme was 
utilized to obtain the B1 

+ data of a designed dielectric model 
embedded with a series of target regions with various sizes 
and EP values. The EP distributions were reconstructed 
using the homogeneous Helmholtz equation based on the 
obtained B1 

+ with different SNR. The smallest detectable EP 
contrast (when the target region size was as large as the 
Laplacian kernel) and smallest detectable target region size 
(when the EP contrast was the same as the difference between 
healthy and malignant tissues in the brain) were determined 
following the reconstructed EP maps and used to describe 
the CC of MR EPT.

Materials and Methods
Modeling
In this study, a numerical simulation was carefully designed 
to obtain B1 

+ field distribution as the base for analyzing the 
CC of MR EPT. Simulations were performed on a commer-
cial simulation software (SEMCAD X. 14.6, Schmid & 
Partner Engineering AG, Zurich, Switzerland), which con-
sidered a transmit coil loaded with a dielectric model, as 
shown in Fig. 1.

The transmit coil was a 16-leg, 3T high-pass birdcage 
coil. In the coil setup, the coil leg length was 40 cm and the 
diameter of the end-ring was 30 cm. A total of 16 capacitors 
were distributed on each end-ring with equal space having a 
uniform capacitance of 16.22 pF. Each leg had a unit ampli-
tude current source at the center, and all sources had the same 
current direction. From leg to leg, the phases of the current 
sources were assigned with a step increment of 2p/16.

A dielectric cube (referred to as the background cube) 
was constructed in the SEMCAD, which was considered for 
the side length of 25 mesh units (1 mesh unit was equal to the 
side length of a given isotropic voxel size). A small cubic 
target region was set in the center of the background cube, as 
shown in Fig. 1. The EP of background cube was the same as 
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that of healthy white matter (s = 0.3421 S/m and  
er = 52.53).1–3 To investigate the detection capability of MR 
EPT on the variation in EP values of tissues and the size of 
the image region, different EPs and sizes were assigned to 
the target region. The details of the simulation settings of the 
target region are as follows.

In the investigation of the detection capability on the 
variation in EP values of tissues, various EP values were 
assigned to the target region, thereby forming the following 
pairs of (contrastσ , contraster ): (0.01:0.02:1.01, 0) and  
(0, 0.01:0.02:0.27), where contrasts and contraster are the 
contrasts of conductivity and relative permittivity, respec-
tively, and are calculated as Eqs. [1] and [2]:

		  contrast = TR B
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where sTR and erTR represent the conductivity and relative 
permittivity of the target region and sB and erB denote the 
conductivity and relative permittivity of the background 
cube, respectively. The detection capability on the variation 
of conductivity and relative permittivity was studied sepa-
rately. When the detection capability on the variation of con-
ductivity was investigated, contrasts was increased from 0.01 
to 1.01, and contraster was fixed at 0, i.e., the target region 
has the same er as the background cube. Similarly, when the 
detection capability on the variation of relative permittivity 
was investigated, contraster was increased from 0.01 to 0.27, 
and contrasts was fixed at 0. The smallest investigated 
contrastEP was set as 1%, which is small compared with the 
large difference (even up to 577%) in EP values between  
the normal and malignant tissues.7,43 The contrastEP smaller 
than 1% was not studied here. The maximum contrastEP 

investigated was equal to the contrast between the human 
glioma and healthy white matter.1–3,43 The side length of the 
target region was set as 7 mesh units; thus, the target region 
was as large as the Laplacian kernel used in this study, which 
is the smallest size of image region meeting the assumption 
“locally constant EP” in the homogenous Helmholtz equation.

In the investigation of the detection capability on the size 
of the image region, the target region was constructed with a 
side length of 1–10 mesh units and EP values equal to human 
glioma (s = 0.6836 S/m, er = 66.18).43

Generation of magnetic field
The built model was positioned at the center of the birdcage 
coil. The voxel size in the region of the phantom was set as  
1 × 1 × 1 mm3, which was a recommended voxel size for MR 
image acquisition, considering scan time and image quality.44 
After the SEMCAD simulation, B1 

+ data of the model were 
exported into MATLAB (MathWorks, Natick, MA, USA) for 
further processing. To observe the changes in magnitude and 
phase in the target region, the magnitude and phase maps 
were normalized by the magnitude and phase maps gener-
ated using a homogenous model in which the EP of target 
region was equal to background cube, i.e., the EP values of 
the background cube and target region were equal to the EP 
of the healthy white matter. The normalized magnitude and 
phase maps across the center of the target region were pre-
sented. In practical measurement, the data of magnetic fields 
are consistently polluted by noise. In this manuscript, the 
measurement noise was included by adding complex 
Gaussian noise with zero mean to the B1 

+ field, thereby 
forming several SNR levels of B1 

+ magnitude in the range of 

60 to +¥. The SNR was defined as SNR = 20 log10

B
N

1
+

, 

where B1 
+ is the simulated data and N denotes the Gaussian 

noise added in the simulated B1 
+.

Reconstruction of EP
After the B1 

+ of the model was obtained, the EP distributions 
of the dielectric model were reconstructed using the fol-
lowing homogeneous Helmholtz equation [3]25:
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where ω is angular frequency and k e s
w

: = - i  represents 

the complex permittivity and is assumed to be isotropic. m 
denotes the magnetic permeability. In the human body, m was 
assumed to be constant and equal to the magnetic permea-
bility of the free space m0 = 4p × 10–7. By separating the real 
and imaginary components of Eq. [3], conductivity s and 
relative permittivity er can be computed as
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Fig. 1  Photographs of the high-pass birdcage coil loaded with the 
dielectric cube model that embedded a cubic target region in its 
center. The background cube (grey), target region (red), current 
source (green), and capacitor (blue) are shown using black arrows. 
The co-ordinate system at the bottom left shows the x-, y-, and 
z-directions.
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where e0 = 8.8542 × 10–12 F/M refers to the free space permit-
tivity. The numerical Laplacian calculation in Eqs. [4] and 
[5] was realized using the Savitzky–Golay kernel (KSG).45,46 
The applied KSG was as following Eqs. [6] and [7]:

        Kernel = 2

1 1
2

1 1
2

1

2 1 2 1 2

1 1
2

1 1
2

1

small,
2

i
- -

- - -

- - -

- - -

i

é

ë

ê
ê
ê
ê
ê

ù

û

ú
úú
ú
ú
ú

ì

í

ï
ïï

î

ï
ï
ï

ü

ý

ï
ïï

þ

ï
ï
ï

|  =1, 2, 3i , � [6]

Kernel = 2

5
2

0 3
2

2 3
2

0 5
2

5 0 3 4 3 0 5
5
2

0 3
2

2 3
2

0 5
2

large,
2

i
- -

-
-

-

- - -
-

-
-

i

éé

ë

ê
ê
ê
ê
ê

ù

û

ú
ú
ú
ú
ú

ì

í

ï
ïï

î

ï
ï
ï

ü

ý

ï
ïï

þ

ï
ï
ï

| =1, 2, 3i ,� [7]

where the index i indicates the third dimension of the small 
(5 × 3 × 3, Kernelsmall) and large (7 × 3 × 3, Kernellarge) ker-
nels. These two kernels were used to calculate the second-
order derivatives of the target voxel in the x, y, and 
z-directions; summing the results of the three derivatives 
results in the Laplacian kernel. The 7 × 3 × 3 and 5 × 3 × 3 
kernels were used for in- and inter-plane computations, 
respectively. In the inter-plane direction, a smaller kernel 
was selected to reduce the number of slices required for 
reconstruction, thereby decreasing the measurement time.

Evaluation of CC
The CC evaluation was based on the reconstructed EP maps. 
The designated target region is detectable if the mean EP  
of the target region ( EPTR

), the mean EP of the background 
( EPB ), and the standard deviation of the EP of the back-
ground ( STDB,EP ) satisfied the following relation [8]:

		  EP -EP >STDTR B B, EP.� [8]

The smallest detectable contrastEP (when the target region 
was as large as the Laplacian kernel) and smallest detectable 
target region size (when the EP of target region was equal to 
glioma) were determined and used to describe the CC.

Results
Detection capability on the variation of EP
The investigation of the detection capability on the variation 
of EP was conducted using a target region with fixed size and 
varied EP. The size of the target region was approximately 
the size of the Laplacian kernel used for the EP reconstruc-
tion. The B1 

+ data of the built model were generated using the 
above-described numerical simulation procedure. Fig. 2 
shows the transverse distributions of normalized magnitude 
and phase across the central area of the target region, in 
which Fig. 2a illustrates the normalized magnitude maps 
with respect to the contraster 1–27% (corresponding to the 
first to the last column, respectively). Fig. 2b presents the 
normalized phase maps with respect to the contraster 1 to 101%, 
The normalized magnitude and phase in the target region 
were increased with contraster and contrasts .

Figure 3 displays the reconstructed EP distributions of 
the built model across the center of the target region for the 
contrasts from 1 to 101%, and the contraster from 1 to 27%, 
when the B1 

+ SNR was 70, 85, and +¥ (noise free). The con-
ductivity and relative permittivity over the target region were 
increased with contrasts and contraster, respectively. With the 
decrease in SNR, the target region disappeared in the recon-
structed EP maps, especially for the target regions with small 
contrastEP.

Figure 4 plots the smallest detectable contrastEP for dif-
ferent B1 

+ SNRs. When the noise free B1 
+ data were used, the 

smallest detectable contrasts and contraster were as small  
as 1% and 3%, respectively. The smallest detectable 
contrastEP was decreased as the SNR of B1 

+ data was increased. 

Fig. 2  Transverse distributions of normalized magnitude and phase across the center of the target region for different contrastEP values.  
The size of the target region was approximately the size of the Laplacian kernel used for the electric property (EP) reconstruction. (a) 
Normalized magnitude maps in which contraster was increased from 1% to 27%, corresponding to the first to the last column. (b) 
Normalized phase maps in which contrasts was increased from 1 to 101%.

a

b
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Fig. 3  Reconstructed electric property (EP) distributions of the constructed model across the center of the target region. (a) Reconstructed 
relative permittivity maps. From the first to the last columns, contraster was from 1% to 27%. From the first to the third rows, the B1 

+ SNRs 
were 70, 85, and +∞ (noise free), respectively. (b) Reconstructed conductivity maps. From the first to the last columns, the contrasts values 
were 1–101%. From the first to the third rows, the B1 

+ SNRs were 70, 85, and +∞, respectively. SNR, signal-to-noise ratio.

a

b

Fig. 4  Smallest detectable contraster (triangle) and contrasts (circle) 
for different B1 

+ SNRs. SNR = +∞ indicates that no gauss noise was 
added to the simulated B1 

+ data. The smallest detectable contrastEP was 
decreased as the SNR of B1 

+ data was increased. The target regions can-
not be detected in the investigated range of electric property (EP)  con-
trast on the basis of the reconstructed conductivity and relative permit-
tivity maps, when the SNRs were smaller than 65 and 75, respectively. 
SNR, signal-to-noise ratio.

The target regions cannot be detected in the investigated 
range of EP contrast when the SNR smaller than 65 and 75, 
respectively.

Detection capability on the size of the image region
The detection capability on the size of the image region was 
investigated using a target region with fixed EP and varied size. 

The assigned EP values of target region were the same as the 
EP of human glioma. Figure 5 presents the transverse distri-
butions of normalized magnitude and phase across the cen-
tral area of the target region for different target region sizes 
(side lengths from 1 to 10 mesh units). The normalized mag-
nitude and phase in the target region were increased with the 
target region size.

Figure 6 presents the reconstructed EP distributions of 
the built model across the center of the target region for a 
size of 1–10 mesh units, when the B1 

+ SNR was 70, 85, and 
+¥ (noise free). The reconstructed EP over the target region 
is decreased as the target region size decreases. With the 
decrease in SNR, the target region disappeared in the recon-
structed EP maps, especially for the target regions with 
small size.

Figure 7 plots the smallest detectable target region size 
for different B1 

+ SNRs. When the noise free B1 
+ data were used, 

the smallest detectable target region size was 1 mesh unit for 
conductivity and relative permittivity. The smallest detect-
able target region size decreased as the SNR of B1 

+ was 
increased. The target regions cannot be detected in the inves-
tigated range of target region size when the SNRs were 
smaller than 65 and 70, respectively.

Discussion
Given the existence of a large difference in EPs between 
benign and malignant tissues, the technique of MR EPT may 
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Fig. 5  Transverse distributions of normalized magnitude (a) and phase (b) across the central area of the target region for different target 
region sizes. The electric property (EP) values of the target region and background were the same as those for human glioma and healthy 
grey matter, respectively. From the first to the last columns, the side length of the target region was increased from 1 to 10 mesh units.

a

b

Fig. 6  Reconstructed relative permittivity (a) and conductivity (b) distributions of the constructed model across the center of the target 
region. From the first to the last columns, the side lengths of the target region were 1–10 mesh units, respectively. From the first to the third 
rows in (a) and (b), the B1 

+ SNRs were 70, 85, and +∞ (noise free), respectively. SNR, signal-to-noise ratio.

a

b

be valuable for the early clinical detection of tumors. The 
current manuscript focused on the CC of MR EPT, which is 
meaningful for the application of this technique. The CC of 
MR EPT was determined at a frequency of 128 MHz on the 
basis of the homogeneous Helmholtz equation.

Two central challenges of EPT are the boundary issue,  
in which severe reconstruction error of EP can occur at the 
interfaces of adjacent tissues with different EP,14,33  
and the transmit phase, which is difficult to determine 
exactly.40 Certain strategies have been proposed to resolve 
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such challenges.29,47–50 Some of the newly proposed EPT 
reconstruction methods involve the dual-excitation algo-
rithm,48 convection–reaction equation-based MR EPT,51 gra-
dient-based EPT,52 contrast source inversion-EPT,53 and 
water content-based EPT.12 These approaches were imple-
mented by rewriting the Helmholtz equation combined with 
some approximations or prior knowledge. In comparison 
with the abovementioned approaches, the homogeneous 
Helmholtz equation is a basic reconstruction formulation 
derived directly from the Helmholtz equation. Therefore, 
using the basic reconstruction formulation to indicate the 
basic characteristics of the CC of MR EPT is reasonable.

A carefully designed numerical simulation strategy was 
used to obtain B1 

+. The different changes in magnitude and 
phase of B1 

+ were observed for different target regions. The 
changes were related to the alterations of the EP and size of 
the target region. As shown in Figs. 2 and 5, the normalized 
magnitude and phase over the target regions increased with 
the increase of the geometric volume of the target region and 
contrastEP . These results indicated that the influence of the 
target region on the magnetic field was increased with the 
increase in the size and EP of the target region. Thus, a large 
difference in reconstructed EP was observed between the 
target region and background cube for these cases with lager 
contrastEP and target region size, as shown in Figs. 3 and 6.

Determining the smallest detectable contrastEP at dif-
ferent target region sizes and the smallest detectable target 
region sizes at different contrastEP values is complicated 
because of the numerous cases of size and contrastEP in the 
target region. In this study, the CC of MR EPT was evaluated 
by determining the smallest detectable contrastEP (when the 

target region was as large as the Laplacian kernel) and 
smallest detectable target region size (when the EP of target 
region was equal to glioma), based on the reconstructed EP 
maps. When the noise free B1 

+ data were used, the smallest 
detectable contrastEP was 1% for conductivity and 3% for 
relative permittivity, and the smallest detectable target region 
size was 1 mesh unit for conductivity and relative permit-
tivity. The smallest detectable contrastEP and smallest detect-
able target region size were increased as the B1 

+ SNR declined, 
as shown in Figs. 4 and 7. This trend can also be observed in 
Figs. 3 and 6, where the target regions with small contrastEP 
and size disappeared when the B1 

+ SNR was lower. Therefore, 
small EP contrast and size were necessary for detecting the 
imaging region at high SNRs of the magnetic field. Obtaining 
the high-SNR magnetic field data is important for improving 
the CC of MR EPT.

Image noise is an undesirable component correlated with 
the desired signal, which is consistently contained in prac-
tical measurement.54 In this study, the influence of image 
noise on the CC of MR EPT was considered by adding com-
plex Gaussian noise in the simulated B1 

+ data. The target 
regions with small size and contrastEP are sensitive to image 
noise. These target regions were undetectable even when 
small noise was added. In the MR scanning, the image noise 
is related to numerous parameters,55 such as physical and 
instrumental parameters including the strength of the main 
field B0, the random electrical fluctuations associated with 
the resistances of the receiver coil and the body, and the 
imaging sequence parameters, e.g., the excitation tip angles, 
sequence timing, and data acquisition time. During the 
implementation of the MR EPT, these parameters will affect 
the SNR of the B1 

+ data and finally affect the CC of the 
technique.

Previous studies35,42 indicate that a small Laplacian 
kernel leads to spatially limited numerical boundary errors, 
which will be ideal for convoluted tissue structures, such as 
the human brain. However, in reality, the acquired images are 
intrinsically affected by local fluctuations, such as those from 
thermal noise. Small kernels are highly sensitive to local 
signal noise. To minimize the effect of spatial fluctuations, 
relatively large Laplacian kernel in combination with 
Gaussian apodization, such as the van Lier’s kernel28 and 
KSG,45,46 was often adopted. Furthermore, Lee et al.34 showed 
that the KSG is optimal for noise reduction. Therefore, the KSG 
was selected in the current study to reconstruct the EP distri-
bution of the model.

This manuscript only focused on the frequency of 128 
MHz, which is the most widely available frequency. The 
CC of MR EPT at other frequencies should be different 
from the results presented in this study because the SNR of 
the obtained magnetic field and the local field curvature 
(positively correlated to tissue EPs) varied with the applied 
frequency, leading to different noise levels in the recon-
structed EP.

Fig. 7  Smallest detectable target region size determined on the 
basis of reconstructed relative permittivity (circle) and conductivity 
(triangle) maps, for different B1 

+ SNRs. The smallest detectable target 
region size is decreased as the SNR of B1 

+ data was increased. The 
target regions cannot be detected in the investigated range of target 
region size on the basis of the reconstructed conductivity and rela-
tive permittivity maps when the SNRs were smaller than 65 and 70, 
respectively. SNR, signal-to-noise ratio.
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Conclusion
The CC of the MR EPT technique was related to the SNR of 
magnetic fields. Small EP contrast and size were necessary 
for detection at high SNR of the magnetic field. Obtaining 
high-SNR magnetic field data is important for improving the 
CC of MR EPT.
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