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Abstract
Objectives To evaluate the diagnostic utility of electric properties tomography (EPT) in differentiating benign from malignant
breast lesions in comparison with dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI).
Methods In this institutional review board-approved retrospective study, 116 consecutive patients with 141 breast lesions (50
benign and 91 malignant) underwent 3-T MRI, including 3D turbo-spin echo (TSE) sequence and standard DCE-MRI scans
between January 2014 and January 2017. The lesions were segmented semi-automatically using subtraction DCE-MR images,
and they were registered to the phase images from 3D TSE. The mean conductivity of the lesion was obtained from phase-based
reconstruction of lesions. From the DCE-MRI, initial enhancement rate (IER) and signal enhancement ratio (SER) were calcu-
lated from signal intensity (SI) as follows: IER = (SIearly - SIpre)/SIpre, SER = (SIearly - SIpre)/(SIdelayed - SIpre). The parameters
from EPT and the DCE-MRI were compared between benign and malignant lesions.
Results There was significant difference in mean conductivity (0.14 ± 1.77 vs 1.14 ± 1.36 S/m, p < 0.0001) and SER (0.77 ± 0.28
vs 1.04 ± 0.25, p < 0.0001) between benign and malignant lesions, but not in IER (p = 0.06). Receiver operating curve (ROC)
analysis revealed that the area under the curve (AUC) of the mean conductivity and SERwas 0.71 and 0.80, respectively, without
significant difference (p = 0.15).
Conclusions The mean conductivity of EPT was significantly different between benign and malignant breast lesions as well as
kinetic parameter or SER from DCE-MRI.
Key Points
• The conductivity of malignant lesions was higher than that of benign lesions.
• EPT helps differentiatie benign from malignant lesions.
• Diagnostic ability of EPT was not significantly different from that of DCE-MRI.
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Abbreviations
DCE-MRI Dynamic contrast-enhanced

magnetic resonance imaging
EPT Electric properties tomography
FGT Fibrograndular tissue
IER Initial enhancement rate
SER Signal enhancement ratio
T2-VISTA T2-volume isotropic turbo spin

echo acquisition
TSC Tissue sodium concentration
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Introduction

Breast magnetic resonance imaging (MRI) is well established
in clinical practice with high sensitivity and reasonable spec-
ificity in differentiating benign and malignant lesions [1–5].
According to the BI-RADS lexicon [6], morphological anal-
ysis and kinetic curve assessment of dynamic contrast-
enhanced MRI (DCE-MRI) are the two most important
methods in the clinical interpretation of breast lesions.

Gadolinium diethylene triamine penta-acetic acid (Gd-
DTPA), a widely used MR contrast medium, distributes in the
extracellular space after intravenous injection and accumulates in
tissues with rich vascularity or an expanded interstitial space [7,
8]. This mechanism of distribution allows for the differentiation
between benign and malignant vasculature using the enhance-
ment effect [9, 10]. Emerging evidence that gadolinium deposits
in deep nuclei of the brain has become a concern for patient
safety [11, 12], although its clinical significance is not fully un-
derstood. Thus, novel techniques that do not require gadolinium
contrast media to differentiate malignant from benign breast le-
sions would potentially have great merit.

Electric properties tomography (EPT) is a novel technique
usingMRI to investigate the conductivity of a lesion [13]. The
conductivity can be obtained from a basic clinical sequence
without contrast injection [i.e. turbo-spin echo (TSE)]. The
factors that lead to elevated conductivity in malignant tumours
include: increased tissue sodium concentration (TSC) and
concentration of additional ions such as potassium or calcium,
and changes in water content. TSC was reported as a potential
major determinant of electric tissue conductivity [14–16].
TSC is increased as a result of altered Na+ and H+ transport
kinetics and pH levels in proliferating cells [17]. Several stud-
ies showed significantly higher TSC in malignant tumours
than in normal tissue in the brain and in the breast [14, 18,
19]. Because the conductivity measured by EPT is largely
influenced by TSC [16], EPT might be a possible candidate
for a non-contrast tissue biomarker.

Several studies have shown that the conductivity of a brain
tumour is higher than that of surrounding normal white matter
[20–22]. With regards to the breast, recent studies have reported
a relationship between the conductivity and breast tumours [23,
24]. Shin et al [23] reported that malignant lesions showed sig-
nificantly increased conductivity compared to benign lesions;
however, their study included a limited number of subjects; only
5 benign and 30malignant subjects.More reliable results should
be obtained with a larger number of subjects, particularly benign
subjects, in order to confirm the utility of conductivity to differ-
entiate benign from malignant lesions. Furthermore, there have
been no studies, to our knowledge, comparing EPTwith that of
standard DCE-MRI in terms of differentiating between benign
and malignant lesions.

The purpose of this study was to evaluate the diagnostic
ability of EPT in differentiating between benign andmalignant

breast lesions in comparison with conventional parameters of
DCE-MRI.

Materials and methods

Patients

Our institutional review board approved this retrospective
study and waived the informed consent requirement. We ret-
rospectively reviewed breast MRI studies performed at our
institution between January 2014 and January 2017. Among
patients who underwent 3-T breast MRI including three-
dimensional (3D) TSE or T2-volume isotropic TSE acquisi-
tion (T2-VISTA), which is a clinical non-contrast 3D turbo-
spin echo (TSE) sequence, 133 consecutive patients had
biopsy-proven benign or malignant lesions, or clinically con-
firmed benign lesions. The following patients were excluded:

1. Six patientswith a too small lesion (less than 5.6×5.6×11.2
mm3: diameter of 7 voxels), and six patients with non-mass
enhancement consisting of too small components (less than
5.6 × 5.6 × 11.2 mm3). For these patients, calculation of
conductivity did notworkwell because the numerical differ-
entiationaccordingtotheequationrequiresat least3voxels in
each spatial direction, which together with the safetymargin
results in a minimal lesion diameter of 7 voxels (5.6 × 5.6 ×
11.2mm3) for conductivity reconstruction.

2. Five patients with severe susceptibility artefact because of
placement of metallic clips. In our method, the segmenta-
tion of target lesions was performed on the subtraction im-
ages obtained with T1-weighted gradient echo sequence,
and the results of the segmentation were subsequently ap-
plied to the phase components of the 3D TSE images. As
we used the gradient echo sequence for segmentation, se-
vere susceptibility artefact was inevitable from metallic
clips. Although we managed to obtain the conductivity
values in majority of the lesions, we had to exclude five
lesions, inwhich the severemetallic artefacts occurred at the
centre of the lesion, and the central defect of the segmenta-
tion precluded the calculation of conductivity.

Thus, 116 patients with 141 lesions (50 benign and 91 ma-
lignant) were included in this retrospective study. The indica-
tions of breast MRI for our study population were preoperative
staging of known cancer for 56 patients, screeningwith personal
history of breast cancer or strong family history of breast cancer
and/or gene mutation for 19 patients, and further evaluation of
suspicious breast lesions for 41 patients. All patients were fe-
male with mean age of 50 (range, 23–76) years.

The malignant lesions consisted of 73 invasive ductal car-
cinomas (IDC), 9 ductal carcinomas in situ (DCIS), 7 invasive
lobular carcinomas (ILC), 1 invasive micropapillary
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carcinoma and 1 metaplastic carcinoma. The benign lesions
consisted of 41 with pathologic proof by percutaneous core
needle biopsy and 9 lesions diagnosed as benign by follow-up
examination of more than 2 years. Forty-one pathologically
proven benign lesions were: 24 fibroadenomas, 4 papillomas,
3 apocrine metaplasia, 3 complex sclerosing lesions, 2 chronic
periductal inflammation, 1 focal columnar change, 1 lobular
carcinoma in situ, 1 extra-abdominal desmoid, 1 hyalinised
breast tissue, 1 pseudo-angiomatous stromal hyperplasia
(PASH). Remaining 9 benign lesions had been clinically di-
agnosed as fibroadenoma by >2 years of follow-up with mam-
mogram and/or ultrasound (US).

MRI acquisition

A 3-T system (Achieva 3T-TX system; Philips Healthcare,
Best, The Netherlands) with multiple-source radiofrequency
transmission was used for all scans. All patients were imaged
in the prone position with both breasts placed in a 16-channel
bilateral breast coil. Imaging protocol include 3D TSE (T2
VISTA) and DCE-MRI using a 3D fat-suppressed T1-weight-
ed gradient-echo sequence: 3D TSE (T2 VISTA) which rou-
tinely includes magnitude and phase images (repetition time/
echo time (ms), 2,000/210; matrix, 500 × 500; voxel size, 0.8
× 0.8 × 1.6 mm3; field of view, 360 mm; NSA, 1; ETL, 120;
acceleration factor for parallel imaging, right-left: 3, feet-head:
2; acquisition time, 5 min 10 s), and DCE-MRI (repetition
time/echo time (ms), 4.8/2.4; matrix, 500 × 500; voxel size,
0.8 × 0.8 × 1.6 mm3; field of view, 360 mm; SENSE acceler-
ation factor (RL), 2.5; SENSE acceleration factor (FH), 2; half
scan factor, 0.85 (ky): 1 (kz); temporal resolution 65 s; number
of sections, 215; flip angle, 10°; fat suppression method,
SPAIR). The DCE series consisted of one standard scan be-
fore contrast media injection, followed by four standard scans
after the injection of gadobentate dimeglumine (Multihance;
Bracco, NJ, USA) at a dose of 0.1 mmol/kg and a rate of 2 ml/
s, followed by a 20-ml saline flush at a rate of 2 ml/s. The first
post-contrast scan (early phase) started at 66 s and ended at
131 s after contrast medium injection, slightly delayed due to
the acquisition of research sequences immediately after the
injection of contrast medium [25]. The fourth post-contrast
scan (delayed phase) started at 261 s and ended at 326 s after
contrast medium injection.

Registration and tissue segmentation to avoid
conductivity artefacts using DCE-MRI

DICOM data of both 3D TSE and DCE-MR images were
transferred to a personal computer and processed using in-
house software. First, zoomed images of the target lesion and
surrounding parenchyma were obtained from the 3D TSE and
DCE-MRI subtraction image (both images were scanned with
the same spatial resolution). Then image registration was

performed for both of the zoomed images (Fig. 1). Second,
3D segmentation of the target lesion was automatically per-
formed using the DCE-MRI subtraction images (Fig. 1).
Segmentation allows for the reduction of conductivity discon-
tinuities which occurs due to a mixed composition of breast
glandular tissue and adipose tissue (both of which have vastly
differing σ values) [26]. Therefore, image segmentation and
individual lesion reconstruction was performed. The signal
threshold for segmentation was extracted from the histogram
of signal intensities of the voxels in the area of the lesion,
separating contrast-enhanced from non-contrast-enhanced re-
gions [27]. Then a binary mask of the lesion was applied to
the phase components obtained from the 3D TSE images (Fig.
1).

Phase-based conductivity imaging

MR spin excitation is related to the complex-valued, positive
circularly polarised component B1+ = |B1+|exp (iφ+) of the RF
field of the transmit coil applied. The magnitude|B1+|can be
measured directly using conventional B1mapping techniques.
The phase φ+ cannot be measured directly, since the phase of
an MR image always contains the superposition of φ+ with its
counterpart φ- from the negative circularly polarised compo-
nent B1- =|B1-|exp (iφ-), related to RF reception. This super-
position yields the so-called transceive phase φ± = φ+ + φ-.
The standard way to estimate φ+ from φ± is via the so-called
Btransceive phase assumption^ (TPA) φ+ ≈φ±/2 [28]. This
estimation is justified if the magnitude of B1+ is sufficiently
constant (at least in the area of the corresponding lesion),
which is fulfilled by using the multiple-source radiofrequency
transmission of the MR system.

The unknown conductivity σ can be calculated from the
measured transceive phase φ± via the simplified Helmholtz
equation (see Appendix for derivation of this equation)

σ≈
Δφ�

2μ0ω
ð1Þ

where Δ indicates the Laplace operator (i.e. the sum of the
second derivative in all three spatial directions), μ0 indicates
the magnetic permeability (assumed to be constant) and ω
indicates the Larmor frequency.

To reverse the noise amplification inevitably introduced by
the Laplace operator of Eq. (1), a denoising median filter is
applied to the conductivity resulting from Eq. (1).

To ensure that boundary artifacts are excluded, a safety
margin of two voxels along the lesion’s boundary is intro-
duced. The numerical differentiation according to Eq. (1) re-
quires at least 3 voxels in each spatial direction, which togeth-
er with the mentioned safety margin results in a minimal le-
sion diameter of 7 voxels (5.6 × 5.6 × 11.2 mm3) for recon-
struction. Lesions below this size cannot be reconstructed
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within this study. Furthermore, non-mass enhancing lesions
predominantly consisting of filaments falling below this limit
are excluded from this study.

We evaluated the relationship of conductivity to patients’
age, amount of fibrograndular tissue (FGT), lesion diameter,
lesion appearance (mass or non-mass) and presence/absence
of clips (with or without). Then, mean conductivity was com-
pared between benign and malignant lesions.

Analysis of DCE-MRI

The longest lesion diameter and lesion appearance (mass or
non-mass) were initially evaluated using DCE-MRI blinded to
the clinical and pathological information according to the BI-
RADS MRI criteria by consensus of two radiologists (9 and
14 years of experience in breast MRI) [6]. All lesions were
evaluated retrospectively with a commercial CAD system
(Dynacad, version 2.1.7; Philips Healthcare). The software
provided colour-coded maps of the DCE-MRI scans
representing changes in signal intensity over time. We used
the first post-contrast scan as the Bearly^ image and the last
(4th) post-contrast scan as the Bdelayed^ image. The same two
radiologists manually identified, with the help of the colour-
coded map, a single voxel within each lesion that had the
highest signal intensity in the Bearly^ image for all 141 lesions
[25] (Fig. 2a). The signal intensity of a voxel is obtained by
averaging the signal of 9 neighbouring voxels in Dynacad,
making this particular voxel to be in the centre of 3 × 3 voxels.
Thus, the signal we obtained is processed through the noise
reduction method. From this voxel, the initial enhancement
rate (IER) and the signal enhancement ratio (SER) were cal-
culated, where IER was defined as IER = (SIearly - SIpre) /SIpre

and SER was defined as SER = (SIearly - SIpre) / (SIdelayed -
SIpre); SI denotes signal intensity of the manually identified
voxel in the pre-contrast standard scan and in the Bearly^ and
Bdelayed^ post-contrast standard scans (Fig. 2b). To evaluate
an inter-reader agreement in the IER and SER from DCE-
MRI, the IER and SER from DCE-MRI for each reader were
analysed using the interclass correlation coefficient (ICC).
Then, IER and SER from DCE-MRI were compared between
benign and malignant lesions, and they were also compared to
the results from EPT analysis.

Statistical analysis

The Mann-Whitney U test was used to comparing the patient
age, FGT, lesion diameter, mean conductivity of EPT, the IER
and SER of DCE-MRI between benign and malignant lesions.
Fisher’s exact test was used for comparing the lesion appear-
ance (mass or non-mass) and presence/absence of clips be-
tween benign and malignant lesions. Spearman’s correlation
analysis was used for correlation of conductivity to patients’
age and lesion diameter, Spearman’s rank correlation analysis
was used for correlation between conductivity and FGT, and
Mann-Whitney U test was used for correlation between con-
ductivity and the lesion appearance (mass or non-mass) and
presence/absence of clips.

Interobserver reliability of the parameters fromDCE-MRIwas
assessed using ICCs. An r of 1.0 was deemed to indicate perfect
agreement; 0.81−0.99, almost perfect agreement; 0.61−0.80, sub-
stantial agreement; 0.41−0.60, moderate agreement; 0.21−0.40,
fair agreement; 0.20 or less, slight agreement [29]. Multivariate
linear regression analysis was performed to explore the relation-
ship of various quantitativeMRparameters (mean conductivity of

Fig. 1 Flowchart of image
processing steps. The zoomed
images including a target lesion
and surrounding area were
obtained from the 3D TSE image
and pre/post-contrast DCE-MRI
subtraction image, and image
registration was performed for
both of these zoomed images.
Then, a segmentation of a target
lesion was performed using the
pre/post-contrast DCE-MRI sub-
traction images to make the bina-
ry mask indicating the lesion. The
binary mask was applied to the
phase images obtained from 3D
TSE images. The conductivity
was calculated inside the lesion
according to Eq. (1) with a
denoising median filter. The bar
on the right side shows the colour
scale of conductivity

Eur Radiol (2019) 29:1778–1786 1781



EPT, the IER and SER of DCE-MRI) and their utility in differ-
entiating between benign and malignant lesions.

The effectiveness of the parameters from EPT and DCE-
MRI in differentiating between benign and malignant lesions
was evaluated using receiver operating characteristic (ROC)
analysis. The optimal thresholds for distinguishing malignant
from benign lesions were chosen at the highest possible sen-
sitivity and specificity (maximal Youden index defined as
sensitivity plus specificity minus 1) on the ROC curves.
Statistical analyses were performed using commercial soft-
ware (JMP Pro 13; SAS Institute, Cary, NC, USA). A p value
< 0.05 was considered significant.

Results

No statistically significant differences were found between the
benign and malignant groups with respect to the amount of
FGT and lesion appearance (mass or non-mass) (p = 0.47 and
0.80, respectively, Table 1); however, the malignant lesions
showed a significantly higher age and larger lesion diameter
than the benign lesions (p = 0.011 and p < 0.0001,
respectively, Table 1). The frequency of lesions with clips
were significantly higher in malignant lesion than in benign
lesions (p < 0.0001, Table 1). There was no significant corre-
lation between conductivity and age, FGT or lesion diameter
(r = -0.02, 0.04 and 0.11, p = 0.78, 0.59 and 0.20, respectively
[Table 2]). There was no significant difference in conductivity
between mass and non-mass lesions (p = 0.52 [Table 2]).
There was no significant difference in conductivity between
lesions without and with clips (p = 0.07 [Table 2]). In evalu-
ating the agreement between readers, ICCs for IER was 0.79,
indicating substantial agreement, and ICC for SER was 0.81,
indicating almost perfect agreement. In univariate analysis for

EPT, mean conductivity of malignant lesions (1.14 ± 1.36 S/m)
was significantly higher than that of benign lesions (0.14 ± 1.77
S/m) (p < 0.0001, Table 3, Figs. 3 and 4). For DCE-MRI, there
was no significant difference between IER of malignant lesions
(171 ± 64) and that of benign lesions (146 ± 75) (p = 0.06,
Table 3). The SER of malignant lesions (1.04 ± 0.25) was
significantly higher than that of benign lesions (0.77 ± 0.28)
(p < 0.0001, Table 3).

In multivariate linear regression analysis, mean conductivity
and SER were significantly associated with the differentiation
between benign and malignant lesions (p = 0.0027, < 0.0001,
respectively), while IER was not (p = 0.21) (Table 3).

Fig. 2 Method to obtain kinetic parameter from dynamic contrast-
enhanced (DCE) MRI. a A single voxel within the lesion that had the
highest signal intensity in the Bearly^ image was identified. b From this
voxel, the initial enhancement rate (IER) and the signal enhancement ratio
(SER) were calculated, where IER was defined as IER = (SIearly - SIpre)/

SIpre and SER was defined as SER = (SIearly - SIpre) / (SIdelayed - SIpre); SI
denotes signal intensity of the manually identified voxel in the pre-
contrast standard scan and in the Bearly^ and Bdelayed^ post-contrast
standard scans

Table 1 Patients’ and lesions’ characteristics

Variables Benign
(n = 50)

Malignant
(n = 91)

p value

Age (years):

median (range) 47 (23−76) 52 (28−76) 0.011

Amount of fibrograndular tissue 0.47

(FGT) (n [%])

Almost entirely fat 1 (2) 1 (1)

Scattered 19 (38) 31 (34)

Heterogeneous 26 (52) 49 (54)

Extreme 4 (8) 10 (11)

Diameter (mm):
median (range)

12 (5−91) 20 (7−107) < 0.0001

The lesion appearance (n [%])

Mass 44 (88) 78 (86) 0.80

Non-mass 6 (12) 13 (14)

Presence/absence of clips (n [%])

Without clips 36 (72) 10 (11) < 0.0001

With clips 14 (28) 81 (89)
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ROC analysis revealed that the area under the curve (AUC)
of mean conductivity, the IER and SER were 0.71 (Fig. 5a),
0.59 and 0.80 (Fig. 5b), respectively (Table 3). For EPT, the
ROC curve analysis showed that the most effective threshold
for the mean conductivity to discriminate malignant from be-
nign lesions was 0.88 S/m, and by using this threshold, the
sensitivity, specificity, positive predictive value and negative
predictive value were 64%, 76%, 83%, and 54%, respectively
(Fig. 5a). For DCE-MRI, the ROC curve analysis showed that
the most effective threshold for the SER to discriminate ma-
lignant from benign lesions was 0.92, and by using this thresh-
old, the sensitivity, specificity, positive predictive value and
negative predictive value were 85%, 72%, 84%, and 73%,
respectively (Fig. 5b).

There was no significant difference between AUC of the
mean conductivity and the SER (p = 0.15).

Discussion

In this study, images acquired with two methods, EPT and
DCE-MRI, are manifestations of two different underlying
mechanisms. While DCE-MRI demonstrates the amount of
leakage of contrast medium into the extracellular space; EPT
demonstrates metabolic changes in the tissue, in which TSC is

the most influential factor for an elevation of conductivity in
tumours [14]. In fact, Zaric et al [30] reported that TSC in
malignant lesions was significantly higher than that in benign
lesions using sodium-23 (23Na) MRI in a 7-T system with a
small number of subjects (5 benign and 15 malignant breast
lesions). Although it might be interesting to know the com-
bined diagnostic ability of EPT and DCE-MRI, it was not
evaluated as the purpose of this study was to compare EPT
to DCE-MRI with respect to the ability to differentiate be-
tween benign and malignant lesions. On the other hand, there
was no significant difference between benign and malignant
lesions with IER. The reason for no significant difference in
IER may be due to the relatively small number of cases and/or
the variety of pathological entities.

Table 2 Relationship between conductivity and patients' and lesions'
characteristics

Variables Coefficients p

Age (years) -0.02a 0.78

FGT (almost entirely fat, scattered, heterogeneous,
extreme)

0.04b 0.59

Diameter (mm) 0.11a 0.20

The lesion appearance (mass, non-mass) NAc 0.52

Presence/absence of clips (without clips [n = 46],
with clips [n = 95])

NAc 0.07

FGT fibrograndular tissue
a Spearman's correlation coefficient
b Spearman's rank correlation coefficient
cMann-Whitney U test

Table 3 Comparison of
parameters from EPT and DCE-
MRI between malignant and
benign lesions

Variables Benign Malignant p value p value AUC
(n = 50) (n = 91) (univariate) (multivariate)

EPT

The mean conductivity 0.14 ± 1.77 1.14 ± 1.36 < 0.0001 0.0027 0.71

DCE-MRI

IER 146 ± 75 171 ± 64 0.06 0.21 0.59

SER 0.77 ± 0.28 1.04 ± 0.25 < 0.0001 < 0.0001 0.80

IER initial enhancement rate, SER signal enhancement ratio

Fig. 3 A 52-year-old woman diagnosed with sclerosing adenosis by per-
cutaneous biopsy. a Axial dynamic contrast-enhanced MR image obtain-
ed in early phase shows a mass lesion in the left breast. b The phase image
obtained from 3D TSE shows a lesion with the binary mask. c
Conductivity map shows the conductivity of the lesion is 0.66 S/m, lower
than the cut-off value of 0.88 S/m, indicating the lesion as benign
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Electrical conductivity is denoted as σ in units of Siemens/
metre (S/m), and in vivo and in vitro experiments using elec-
trical impedance tomography (EIT) with a needle electrode or
scan probe have been conducted [31–33]. The conductivities
of malignant breast lesions are typically in the range of 0.8-1.4
S/m, while those of normal breast tissue are between 0.1 and
0.2 S/m [33, 34]. However, the EITmethod had its limitations,

including invasive insertion of needle electrode and low spa-
tial resolution images obtained from outside of the body.

The capability of MRI to obtain the conductivity of tissue
in a non-invasive manner was first suggested by Haacke et al
[35]. Several studies showed significantly higher conductivity
in malignant tumours than in normal tissues in the brain and
the breast [20, 22, 23]. However, there has only been one
study that showed differing conductivity between benign
and malignant lesions to our knowledge [23]. In this current
study, we compared the conductivity between benign and ma-
lignant lesions, using a larger sample size than that of Shin et
al [23], thus reinforcing the results that the mean conductivity
of EPTmight be a novel non-contrast approach to differentiate
benign from malignant lesions. Furthermore, our results
showed that the mean conductivity of malignant lesions
(1.14 ± 1.36 S/m) fell within the reported range from 0.8
to1.4 S/m, and we revealed that the mean conductivity of
benign lesions was 0.14 ± 1.77 S/m.

One of the advantages of EPT is that it does not require
special MRI sequences to obtain the conductivity. The imag-
ing sequence employed to obtain conductivity maps was a
routine non-contrast clinical protocol, 3D TSE (T2 VISTA),
and the acquisition time of this protocol was comparable to
that of DCE-MRI; 5 min 10 s for 3DTSE versus 6min 56 s for
DCE-MRI. Another advantage of EPT is that it does not re-
quire contrast medium. However, there are issues to be re-
solved as the current methods shown here depend on DCE-
MRI to segment a lesion for conductivity. Future research will
focus on developing a conductivity map of the whole breast
from a non-contrast technique; thus, enabling EPT to be a
potential option as a screening study due to its non-invasive,
non-contrast features.

In this study, minimal lesion diameter of 7 voxels (5.6 × 5.6
× 11.2 mm3) was necessary for the calculation of conductivity,
and we excluded 12 out of 133 patients as a result of this
requirement. Higher spatial resolution and a modified EPT

Fig. 4 A 67-year-old woman diagnosed with invasive ductal carcinoma
by percutaneous biopsy. a Axial dynamic contrast-enhanced MR image
obtained in early phase shows a mass lesion in the left breast. b The phase
image obtained from 3D TSE shows the lesion with the binary mask. c
Conductivitymap shows the conductivity of the lesion is 2.02 S/m, higher
than the cut-off value of 0.88 S/m, indicating the lesion as malignant

Fig. 5 Graph of the receiver
operating curve (ROC) for the
mean conductivity of EPT (a) and
SER of DCE-MRI (b) for
differentiating benign and
malignant lesions shows that the
area under the ROC curve is 0.71
and 0.80, respectively
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algorithm [36] would enable the reconstruction of smaller le-
sions in the future.

This study has several limitations. First, this is a retro-
spective study with no test data set and the number of le-
sions of each subtype in benign and malignant groups was
still small. Second, MRI was performed after biopsy and
placement of clips in 80 lesions of malignant and 14 lesions
of benign pathology results. The conductivity might be sen-
sitive to haemorrhage from biopsy or metallic clips, and
further studies excluding these factors should be performed.
Third, we did not compare the mean conductivity with the
parameters of diffusion weighted images (DWI), which is
another conventional non-contrast sequence. Kim et al [37]
showed negative correlation between conductivity and ap-
parent diffusion coefficient from DWI in breast cancer.
Although it is currently out of the scope of our study, com-
paring EPT to DWI might be of interest in the future as each
method might reflect a different state of the tissue. Fourth,
the diameter of malignant lesions was significantly larger
than benign lesions. The method to obtain the conductivity
is based on the assessment of surrounding voxels, potentially
making its value to be dependent on the size of the lesion.
However, there was no significant relationship between the
conductivity and the diameter of the lesions in our study
(Table 2). Further evaluation with size-matched subjects
might be necessary to confirm the results. Fifth, we did
not evaluate whether there was a significant difference in
conductivity between benign and malignant non-mass le-
sions, because there were not enough non-mass lesions to
have meaningful results. Further study with non-mass le-
sions might be necessary in the future.

In conclusion, the mean conductivity was significantly dif-
ferent between benign and malignant breast lesions as well as
kinetic parameter or SER from DCE-MRI for lesions above a
certain size. With larger scale studies and refinement of the
EPT algorithm, this technique may be a potential option as a
screening study due to its non-invasive, non-contrast features.
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