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A B S T R A C T

Purpose: To investigate the potential of ESWAN in differentiating borderline epithelial ovarian tumors (BEOTs)
from malignant epithelial ovarian tumors (MEOTs).
Method: Thirty-four patients with 37 lesions were enrolled, including 14 BEOTs and 23 MEOTs. The magnitude,
phase, R2* and T2* maps were analyzed by two observers. The regions of interest were drawn along the
boundaries of tumors on the slice with maximal solid area, according to fat suppression T2WI and T1WI. The
consistency among the three measurements taken by two observers was tested by intra-class correlation coef-
ficients. Agreement of average values measured by two observers was evaluated by Bland-Altman plots. All the
data of BEOTs and MEOTs were compared using the independent-sample t test. The receiver operating char-
acteristic curve was used to evaluate the diagnostic performance.
Results: No statistical differences were observed in the magnitude and phase values between two tumor groups.
The R2* value of BEOTs was lower than that of MEOTs (P < 0.001), whereas the T2* value of BEOTs was higher
than that of MEOTs (P=0.01). The area under the curve of R2* values was 0.894 and the corresponding cutoff
value was 7.50 Hz, with the sensitivity, specificity and accuracy of 85.7%, 82.6% and 86.5%, respectively. The
AUC of T2* values was 0.776 and the corresponding cutoff value was 143.73ms with the sensitivity, specificity
and accuracy of 71.4%, 82.6% and 78.4%, respectively.
Conclusions: R2* and T2* values can be used for quantificationally differentiating BEOTs from MEOTs and the
R2* has better diagnostic performance.

1. Introduction

Epithelial ovarian cancer (EOC) is the second leading cause of death
in gynecological cancer worldwide and accounts for approximately
90% of all ovarian cancers [1,2]. EOCs can be classified into borderline
and malignant epithelial tumors depending on the tumor aggressiveness
[2]. Borderline epithelial ovarian tumors (BEOTs), also known as low
malignant potential tumors, account for approximately 15%–20% of all
EOCs [3]. Histologically, BEOTs are characterized by at least 10% of
epithelial cells with atypical proliferation, moderate nuclear atypia and
active mitosis, no stromal invasion and microinvasion that is found in
approximately 10% cases [4,5]. The clinical manifestations and ima-
ging features of BEOTs are similar to those of malignant epithelial
ovarian tumors (MEOTs) [6]. However, unlike MEOTs, BEOTs usually
occur in young women with an intention to preserve fertility, and they

could be treated with fertility sparing surgery [7,8] and carry a favor-
able prognosis [3]. Accurate preoperative diagnosis is of great sig-
nificance in deciding the optimal surgical procedure and improving the
life quality of patients.

Various laboratory and imaging tests have been used to differentiate
BEOTs from MEOTs. Cancer antigen (CA) 125 cannot be used to predict
the invasiveness of the tumor due to low diagnostic accuracy and a high
risk of false-positive result [9], although CA125 has been widely ap-
plied for the preoperative evaluation of ovarian cancer [10]. Ultra-
sonography has a relatively low specificity and no specific parameters
to differentiate BEOTs from MEOTs. Computed tomography (CT) has a
limited value in differentiating BEOTs from MEOTs due to the poor soft
tissue contrast [6,11]. Contrarily, conventional magnetic resonance
imaging (MRI) can clearly reveal the cystic and solid components of
tumors on T2-weighted images (T2WI). The MRI features of BEOTs and
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MEOTs are predominantly cystic masses with solid vegetation or
septum. Moreover, MEOTs have larger solid components and thicker
septum. Nonetheless, so far no MRI features have been identified as
having the ability to differentiate between these two groups of tumors
[12].

Enhanced T2 star weighted angiography (ESWAN) is a newly de-
veloped technology based on the susceptibility-weighted imaging
(SWI). Magnetic susceptibility technology reflects differences of mag-
netic susceptibility in different tissue, which are determined by the
form of iron element in blood [13,14]. The process of tumor pro-
liferation and aggressiveness increases oxygen consumption, which can

stimulate the formation of immature neovascularization. The degree of
tumor vascularization is positively correlated with the aggressiveness of
the tumor, and the formation of immature neovascularization can de-
crease blood oxygen content as well as increase intratumoral hemor-
rhage and necrosis [15–17]. Neovascularization and hypoxia are es-
sential factors for tumor progression, which provide a theoretical basis
for the use of ESWAN in differentiating BEOTs from MEOTs.

Currently, ESWAN is widely used for the diagnosis of neurological
diseases, such as brain tumors, cerebral vascular malformation and
diseases, brain injury, neurodegeneration and so on [13,18–20]. With
the development of MRI technology, ESWAN has been trying to use for
abdominal diseases diagnosis [21–24]. The aim of this study was to
investigate the value of ESWAN in differentiating BEOTs from MEOTs.

2. Methods and materials

2.1. Study population

The Institutional Review Board of our hospital approved this ret-
rospective study, and written informed consent was waived. We retro-
spectively analyzed the clinical and MR imaging information from pa-
tients who underwent ovarian 1.5 T MR examination at our hospital
between November 2013 and November 2018. The inclusion criteria
were as follows, (1) all subjects were confirmed to have EOCs by pa-
thology; (2) no radiotherapy or chemotherapy was given before the
1.5 T MRI scan; (3) all images without significant artifacts were eval-
uated by reviewer MYS. Finally, a total of 34 patients with 37 lesions
were retrospectively analyzed. All subjects were divided into two
groups, including 14 patients (14 lesions) with BEOTs and 20 patients
(23 lesions) with MEOTs. Preoperative CA125 levels were obtained for
all patients. The clinical characteristics and CA125 levels from 34 pa-
tients (37 lesions) are listed in Table 1.

Table 1
Clinical characteristics and CA125 levels of 34 patients.

BEOTs (n= 14) MEOTs (n= 20)

Age 44.93 (11–68)a 53.80 (35–76)a

Menstrual Premenopause 9 6
Postmenopause 5 14

Location Unilateral 14 17
Bilateral 0 3

Histologyb Serous 4 14
Mucous 7 4
Mixed 3 1
Endometrioid 0 1
Clear cell 0 3

FIGO stage I 11 7
II 2 4
III 1 9
IV 0 0

CA125 27.74 (6.58–167.6)a 386.70 (28.79–1829)a

n presents the number of patients.
a Presents average value (range).
b Presents the number of tumor lesions(BEOTs 14 lesions, MEOTs 23 lesions).

Fig. 1. Images show regions of interest (ROIs) were drawn along the edge of tumor on the slice with maximal solid area or maximal slice, according to T1WI (a,c) and
fat-suppression T2WI (b,d).
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2.2. Imaging protocol

MRI scans including ESWAN sequences were performed on a 1.5 T
scanner (GE Signa HDXT, GE Healthcare, USA) with an 8-channel
phased array pelvis coil. TlWI, fat-suppressed T2WI, liver acquisition
with volume acceleration (LAVA) and ESWAN were performed for all
subjects. The applied imaging parameters were as follows. 1) TlWI.
TR= 500ms, TE=10ms, FOV=36 cm×36 cm, ma-
trix= 320×192, number of excitations (NEX)= 2.0, slice-

Fig. 2. The intra-class agreement of the ESWAN parameters measured by the two observers. The ICC values of the magnitude, phase, R2*, and T2* values were
all > 0.75.

Fig. 3. The Bland-Altman plot for evaluating inter-class agreement between different measurements of ESWAN parameters by two observers. A total of 5.41% (2/37)
points of magnitude were outside the 95% limits of agreement (LOA); 2.70% (1/37) points of phase were outside the 95% LOA; 5.41% (2/37) points of R2* were
outside the 95% LOA rs; 8.11% (3/37) points of T2* were outside the 95% LOA.

Table 2
Comparison of ESWAN parameters between BEOTs and MEOTs.

BEOTs MEOTs t P

Magnitude (Hz) 1022.59 ± 583.59 901.79 ± 340.78 0.80 0.43
Phase (ms) 0.023 ± 0.012 0.019 ± 0.008 1.20 0.24
R2* 5.98 ± 1.79 11.40 ± 3.66 −6.02 < 0.001
T2* 187.91 ± 75.57 129.09 ± 28.48 2.79 0.01
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thickness= 4mm, slice-gap=1mm; 2) Fat suppression T2.
TR=4000ms, TE= 125ms, FOV=36 cm×36 cm, ma-
trix= 288×224, NEX=4.0, slice-thickness= 4mm, slice-
gap= 1mm; 3) LAVA. TR=3.9ms, TE= 1.9ms,
FOV=39 cm×39 cm, matrix= 272×192, NEX=0.71, flip
angle= 12°, slice-thickness= 5.0 mm, slice-gap=2.5mm; 4) ESWAN.
axial 3D, matrix= 256×192, 5 echoes, TR= 16.3ms, TE1= 2.1ms,
TE2=5.1ms, TE3=8.0ms, TE4= 10.9ms, TE5=13.8 ms, flip
angle= 12°, bandwidth= ±62.5 kHz, FOV=40 cm×40 cm, slice-
thickness= 5mm, reconstruction thickness= 2mm, NEX=0.71, scan
matrix= 256×192, reconstruction matrix= 512×512, parallel ac-
quisitions acceleration factor= 2, breath hold approximately 21 s. Flow
compensation was used to obtain continuous axial digital images cov-
ering the entire pelvic lesion. In addition, the original magnitude image
and original phase image were obtained.

2.3. Imaging analysis

The original axial digital images from the ESWAN sequence were
transmitted to the GE SDC-ADW 4.6 workstation (Sun Microsystems,
Santa Clara, Calif) and the post-processing was performed by Functool
software. The magnitude, phase, R2* and T2* maps were automatically
constructed, and were reviewed by two observers who were blinded to
clinical information and histopathologic results with 18 and 6 years of
experience in pelvic imaging, respectively. The manual regions of

interest (ROIs) were drawn along the edge of tumors on the slice with
maximal solid area (we choose the maximal slice if no solid component
or the solid component was too small in tumors), according to fat-
suppression T2WI and T1WI (Fig. 1). To assess the intra-observer
agreement of the ESWAN parameters, the measurement was repeated
for three times, and the averages of three measurements were calcu-
lated.

2.4. Statistical analysis

Statistical analysis was performed using a SPSS 22.0 statistical
software (IBM Corp. Armonk, NY, USA), unless otherwise specified. The
Kolmogorov-Smirnov test was used to evaluate whether the data con-
formed to Gaussian distribution. Data that followed Gaussian distribu-
tion were presented as mean ± standard deviation (SD) for continuous
variables (such as age, CA125 level, magnitude value, phase value, R2*
value and T2* value) and frequencies for categorical variables. A
P < 0.05 was considered as statistically significant.

The consistency of results measured by two observers was tested by
intra-class correlation coefficients (ICC). The ICC values greater than
0.75, between 0.50 and 0.75, and less than 0.50 indicated good con-
cordance, moderate concordance, and poor concordance, respectively.
Bland-Altman plots (MedCalc 15.2.2, MedCalc Software bvba, Ostend,
Belgium) were provided to evaluate the inter-class agreement of
average values measured by two observers.

Fig. 4. Boxplots show the magnitude, phase, R2*, and T2* values in BEOTs and MEOTs.
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The data with bigger ICC values were used for statistical analysis.
The magnitude, phase, R2* and T2* values between BEOTs and MEOTs
were compared using the independent-sample t test. The receiver op-
erating characteristic (ROC) curve was used to evaluate the diagnostic
performance of ESWAN parameters that revealed significant difference,
and the areas under ROC curve (AUC) were provided. The corre-
sponding sensitivity, specificity, accuracy, positive predictive value

Fig. 5. A 51 years old female with right ovarian borderline serous papillary cystadenoma. T1WI (a) and LAVA (b) shows a hypo-signal mass. (c) A fat suppression
T2WI shows hyper-signal. (d) R2* map, R2* value is 6.82 Hz. (e) T2* map, T2* value is 154.23ms. (f) Pathological images (HE stain ×100) showed serous borderline
papillary cystadenoma of the right ovary, with nuclear atypia, increased mitosis, branching papillary structures, and no stromal invasion.

Fig. 6. A 57 years old female with left ovarian mucinous papillary cystadenocarcinoma. T1WI (a) and LAVA (b) shows a hypo-signal mass. (c) A fat suppression T2WI
shows a hyper-signal mass with hypo-signal nodules. (d) R2* map, R2* value is 8.59 Hz. (e) T2* map, T2* value is 138.7 ms. (f) Pathological images (HE stain ×100)
showed mucinous papillary cystadenocarcinoma of the left ovary with complex papillary structures and obvious nuclear atypia.

Table 3
The diagnostic performance of R2* and T2* values between BEOTs and MEOTs.

AUC Cut-off Sensibility Specificity Accuracy PPV NPV

R2* 0.894 7.50 Hz 85.7% 82.6% 86.5% 89.0% 77.8%
T2* 0.776 143.73ms 71.4% 82.6% 78.4% 87.1% 63.7%
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(PPV) and negative predictive value (NPV) were calculated at the op-
timal cutoff values.

3. Results

The ICC values of magnitude, phase, R2* and T2* values were all
greater than 0.75 (Fig. 2). Furthermore, most data points were inside
the 95% limits of agreement (LOA) between two observers (Fig. 3).
Taken together, the obtained results indicated a good intra-observer
and inter-observer agreement. The data with better intra-observer
agreement were used for further analysis.

The differences in ESWAN parameters between BEOTs and MEOTs
are shown in Table 2. Boxplots (Fig. 4) showed the magnitude, phase,
R2*, and T2* values in BEOTs and MEOTs.

Comparison of ESWAN parameters between BEOTs and MEOTs are
shown in Table 2. Compared with MEOTs, the R2* value of BEOTs was
significantly lower than that of MEOTs ([5.98 ± 1.79 vs.
11.40 ± 3.66] Hz; t=−6.02, P < 0.001), whereas the mean T2*
value of BEOTs was significantly higher than that of MEOTs
([187.91 ± 75.57 vs. 129.09 ± 28.48] ms; t=2.79, P=0.01),as
shown in Fig. 5 and 6. The differences in magnitude values and phase
values between BEOTs and MEOTs had no significant difference.

The AUC of R2* values was 0.894 (95% confidence interval,
CI:0.749–0.971) and the corresponding cutoff value was 7.50 Hz with a
sensitivity, specificity and accuracy of 85.7%, 82.6% and 86.5%, re-
spectively, and with a positive predictive value (PPV) and negative
predictive value (NPV) of 89.0% and 77.8%, respectively. The AUC of
T2* values was 0.776 (95% CI:0.610–0.896) and the corresponding
cutoff value was 143.73ms with a sensitivity, specificity and accuracy
of 71.4%, 82.6% and 78.4%, respectively, and with a PPV and NPV of
87.1% and 63.7%, respectively (Table 3). The ROC curves of R2* and
T2* values in differentiating BEOTs from MEOTs are shown in Fig. 7.

4. Discussion

ESWAN, an SWI-like sequence,combines a novel 3D T2* based
multiecho acquisition with a special reconstruction algorithm.
Compared with conventional SWI, ESWAN has significant advantages
such as a strengthened susceptibility sensitivity, high signal-to-noise
ratio (SNR), shorten scanning time, reduced image distortion [25,26];
and quantitative evaluation parameters (magnitude images, phase

images, R2* images and T2* images) [27].
The magnitude maps mainly reflect the comparison of signal in-

tensity between tissues, and contain abundantly comparative informa-
tion from tissues, which can clearly show different organizational
structures [28,29], whereas, the phase maps reflect the magnetic sus-
ceptibility differences in tissues, which are only related to the content of
magnetic substances between tissues, and are independent of water
content and proton density [29]. In this study, we showed that mag-
nitude values had no difference between BEOTs and MEOTs, which was
consistent with previous study [21] that examined the differences be-
tween prostate hyperplasia and prostate cancer using ESWAN. In ad-
dition, we showed that phase values did not differentiate between two
groups of tumors. In contrast, Xin et al. [21] have reported higher phase
values in the prostate hyperplasia group compared to prostatic cancer
group. This difference is caused by the different ingredient in lesions
and the different ROI selection. Previous study [21] has reported solid
prostate lesions and circle ROIs, while in this study both tumor groups
had predominantly cystic ingredient and the ROIs were generated using
the maximum level method which can reduce the underestimation of
tumor heterogeneity.

R2* is transverse relaxation rate that is obtained via gradient re-
union at different times. The R2* value is directly related to the tissue
deoxygenated hemoglobin concentration and can be used to quantita-
tively assess changes of oxygen content in local tissue [30,31]. A high
R2* value indicates a lower oxygen, an increase in deoxygenated he-
moglobin, and a decrease in MR signal. T2* is effective transverse re-
laxation time, which is obtained without removing the influence of
magnetic field uniformity and surrounding magnetic materials. T2*
value is affected by content of paramagnetic substances [32], proton
density, water content, and the motion state of water molecule. T2*
value is the reciprocal of R2* value [31]. Our study indicated that the
R2* value of BEOTs was lower, while the T2* value was higher com-
pared to MEOTs. We hold the opinion that the results are closely related
to oxygen consumption in different tissues and immature neovascu-
larization. According to the histological analysis, MEOTs are more in-
vasive and higher proliferation rate compared to BEOTs. In the cystic
components, the MEOTs are characterized by more hemorrhage and
necrosis. In the solid components, the MEOTs have an increased im-
mature angiogenesis. Both above factors can reduce the oxygen sa-
turation of MEOTs, but increase the concentrations of deoxyhemoglobin
and hemosiderin. As the increasing of deoxyhemoglobin and

Fig. 7. ROC curves of R2* and T2* between BEOTs and MEOTs. AUC of R2* is 0.894 and AUC of T2* is 0.776.
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hemosiderin concentrations, the magnetic susceptibility differences of
tumor are strengthen. MEOTs have stronger magnetic susceptibility
than BEOTs, lead to an increase of R2* value and a decrease of T2*
value. Furthermore, MEOTs have high cell density, where water mo-
lecules diffuse restriction, which also reduced the T2* value of MEOTs.
Our results were consistent with a study performed by Tian and his
team [22] who used ESWAN sequences to identify cystic kidney cancer
and complex renal cysts, and discovered that R2* value of cystic renal
cancer was higher than that of complex renal cyst. In addition, Tian and
his team [23] have used R2* value to evaluate the invasiveness of pri-
mary hepatocellular carcinoma, reporting that the R2* value of the
invasiveness group was higher compared to the non-invasiveness group,
which suggested that R2* can be used to effectively distinguish the
invasiveness of primary hepatocellular carcinoma. This study suggested
that R2* and T2* could be used to effectively distinguish between
BEOTs and MEOTs, and specially R2* which had a better diagnostic
performance with a sensitivity of 85.7%, specificity of 82.6%, and ac-
curacy of 86.5%.

This study has some limitations that need to be pointed out. The
sample size was small and needs to be expanded in the future study. In
addition, it was not possible to compare different histological types and
different FIGO stages. Furthermore, a manual ROI on maximal solid
area slice or maximal slice in tumor was used for calculation; never-
theless, histogram analysis could be considered for differentiating the
two groups of tumors in the future study. Histogram analysis is more
sensitive method for reflecting more information of pathological
changes and microstructural heterogeneity of the whole tumor, and
reduce the underestimation of tumor heterogeneity.

5. Conclusion

MR-ESWAN does not require injected contrast, it can be used as a
safe and effective method for differentiating BEOTs from MEOTs. The
R2* values have the better diagnostic performance compared to T2*.
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