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Abstract: Objective: To compare the capability of dynamic contrast-enhanced (DCE) magnetic resonance imag-
ing (MRI) and apparent diffusion coefficient (ADC) histogram analysis in epithelial ovarian tumor categorization.
Methods: We retrospectively recruited 52 patients with pathologically proven ovarian serous epithelial cancer from
our institution. ADC histogram analysis was performed using FeAture Explorer software after outlining the whole
lesion area on the ADC map. The ADC histogram parameter difference between subgroups was compared; the cor-
relation between the quantitative parameters on MRl and Ki-67 expression was calculated for both groups. Results:
The repeatability of ADC measurements across the two methods was good; the area method (ADCarea) had better
performance in repeatability than the ROI method (ADCroi). The ADCroi, ADCarea, Ktrans, and Kep values signifi-
cantly differed between the groups (P < 0.05). The histogram parameters (percent10, entropy, minimum, range and
variance) and DCE parameter (Ktrans) were strongly correlated with Ki-67 expression (P = 0.000), while the conven-
tional ADC measurements were not significantly correlated with Ki-67 expression (P > 0.05). Overall, Ktrans had the
best diagnostic performance for discriminating type | with type Il ovarian cancers (AUC = 0.826). Conclusion: In the
present study, both diffusion-weighted imaging (DWI) and DCE MRI could help classify ovarian cancer patients with
high accuracy. ADC histogram analysis could accurately reflect the proliferative capability of tumor cells to some
extent.

Keywords: Ovarian epithelial cancer, magnetic resonance imaging, apparent coefficient value, diffusion-weighted
imaging

Introduction OEC clinically develops slowly and has a rela-
tively good prognosis [2-4]; however, type Il OEC
(high-grade serous cancer, HGSC) develops rap-
idly with a persistent chemotherapy-resistant
response, and its prognosis is dismal. Accurate

preoperative diagnosis can help clinicians

Ovarian cancer is a leading cause of gyneco-
logical malignancy-related death. The most
common pathological subtype is ovarian epi-
thelial cancer (OEC), which causes 75% of all

ovarian cancer-related deaths [1]. As the most
common subtype of ovarian malignancies, OEC
also includes two subtypes: type | and type Il
[2]. Recent studies suggested that these two
etiologies originate from various histologies
coupled with different gene mutations. Type |

design precise treatment strategies [5].

Magnetic resonance imaging (MRI) is a useful
method for detecting ovarian masses [6-8].
MRI techniques such as diffusion-weighted
imaging (DWI) could be used to differentiate
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malignant from benign masses. The use of a
quantitative index of the ADC value helps to
assess the malignant potential of tumors [9].
Ovarian cancers always have lower ADC values
than benign tumors with a poor prognosis.
Histogram parameters are the most common
radiomics signatures derived from imaging
modalities [10-12]. ADC histogram analysis
may reflect heterogeneity differences within
tumors and help to determine the ovarian can-
cer subtypes [13, 14]. Dynamic contrast-
enhanced magnetic resonance imaging (DCE-
MRI), with multiple scanning circles at the tar-
get area, is another widely used technique that
can help to determine the etiology of suspected
masses. In a recent study, DCE-MRI histogram
parameters were shown to predict the recur-
rence of HGSC [15]. For malignancies, the
tumors always display both rapid enhancement
and clearance, which is different from benign
tumors that have homogeneously uniform
enhancement after injection of contrast.
However, limited studies have focused on com-
paring the performance of these two tech-
niques in differentiating ovarian cancer sub-
types, especially between type | and type Il. The
purpose of this study was to evaluate the diag-
nostic performance of tumor ADC histogram
signatures on MRI in discriminating type | from
type Il lesions by comparing histogram analysis
with DCE-MRI measurements and assessing
the correlation between MRI parametric fea-
tures and histological findings.

Material and methods
Patients

Our institutional review board (Gynecological
and Obstetric Hospital, School of Medicine,
Fudan University, China) approved this retro-
spective study, and the requirement for
informed consent was waived for all partici-
pants. From January 1, 2019, to December 31,
2020, the data of patients with clinically sus-
pected ovarian malignancies were retrieved
from the picture archiving communication sys-
tems server of our institution. Female patients
who were suspected of OEC and underwent a
pelvic MRI scan before surgery were included
in the study. The exclusion criteria were as fol-
lows: 1) gynecological malignancy history; 2)
previous pelvic surgery/radiation therapy; 3)
severe motion/movement artifacts; and 4)
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incomplete MRI data (patients who were claus-
trophobic or underwent MRI examination at
other institutions) or final histological results.
Ultimately, a total of 52 patients met the crite-
ria, including 25 patients with type | ovarian
tumors and 27 patients with type Il ovarian
tumors.

MRI acquisition and interpretation

MRI was performed using a 1.5-T system
(Magnetom Avanto, Siemens) with a phased-
array coil. The routine MRI protocols used for
the assessment of pelvic masses included
axial turbo spin-echo (TSE) T1-weighted imag-
ing (TAWI), coronal TSE T2WI, and axial/sagittal
TSE fat-saturated T2WI (FS T2WI). For axial
images, the transverse plane was perpendicu-
lar to the long axis of the uterine body; for sagit-
tal images, the longitudinal plane was parallel
to the main body of the uterus. DWI was per-
formed in the axial plane using an echo-planar
imaging two-dimensional (EP2D) sequence and
a parallel acquisition technique, with b values
of 0, 100, and 800 s/mm?. A DCE sequence
was performed after the intravenous ad-
ministration of 0.2 mmol/kg gadopentetate
dimeglumine (Gd-DTPA, Magnevist; Bayer
Schering) at a rate of 3.0 ml/s, followed by
injection of 20 ml of normal saline to flush the
tube. The scanning parameters were as fol-
lows: TR/TE = 5.6/2.38 ms, slice thickness =
4 mm; gap = 1.0 mm; matrix = 256 x 256; field
of view = 280-340 mm, flip angle = 10°, and
NEX = 1. A total of 30 phases of scans were
obtained sequentially at 7-s intervals for 3 min
20 s. Every phase consists of 20 images.

All lesion interpretations on MR were performed
by two experienced radiologists (both with
more than 10 years of experience). The tumor
maximum diameter (MD) and mass component
were separately recorded for each patient. Two
ADC measurement methods were applied and
accomplished manually by two operators on a
commercially available postprocess worksta-
tion. For the region of interest (ROI) measure-
ment method, we placed the ROI-selecting tool
into the center of the lesion with an average
area of 180-220 mm? on the maximum solid
component (or the center of the lesion in a
purely cystic mass) on the ADC map (ADCroi).
For the area measurement (ADCarea) method,
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Figure 1. A 50-year-old woman with EC. The ADCarea (A) and ADCroi (B) methods showed the maximum lesion plane
on the ADC map and the differences in the mean ADC values of the two methods across the two groups (C). ADC,

Apparent Diffusion Coefficient.
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Figure 2. A 46-year-old woman with HGSC. The axial fat-saturation T2WI sequence (A), the corresponding dynamic
perfusion map images (B), and the median value differences of three parameters across the two groups (C). HGSC,
High-Grade Serious Cancer; ADC, Apparent Diffusion Coefficient; T2WI, T2 weighted imaging.

we outlined the whole lesion area on the maxi-
mum lesion plane on the ADC map (Figure 1).

DCE parameters were manually measured
with Omni Kinetics software (Version V2.1.0. R,
GE). In brief, after loading the total set of DCE
images, we traced the vessels with a fully con-
trast-enhanced curve near the main tumor
body (most is the iliac artery) to generate the
Ktrans, Kep and Ve maps (Figure 2). Inter- and
intraoperator consistency on both DWI and
DCE MRI measurements were evaluated on 6
randomly selected patients with an interval of
one month. The Ki-67 expression results were
retrieved from the hospital information system
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for each patient. ADC histogram features were
extracted from the ROI with PyRadiomics
(http://pyradiomics.readthedocs.io/en/latest/
index.html), including energy, total energy,
entropy, minimum, 10th percentile, 90th per-
centile, maximum, mean, median, interquartile
range, range, mean absolute deviation, robust
mean absolute deviation, root mean squared,
skewness, kurtosis, variance and uniformity
[16].

Statistical analysis

All values are given as the mean % standard
deviation or median * numerical range. An
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Table 1. Demographic summaries of the selected samples

Group Num Age (mean * sd) P value Ki-67 expression* (%) P value
Type | 25 P=0.072 30 (20, 60) P=0.205
EC 7 20 (20, 60)
ccC 14 35 (28, 60)
LGSC 4 25 (6, 40)
Type Il HGSC 27 54.6+9.4 50 (20, 65)

EC, Endometrial Cancer; CCC, Clear Cell Cancer; LGSC, Low-Grade Serious Cancer; HGSC, High-Grade Serious Cancer; *median

(lower quartile, upper quartile).

unpaired t test was performed if the continuous
variables were normally distributed. The Mann-
Whitney U test was used for nonnormally dis-
tributed data. Correlation analysis was used to
analyze the association between MRI parame-
ters and Ki-67 expression. The area under the
receiver operating characteristic (ROC) curve
(AUC) was calculated for various measurement
parameters in differentiating the two histologi-
cal types. The Bland-Altman test was used to
evaluate intra/interoperator agreement in ADC
measurements. The AUC was calculated for
quantification. We used bootstrapping with
1000 estimates and applied a t test to ac-
quire the 95% confidence interval (Cl) of the
AUC. The accuracy (ACC), sensitivity (SEN),
specificity (SPE), positive predictive value (PPV),
and negative predictive value (NPV) were also
calculated to compare the performance of dif-
ferent methods. A P value of less than 0.05
indicated statistical significance. SPSS (SPSS
Inc., version 13.0) and MedCalc (Version
19.1.7, MedCalc software) were used to per-
form all statistical analyses.

Results
Clinical and MRI characteristics

In this study, we included 52 patients compris-
ing 14 patients with clear cell cancer (CCC), 7
patients with endometrial cancer (EC), 4
patients with low-grade serious cancer (LGSC)
and 27 patients with HGSC. CCC, EC and LGSC
were classified as type | ovarian cancer, and
HGSC was classified as type Il ovarian cancer.
Thus, there were only two groups in our study,
including 25 type | ovarian cancers and 27
type Il ovarian cancers. The ages at onset
among patients with type | tumors and type |l
tumors were 49.0+12.5 years and 54.6+9.4
years, respectively. There was no significant dif-
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ference in age or Ki-67 expression between the
two groups (Table 1).

Conventional ADC measurements and histo-
gram analysis

The ADCroi and ADCarea values were signifi-
cantly lower in patients with type Il tumors
than in those with type | tumors (P < 0.05, Table
2). When the cutoff value of ADCroi was 1.020
x 10 mm?/s, it yielded an SEN of 76.0% and
an SPE of 85.2% (AUC = 0.797, Table 3; Figure
3). The ADC histogram parameters and their
performance in distinguishing type Il tumors
from type | tumors are listed in Table 3. Overall,
the p10, p90, kurtosis, mean, median, mini-
mum and range values significantly differed
between the two groups (Table 3). The intra-
class correlation coefficients of ADCroi and
ADCarea were 0.876 and 0.952, respectively,
and the interclass correlation coefficients
were 0.732 and 0.779, respectively (Table 4;

Supplementary Figures 1, 2).

Comparison between DCE and DWI MRI pa-
rameters in ovarian tumor categorization and
tumor cell proliferation

Ktrans and Kep values were significantly great-
er in type Il tumors than in type | tumors (P <
0.05); however, Ve values were similar in the
type I and type Il groups (P > 0.05, Table 2). The
intraclass correlation coefficients of Ktrans,
Kep, and Ve were 0.308, 0.760 and 0.721,
respectively; the interclass correlation coeffi-
cients were 0.574, 0.343 and 0.276, respec-
tively (Table 4). The correlation between DCE
MRI parameters (Ktrans and Ve) and ADC histo-
gram parameters (p10, entropy, minimum,
range and variance) was observed. ADC histo-
gram features achieved a better correlation
with Ki-67 expression than the conventional
ADC measurements (Figure 4).
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Table 2. Quantitative measurements on DWI and DCE MRI in the selected samples

Maximum DWI (mean + std) Dynamic enhanced MRI
Group  Num _. P value -
Diameter* ADCarea P value ADCroi pvalue Num Ktrans* P value Kep P value Ve* P value
Type | 25 12.5+2.8 P=0.006 1155.2+269.7 P=0.003 1057.1+229.6 P =0.009 23 0.09(0.05,0.24) P=0.000 0.74+0.63 P=0.001 0.232(0.16,0.36) P=0.57
EC 7 9.846.5 1073.2+261.5 979.9+214.9 0.05 (0.039, 0.11) 0.53+0.32 0.19 (0.07, 0.28)
Cccc 14 13.6+2.6 1238.4+176.8 1150.2+130.5 0.09 (0.055, 0.23) 0.63+0.49 0.23(0.19, 0.39) ccc
LGSC 4 10.2+ 2.5 816.3+358.7 713.7+£298.7 0.34 (0.097, 0.64) 1.40+1.01 0.34 (0.15, 0.43) LGSC
Type Il 27 22
HGSC 8.2+3.4 950.4+206.1 888.2+218.0 0.288 (0.21, 0.58) 1.3422+0.68 0.244 (0.16, 0.51)

DWI, Diffusion Weighted Imaging; DCE-MRI, Dynamic Contrast Enhanced MRI; EC, Endometrial Cancer; CCC, Clear Cell Cancer; LGSC, Low-Grade Serious Cancer; HGSC, High-Grade Serious Cancer; *median (lower quartile, upper quartile).

Table 3. ADC and histogram analysis in the selected samples and the corresponding significant difference at the statistical level

Param- En- Kurto- . ) . ) .
Percent10 Percent90  Energy ) Maximum Mean Median Minimum  Range Variance ADCroi ADCarea

eters tropy sis

Type 1  974.6+333.8 1520.3+408.1 3529446231.1+ 4.0+0.6 4.3+2.1 2056.3+525.2 1236.5+365.3 1222.9+373.1 408.2+457.7 1648.1+ 54140.0+ 1057.1+229.6 1073.2+261.5
5733935273.8 656.9 32979.9

Type2  679.7+168.2 1266.5+306.6 4583648514.2+ 4.1+0.5 5.8+2.7 2208.3+616.5 940.6+234.6 895.1+238.3 100.37+196.9 2107.9+ 66874.5+ 888.2+218.0 950.4+206.1
7158697097.0 660.6 29328.1

P value 0.000 0.008 0.513 0.442  0.015 0.289 0.000 0.000 0.002 0.007 0.114 0.009 0.003

AUC* 0.784 0.691 0.403 0.432  0.283 0.391 0.745 0.765 0.692 0.283 0.354 0.797 0.796

ADC, Apparent Diffusion Coefficient; AUC, Area Under the Curve; *means taking type Il as the positive group.
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Figure 3. Diagnostic performance of conventional ADC, ADC histogram and
DCE-MRI parameters in the differentiation between type | and type Il tumors.
ADC, Apparent Diffusion Coefficient; DCE-MRI, Dynamic Contrast Enhanced

MRI; ROC, Receiver Operating Characteristic.

Discussion

In this study, both ADC- and DCE-derived
parameters had high performance in cate-
gorizing OEC subtypes. The DCE parameter
Ktrans and some ADC histogram features were
significantly correlated with tumor invasive abil-
ity compared with the conventional ADC
measurement.

Ovarian cancer is a highly non-homogeneous
tumor including a wide spectrum of etiologies
with various imaging characteristics and post-
treatment outcomes [17]. On conventional MRI,
OEC mostly presents as a large cystic mass
with thick, irregular septa and nodular or solid
components enhancing on postcontrast imag-
es [18]. The advantage of MRI is that it can
help to discriminate malignancies from benign
conditions preoperatively based on the mor-
phological changes on various protocols of MR
images. Type Il cancer (mostly HGSC) is the
most lethal type of tumor, accounting for more
than 90% of all ovarian cancers. How to preop-
eratively judge this type still poses a challenge
for both radiologists and clinicians. DCE-MRI,
as a functional imaging method, can reflect
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blood flow kinetics to some
extent by rapidly and repeat-

Curve edly scanning the targeted
el area after contrast injection.
s Numerous studies have also

Kurtosis reported that the indices
——— derived from DCE sequences
mmfm help to determine the etiology
—Range of complex adnexal masses
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Variance

[19, 20]. Our findings also cor-

- Reference Line

roborated this point. The dif-
ference between this study
and the previous one is that
we found that the repeatabili-
ty of the DCE MRI parameters
was obviously lower than that
of the ADC index. Further-
more, by using this technique,
we focused on classifying the
selected samples into two
subtypes, which was also dif-
ferent from other similar stud-
ies. The major limitation is
that the selected reference
image map is heavily vessel
signal dependent. Thus far,
the postprocess software for
dealing with DCE MRI data is not commercially
used in clinical units, mostly for scientific
research.

Diffusion weighted imaging is another function-
al modality method reflecting water molecular
brown movement in tissues. The ADC value is a
quantitative index indicating the restriction
degree of water molecular freedom movement.
In one article, the authors reported that the
ADC value of tumors in ovarian cancer was
more negatively correlated with Ki-67 index
expression than in other cancers (lung cancer,
prostate cancer, colon cancer, etc.). The Ki-67
index is a proliferative parameter of tumor
cells, meaning that more invasive tumors have
higher Ki-67 expression [21]. Our previous
studies reported that the ADC value helps
clinicians differentiate primary adnexal malig-
nancies from benignities, which have much
higher ADC values than cancer tissue [22].
However, studies focusing on OEC subtype dif-
ferentiation are still limited [23]. In this study,
by using two measurement methods, the mean
ADC value in type Il tumors was much lower
than that in type | tumors. A possible reason
may be that the cellular atypia of HGSC under
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Table 4. Inter- and intraoperator measurements summaries in the 6 randomly selected samples

Parameters ADCarea ADCroi Ktrans Kep Ve
Inter Operator 1 1174+308 1082+123 0.51431+0.3025 1.0261+0.6803 0.442810.3541
Operator 2 989+260 11144159 0.6317+0.6409 1.5285+0.9274 0.4091+0.3121
ICC 0.779 0.732 0.574 0.343 0.276
Intra First-round 1159+208 10581251 0.3603+0.2604 0.9173+0.7499 0.0790+0.0933
Second-round 1204+225 9461255 0.4781+0.5730 1.1889+1.2401 0.1117+0.1180
ICC 0.952 0.876 0.308 0.760 0.721
ADC, Apparent Diffusion Coefficient; ICC, Intraclass Coefficient.
A B
oo R Unear = 0.073 2000001 R? Unear = 0.185
150 o 1500 00
@ ) £ o
E 1,00 L © é 100000 ,©
£ R s )
) e °
507 e SO 50000+ °
004 8 o § ®m © 000 © © O 000 i °
’ ki67expression ’ ki67expression
c a D
R Linear = 0.037 "
2500.00 om00] . 2 Uinear = 0.046
2000.004 o o o 2
o . 150000 °° g :
150000 ocg B8 8
g Q {:‘ 1000 00 > ° o 5 @
4 2% ¢ 2 S 8 © 8
100000 - i o o
o 2 o 8 8 o & o ©
80 ° o A0 5000071
500.00 © 8 0
001 00

T T T
00 2000 4000 €000 8000 100.00

ki67expression

T T T T
00 2000 40.00 £0.00 80.00 10000

ki67expression

Figure 4. Scatter plots of the correlations between Ktrans (A), the minimum ADC value (B), ADCroi (C) and minimum
ADCarea (D) and ki67 expression. ADC, Apparent Diffusion Coefficient.

microscopy is more obvious than that seen in
type | tumors [24].

Given the consistency of the two measuring
methods, both methods had better agreement
for both for intra- and interoperator measure-
ments [25]. In contrast to the whole lesion out-
lining the ADC area, the ROl method only placed
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the circle into the center of the tumor solid com-
ponents. This ADC measurement method in
ovarian cancer is relatively independent of
lesion size and the operator's subjective
impression. Mukuda N et al. reported that the
ROI shape influenced ADC values and the opti-
mal cutoff ADC value for differentiating benign
from malignant ovarian tumors [26]. In another

Am J Transl Res 2023;15(3):1862-1870
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study, the authors declared that the five small
ROIs method in endometrial carcinoma had the
best interclass correlation coefficient in ADC
measurements [27]. ADC histogram analysis
has been proven helpful in gynecological tumor
categorization and prognosis prediction [11,
12, 28]. In this study, ADC histogram features
achieved a better correlation with Ki-67 expres-
sion than the conventional ADC measurements.
A possible reason could be that histogram fea-
tures may be more reflective of the heterogene-
ity of the tumor body [11].

Our study has several limitations. First, there
were limited numbers of samples of OEC sub-
types in this study, and a larger sample size will
facilitate the interpretation of the conclusions.
Second, we only compared the ADC values with
the Ki-67 expression in the microscopic find-
ings. More correlations between the ADC value
and the cell morphological changes could be
helpful in determining the true mechanism of
the ADC value differences between the two eti-
ologies. Third, in this study, 1.5T MRI equip-
ment was applied. 3.0T MRI may improve image
resolution with a high signal-to-noise ratio and
fast scanning protocols. Future studies will help
clarify the differences between the two MRI
units.

Conclusions

In summary, both DWI and DCE MRI could help
to classify ovarian cancer patients with high
accuracy. ADC histogram analysis could accu-
rately reflect the proliferative capability of
tumor cells to some extent.
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Supplementary Figure 1. The scatter plots of the correlation between ADCroi and minimum ADCarea and ki67 expression. ADC, Apparent Diffusion Coefficient.
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Supplementary Figure 2. The Bland plots of intraoperator’'s measurement consistency in five parameters. ADC, Apparent Diffusion Coefficient.



