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ARTICLE INFORMATION AIM: To investigate whether apparent diffusion coefficient (ADC) histogram parameters
based on whole solid tumour volume could differentiate high-grade (HGSOC) from low-grade

Article history: serous ovarian carcinoma (LGSOC) and to correlate those parameters with the Ki-67 prolifer-
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Accepted 24 July 2019 MATERIALS AND METHODS: One hundred and seven patients with HGSOCs and 19 patients

with LGSOCs confirmed at surgery and histology who underwent conventional magnetic
resonance imaging (MRI) and diffusion-weighted imaging (DWI) were analysed retrospec-
tively. ADC histogram parameters (including the mean, standard deviation [SD], 10th, 25th,
50th, 75th, and 90th percentiles, kurtosis, and skewness) were obtained using the whole solid
tumour volume region of interest (ROI). The Mann—Whitney U test, Pearson’s chi-square test,
Fisher’s exact test, kappa test, Spearman’s correlation, and receiver operating characteristic
(ROC) curves were used for statistical analyses.

RESULTS: For ADC histogram parameters, the mean (p<0.001), SD (p=0.003), and all per-
centiles (10th, 25th, 50th, 75th, and 90th percentile; all p<0.001) were significantly lower in
HGSOC than in LGSOC, and the area under the ROC curve (AUC) was 0.717—0.807. Skewness
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was significantly higher in HGSOC than in LGSOC (p<0.001, AUC = 0.773); however, kurtosis
was not significantly different between HGSOC and LGSOC (p=0.140). The 25th and 75th
percentiles, SD and 10th percentile, and 75th percentile showed the highest sensitivity of
91.6%, specificity of 79.0%, and accuracy of 88.1%, respectively. All histogram parameters
(except for kurtosis) were poorly correlated with the Ki-67 index (|r] = 0.191—-0.274, p<0.05).
CONCLUSION: ADC histogram parameters based on whole solid tumour volume can be

helpful for differentiating between HGSOC and LGSOC.
© 2019 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.

Introduction

High-grade serous ovarian carcinomas (HGSOCs) are the
most common subtype of epithelial ovarian cancers (EOCs)
and have high recurrence and mortality rates.! HGSOCs
generally exhibit aggressive behaviour and most are diag-
nosed at advanced stages.” The primary treatments for pa-
tients with HGSOCs include comprehensive staging surgery,
cytoreductive surgery, and platinum-based chemotherapy.’
Despite the poor prognosis, most HGSOC patients show an
initially high chemosensitivity.* In contrast, low-grade se-
rous ovarian carcinomas (LGSOCs) are less common sub-
types, accounting for 10% of serous EOCs.> LGSOCs typically
occur in younger women and are usually slow-growing
tumours with a relatively good prognosis, but similar to
HGSOCs, most LGSOCs are high-stage tumours.”® The
treatment strategy of LGSOCs is comprehensive staging
surgery followed by some postoperative management” and
fertility-sparing surgery for some early-stage patients.’
Neoadjuvant chemotherapy is not recommended because
of the poor response.” Studies have suggested that hor-
monal maintenance therapy can improve the progression-
free survival time.> HGSOCs and LGSOCs are two sepa-
rate tumours with distinct origins, molecular abnormalities,
biological behaviours, and treatment responses.*'’ Accu-
rate preoperative subtype diagnosis will be helpful for
achieving a more effective subtype-specific treatment.'!

Conventional magnetic resonance imaging (MRI) plays
an important role in the differentiation of different types or
subtypes of EOCs; however, some described conventional
MRI morphological features are subjective and non-specific
for diagnosis.'”” As a functional MRI technique, diffusion-
weighted imaging (DWI) has been widely used in gynae-
cological imaging."> Although previous studies have evalu-
ated the efficiency of simple mean values of apparent
diffusion coefficients (ADCs) for differential diagnosis in
ovarian tumours, the ADC values were measured on a
single-slice or a “hot-spot” area.'*!> Considering the large
size and complexity of ovarian masses, mean ADC values
could lead to some heterogeneous information being
masked. In fact, histogram analysis based on whole solid
tumour volume regions of interest (ROIs) could more
accurately reflect the heterogeneity of ovarian carcinomas
and provide additional information for clinical practice.'® To
date, only a few studies have focused on the application of
histogram analysis in ovarian tumours.'”'?

The Ki-67 antigen is the cell proliferation index that re-
flects the prognosis of malignant tumours. The ADC value
can non-invasively assess tumour cellularity based on the
Brownian motion of water molecules. Several studies have
confirmed that the ADC value may be a reliable imaging
marker reflecting Ki-67 expression.'>?%?!

To the authors’ knowledge, however, there has been no
study on the differentiation between HGSOCs and LGSOCs
using ADC histogram analysis, and no study has evaluated
the correlation between ADC histogram parameters and the
Ki-67 index. Therefore, the purpose of the present study
was to investigate the value of ADC histogram parameters
derived from whole solid tumour volumes ROI in the dif-
ferentiation of HGSOCs from LGSOCs and to correlate those
parameters with the Ki-67 proliferation index.

Materials and methods
Patients

The institutional review board approved this retrospec-
tive study, and informed consent was waived. Between
December 2010 and August 2017, a total of 147 consecutive
patients were identified. Patients who had a history of
chemotherapy before surgery (n=9), an intravoxel inco-
herent motion (IVIM) scan with b-values from 0 to 600 s/
mm? (n=5), a poor image quality (n=3), no histopatholog-
ical diagnosis (n=2), and a tumour with few solid compo-
nents (n=2) were excluded. Finally, 126 patients with
ovarian cancers (107 HGSOCs and 19 LGSOCs) confirmed by
surgery and histology were included. The mean age was
5349.2 years (range, 21—79 years). Histopathologically,
borderline serous tumours (BOTs) with malignant trans-
formation were observed in eight out of 19 cases of LGSOCs.
Sixty-three patients (52 HGSOCs and 11 LGSOCs) had
bilateral masses. To reduce the intra-individual effect, only
the more complex lesion was included for further analysis.
The tumours were staged according to the 2014 Interna-
tional Federation of Gynecology and Obstetrics (FIGO)
staging system.?’

MRI protocol
MRI examination was performed using a 1.5 T MRI

machine (Avanto; Siemens, Erlangen, Germany) and
phased-array abdominal coil. The conventional pelvic MRI
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protocol consisted of the following sequences: axial and
sagittal T2-weighted fat-suppressed fast-spin-echo (FSE),
coronal T2-weighted FSE imaging, axial T1-weighted SE
imaging, and axial pre- and post-contrast T1-weighted fat-
suppressed 3D volumetric interpolated breath-hold exam-
ination (VIBE) imaging. For contrast-enhanced imaging, a
dose of 0.2 mmol/kg gadopentetate dimeglumine (Mag-
nevist; Bayer Schering, Berlin, Germany) was administered
at a rate of 2—3 ml/s.

DWI was performed using a single-shot echo planar
imaging (EPI) sequence. The parameters were as follows:
2,712—4,600 repetition time (TR), 83—94 ms/echo time
(TE), 15—30 sections, 5 mm section thickness, 1.2 mm
intersection gap, 280—350 mm field of view (FOV),
128 x 128 matrix, parallel imaging acceleration factor of 2,
and 84—443 second acquisition time. The range and
number of b-values exhibited some differences: b = 0 and
1000 s/mm?; b = 0, 150, 500, 800, and 1,000 s/mm?; b = 0,
50, 100, 150, 200, 400, 600, 800, 1,000, 1,500, and 2,000 s/
mm?; and b= 0, 500, 1,000, 1,500, 2,000, and 2,500 s/mm?.
ADC maps were generated using the images of two b fac-
tors (0 and 1000 s/mm?).

Conventional image analysis

The conventional MRI images were analysed indepen-
dently by two radiologists (with 9 [radiologist 1] and 10
years [radiologist 2] of experience in gynaecological imag-
ing) who were blinded to the clinical data and histological
diagnosis. The following MRI morphological features were
analysed: (1) maximum diameter, measured on the axial
images; (2) uni- or bilaterality; (3) mass configuration
(mainly cystic, mixed cystic—solid, and solid tumours ac-
cording to the criteria of less than one-third, one-to two-
thirds and more than two-thirds solid components,
respectively); and (4) enhancement (mild, moderate, and
obvious by reference to the signal of the uterine junctional
and outer myometrium). Any disagreements were solved in
consensus, and the results were used for final analysis. To
assess the interobserver agreement of MRI morphological
features (mass configuration and enhancement), all 126
patients with 189 lesions were included.

ADC histogram analysis

For each patient, an ADC map was generated from the
DWI with two b factors of 0 and 1000 s/mm? using in-house
software (Siemens). DICOM data of ADC maps were imported
into the MITK software (version 2013.12, http://mitk.org/
wiki/MITK). The ROIs were manually delineated along the
margin of the tumour solid component on each consecutive
ADC map by radiologist 1. The solid components were
determined by reference to T2-weighted, contrast-enhanced
T1-weighted, and DWI images, and the cystic, necrosis, and
haemorrhage areas were carefully excluded. All drawn ADC
maps with ROIs were saved in the NRRD format. Thereafter, a
pixel-by-pixel analysis was performed using pyradiomics
software (http://pyradiomics.readthedocs.io/en/latest/index.
html), which could automatically obtain the histogram

parameters of ADC for whole solid tumour volume ROI,
including the mean, standard deviation (SD), 10th, 25th,
50th, 75th, and 90th percentiles, kurtosis, and skewness.

Histopathological analysis

Ki-67 analysis was performed retrospectively by a
gynaecological pathologist (with 12 years of experience)
who was blinded to all MRI and clinicopathological data. Ki-
67 expression was determined using the percentage of
positively stained cells from 1,000 tumour cells (x400), and
scoring was analysed in areas with the most positive nuclei
(“hot-spot”) within each tumour. The Ki-67 index was
classified as a high-proliferation and low-proliferation
group according to a cut-off value of 20%."

Statistical analysis

All continuous variables were assessed for normality
using a one-sample Kolmogorov—Smirnov test, and the
data are expressed as the meanzstandard deviation or
median (interquartile range [IQR], 25th and 75th percen-
tile). The differences between HGSOCs and LGSOCs for
continuous and categorical variables were compared using
the Mann—Whitney U-test, Pearson’s chi-square test, and
Fisher’s exact test. The kappa test was used to evaluate the
interobserver agreement of two categorical variables (mass
configuration and enhancement). A Kappa coefficient of
0.81—-1.00 indicated excellent agreement; 0.61—0.80 indi-
cated good agreement; 0.41-0.60 indicated moderate
agreement; 0.21-0.40 indicated fair agreement; and
0—0.20 indicated poor agreement. The association between
ADC histogram parameters and the Ki-67 index was
assessed using Spearman’s correlation. The diagnostic per-
formance of ADC histogram parameters was evaluated us-
ing ROCs, and the AUC of each parameter was used to assess
the discriminative power. The sensitivity, specificity, and
accuracy were calculated based on the cut-off value. The
differences in AUC for histogram parameters were
compared using the DeLong method.”®> SPSS 23.0 (IBM,
Armonk, NY, USA) and Medcalc 7.4.2.0 (Mariakerke,
Belgium) were used for the statistical analysis. A p-value of
<0.05 was deemed statistically significant.

Results
Clinical and MRI morphological features

The mean age of 107 patients with HGSOCs was 54.6+7.9
years (range, 35—79 years), which was significantly greater
than that of 19 patients with LGSOCs (44.1+10.8 years;
range, 21-58 years; p<0.001). Sixty-six patients (66/107,
61.7%) with HGSOCs were stage III, followed by stage II (17/
107,15.9%), stage 1 (15/107,14.0%), and stage IV (9/107, 8.4%);
the percentages were 47.4% (9/19), 26.3% (5/19), 21.1% (4/
19), and 5.3% (1/19) for patients with LGSOCs, respectively.
No significant difference in FIGO stage was found between
HGSOCs and LGSOCs (p=0.488).
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Table 1 shows the comparisons of MRI morphological
features between HGSOCs and LGSOCs. HGSOCs displayed a
mild, moderate, and obvious enhancement in 32.7%, 35.5%
and 31.8% of cases, while LGSOCs mainly showed an obvious
enhancement (12/19, 63.3%; p=0.032). There were no sig-
nificant differences between HGSOCs and LGSOCs in
tumour maximum diameter, bilaterality, and configuration
(p=0.433, 0.455, and 0.352, respectively). The Kappa test
showed excellent and good interobserver agreement for the
evaluation of mass configuration and enhancement (with
Kappa coefficients of 0.852 and 0.710, respectively).

ADC histogram parameters and ROC analysis

Comparisons of ADC histogram parameters between
HGSOCs and LGSOCs are presented in Table 2. The mean
value, SD, and percentiles (10th, 25th, 50th, 75th, and 90th
percentile) of HGSOCs were significantly lower than those
of LGSOCs (all p<0.001, except p=0.003 for SD). Conversely,
HGSOCs had significantly higher skewness compared with
LGSOCs (p<0.001). The kurtosis was not significantly
different between HGSOC and LGSOC (p=0.140). Represen-
tative cases of HGSOCs and LGSOCs for histogram analysis of
ADC are shown in Figs 1-3.

The diagnostic performances of ADC histogram param-
eters are summarised in Table 3. ROC curve analyses
showed that the 25th and 75th percentiles of ADC values
had the highest sensitivity of 91.59%, the 75th percentile
had the highest accuracy of 88.10%, and the SD and 10th

Table 1
Conventional MRI morphological features of high-grade (HGSOC) from low-
grade serous ovarian carcinoma (LGSOC).

Features HGSOCs (n=107) LGSOCs (n=19) p-Value
Maximum diameter (cm) 8.7+3.4 9.2+3.0 0.433
Bilaterality 52/107 (48.6%) 11/19 (57.9%)  0.455
Configuration 0.352
Predominantly cystic 29/107 (27.1%) 7/19 (36.8%)
Mixed cystic-solid 25/107 (23.4%) 6/19 (31.6%)
Solid 53/107 (49.5%) 6/19 (31.6%)
Enhancement 0.032
Mild 35/107 (32.7%) 3/19 (15.8%)
Moderate 38/107 (35.5%) 4/19 (21.1%)
Obvious 34/107 (31.8%) 12/19 (63.2%)

Table 2

Comparisons of apparent diffusion coefficient histogram parameters be-
tween high-grade (HGSOC) from low-grade serous ovarian carcinoma
(LGSOC).

Parameters HGSOCs (n=107) LGSOCs (n=19) p-Value
Mean 0.986 [0.872,1.155] 1.425[1.104,1.583] <0.001
Standard deviation 0.207 [0.176,0.247] 0.248 [0.229,0.316]  0.003

10th percentile 0.748 [0.665,0.896] 1.042 [0.892,1.281] <0.001
25th percentile 0.840 [0.737,1.009] 1.218 [0.963,1.417] <0.001
Median 0.956 [0.857,1.139] 1.428 [1.075,1.577] <0.001
75th percentile 1.103 [0.968,1.299] 1.595 [1.305,1.739]  <0.001
90th percentile 1.262 [1.131,1.503] 1.746 [1.387,1.990] <0.001
Kurtosis 3.731 [3.250,5.141] 3.523[2.907,4.042] 0.140

Skewness 0.754 [0.465,1.099] 0.127 [-0.217,0.484] <0.001

Data are median [interquartile range] (x10~>mm?/s).

percentile showed the highest specificity of 78.95%; how-
ever, there were no significant differences in AUC between
each of the eight histogram parameters.

Correlation between the Ki-67 index and ADC histogram
parameters

The Ki-67 proliferation index was available for 99 pa-
tients with HGSOCs and 17 patients with LGSOCs. Eighty-six
patients with HGSOCs (86/99, 86.9%) showed high prolif-
eration based on Ki-67, while 12 patients with LGSOCs (12/
17, 70.6%) showed low proliferation. The median Ki-67 in-
dex was 40% (30%, 70%) in HGSOCs and 10% (5%, 20%) in
LGSOCs (p<0.001). The mean, SD, and the 10th, 25th, 50th,
75th, and 95th percentiles were negatively correlated with
the Ki-67 index (r=—0.260, —0.191, —0.248, —0.264, —0.274,
—0.265, and —0.255, respectively), while skewness was
positively correlated with the Ki-67 index (r=0.250).

Discussion

The present preliminary study showed that ADC histo-
gram parameters based on whole solid tumour volume
analysis were useful for differentiating between HGSOCs
and LGSOCs. The lower histogram metrics of the mean, SD,
percentiles, and higher skewness represent HGSOC, and
vice versa for LGSOC; however, no MRI morphological fea-
tures except enhancement were significantly different be-
tween HGSOCs and LGSOCs. HGSOCs had a significantly
higher Ki-67 index than LGSOCs; however, only poor cor-
relations were found between ADC histogram parameters
and the Ki-67 index.

Tumour heterogeneity is an important characteristic of
malignant tumours.”* Histogram analysis can allow the
visualisation of heterogeneous information and provide
quantitative image markers for evaluating tumours. Ovarian
carcinomas are more likely to exhibit cystic and necrotic
degenerations, which can lead to greater heterogeneity of
water diffusion. The quantitative parameters based on a
single-section ROI could not comprehensively and accu-
rately reflect the biological characteristics of the tumour,
whereas whole solid tumour volume histogram analysis
could calculate the ADC values of each voxel and objectively
reflect the heterogeneity of the entire tumour; thus, the
results might be more reliable and repeatable for clinical
application.'® Previous studies in ADC histogram analysis
have mainly focused on the tumour differential diagnosis,
histological subtype, differentiation or grade, therapeutic
response, and prediction of prognosis.”> >’

The present results demonstrated that all ADC histogram
parameters except kurtosis were significantly different be-
tween HGSOCs and LGSOCs. The mean and percentile values
of ADC were significantly lower in HGSOCs than in LGSOCs,
which was consistent with previous studies on the differ-
entiation of EOC types and mucinous breast carcinoma
subtype.'®3? The pathological basis of these findings was
that HGSOCs have a larger cell density and ratio of nucleus
to cytoplasm, which limited water molecule diffusion in
extra- and intracellular spaces. Kang et al.>! found that the
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Figure 1 A 53-year-old woman with HGSOC in the right ovary. (a) Axial T2-weighted image shows a mixed cystic-solid mass. (b) Axial contrast-
enhanced T1-weighted image shows a mild enhancement in the solid component. The red ROI was manually drawn along the margin of the
solid component on the ADC map (c). The segmented solid region (d) and three-dimensional map of the tumour (e) are obtained. (f) The ADC

histogram more frequently shows low ADC values.

Number of voxels

1000 - 2500
ADC(x10°“mm?/s)

(f)

Figure 2 A 59-year-old woman with HGSOC in bilateral ovaries. An axial T2-weighted image (a) and a contrast-enhanced T1-weighted image (b)
show a larger, mildly enhanced solid mass in the left ovary. The tumour shows a notably low intensity on the ADC map (c). The segmented solid
region (d) and three-dimensional map of the tumour (e) are shown. The graph shows the corresponding ADC histogram (f).

5th percentile of the ADC histogram based on a high b-value
of 3,000 s/mm? was the best parameter for differentiating
high-from low-grade gliomas. Mimura et al."’ found that
the 10th percentile of ADC values had the highest AUC for
differentiating borderline from malignant ovarian tumours.
Studies by Takahashi et al.>” and Chandarana et al.>> showed
that the 75th percentile of ADC value and the third quartile
enhancement were the two most accurate parameters for

differentiating uterine carcinosarcomas from endometrial
carcinomas and renal clear cell cancer from papillary cancer,
respectively. These studies demonstrated the additional
value of histogram parameters for the differentiation of the
subtypes of malignant tumours. In the present study,
although no significant difference was observed between
any two AUCs of the mean and percentiles, ROC curves
showed that percentiles appeared to have complementary
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Figure 3 A 57-year-old woman with LGSOC in the left ovary. An axial T2-weighted image (a) and a contrast-enhanced T1-weighted image (b)
show a markedly enhanced solid mass. The tumour shows moderate intensity on the ADC map (c). The segmented solid region (d) and three-
dimensional map of the tumour (e) are shown. (f) The ADC histogram more frequently shows high ADC values.

Table 3

Diagnostic performances of apparent diffusion coefficient histogram parameters for differentiating high-grade from low-grade serous ovarian carcinoma.
Parameters AUC 95% CI Threshold Sensitivity Specificity Accuracy
Mean 0.798 0.717, 0.862 <1.289 88.79% 68.42% 85.71%
SD 0.717 0.630, 0.794 <0.227 65.42% 78.95% 67.46%
10th percentile 0.775 0.692, 0.845 <0.876 74.77% 78.95% 75.40%
25th percentile 0.801 0.720, 0.867 <1.177 91.59% 63.16% 87.30%
Median 0.807 0.727, 0.872 <1.306 89.72% 68.42% 86.51%
75th percentile 0.803 0.722, 0.868 <1.507 91.59% 68.42% 88.10%
90th percentile 0.786 0.704, 0.854 <1.648 89.72% 68.42% 86.51%
Skewness 0.773 0.690, 0.843 >0.375 79.44% 73.68% 78.57%

AUC, area under the curve; CI, confidence interval; SD, standard deviation.

advantages in differentiating HGSOCs from LGSOCs and
that the 75th percentile provided the highest diagnostic
accuracy.

The SD represents the dispersion of the ADC histogram.
The present results demonstrate that the SD value was
significantly higher in LGSOCs than in HGSOCs. Increasing
with the SD value, the ADC histogram distribution becomes
more disperse and thus has larger heterogeneity. A patho-
logical study has confirmed that serous borderline tumours
are the precursor lesions of LGSOCs.>* The study by Okoye
et al.>®> showed that 28 out of 33 patients with LGSOC had
borderline components, and 15 LGSOCs were mainly
composed of borderline components. The mean ADC values
of borderline ovarian tumours were significantly higher
than those of epithelial ovarian carcinomas in a study by
Zhao et al.'* Therefore, the higher SD of LGSOCs might be
due to the concurrent borderline components.

Skewness is a statistical measure of the asymmetric
distribution of the ADC value. Previous studies have shown
that the skewness of ADC was useful for predicting and
monitoring the response to treatment for advanced rectal
carcinoma and ovarian carcinoma.'”?® In the present study,

skewness was significantly higher in HGSOCs than in
LGSOCs. This finding indicated that there were more voxels
of the ADC values below the mean in HGSOCs than in
LGSOCs. In particular, the 25 percentile of skewness showed
a negatively skewed distribution in LGSOCs, which con-
tained more values on the right side of the mean.

Kurtosis reflects the peakedness of ADC histogram dis-
tribution. Kurtosis can predict the aggressiveness of
pancreatic neuroendocrine tumours.>® Kurtosis is also a
reliable biomarker for predicting treatment failure in head
and neck squamous cell carcinoma’’; however, no signifi-
cant difference in kurtosis between HGSOCs and LGSOCs
was observed in the present study.

Several previous studies have demonstrated the value of
quantitative DWI parameters for predicting the prolifera-
tion status based on Ki-67 in different organs'>?%?'; how-
ever, a poor correlation was found between ADC histogram
parameters and the Ki-67 index in the present study, which
was consistent with the study by Aydin et al.>® on invasive
ductal carcinoma. A possible explanation was that the
proliferation index was analysed in the densest areas of
tumour cells (so-called “hot spots”), whereas the ADC
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histogram parameters were measured based on the entire
solid components and the marked intratumoural hetero-
geneity. Therefore, further studies are needed to determine
whether the ADC histogram parameters can non-invasively
reflect the Ki-67 proliferation status.

The present study had several limitations. First, because
of the nature of the retrospective study, population selec-
tion biases were inevitable. Second, the range and number
of b-values are different, which might affect the accuracy of
ADC histogram parameter measurements. Third, the pre-
sent preliminary results were obtained based on a single
centre with a small sample of LGSOCs due to the low inci-
dence. Therefore, the reliability of the findings needs to be
verified by large-scale and multicentre prospective studies.
Fourth, despite the advantages of ADC histogram analysis,
the intra- and interobserver repeatability of ADC measure-
ments were not evaluated. Finally, ADC value measurement
based on manually drawing ROIs might be accurate, but the
analysis was time-consuming and inefficient for clinical
application; however, the novel semi-automatic or auto-
matic image segmentation methods could not only elimi-
nate the influence of artificial factors, but also result in
highly repeatable or time-efficient results.

In conclusion, the present study showed that ADC his-
togram parameters based on whole solid tumour volume
ROIs were useful for differentiating between HGSOCs and
LGSOCs.
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