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Abstract

Purpose: To investigate the potential of apparent diffusion coefficient (ADC) histogram
parameters in epithelial ovarian cancer (EOC) for distinguishing different tumor stages and
determining lymph node status and correlations between ADC values and p53 and Ki-67
expression.

Procedures: Forty-nine EOC patients underwent preoperative magnetic resonance imaging.
Staging and lymph node status were determined postoperatively. ADC values were measured
using histogram analysis and compared between groups. Relationships between ADCs and Ki-
67 and p53 expression were explored.

Results: DC parameters differed significantly between stage | vs II, | vs lll, and | vs IV. The
parameters were significantly lower in the lymph node-positive group than in the lymph node-
negative group, were significantly negatively correlated with Ki-67 labeling index, and were all
significantly lower in the mutation-type p53 group than in the wild-type p53 group.
Conclusions: ADC histogram analysis can help discriminate stage | from advanced-stage EOC
and predict lymph node metastasis. ADC parameters were correlated with Ki-67 labeling index;
the parameters may help indicate p53 expression.

Key words: Lymph nodes, Magnetic resonance imaging, Neoplasm metastasis, Neoplasm
staging, Ovarian cancer

Introduction

Epithelial ovarian cancer (EOC) is the second most common
gynecologic malignancy and the leading cause of gyneco-
logic cancer deaths [1]. Accurate staging is important for the
selection of an appropriate treatment strategy and prognostic
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evaluation [2]. Lymph node status directly affects the
determination of the International Federation of Gynecology
and Obstetrics (FIGO) stage of EOC. Although exploratory
laparotomy and histological examination of the specimens
obtained are currently the gold standard methods for staging
in all women suspected of having EOC, it is necessary to
explore less invasive preoperative methods for the evalua-
tion of tumor stage and lymph node metastasis [3].
Furthermore, patients with stage I disease and those suitable
for neoadjuvant chemotherapy would benefit from accurate
preoperative assessment [4—6].

Recent studies indicate that the combination of magnetic
resonance imaging (MRI) and diffusion-weighted imaging
(DWI) may be a promising tool for staging tumors, but its
performance in the detection of lymph node metastasis is
evidently less than satisfactory [7]. Historically, the assess-
ment of lymph node status has depended mainly on
morphological features, and some small lymph node
metastases have been undetectable [3, 6, 7]. Therefore, it is
necessary to explore the histological characteristics of
metastatic lymph nodes. Moreover, in order to avoid
situations where it is difficult to place the region of interest
(ROI) on small lymph nodes, new detection methods need to
be developed. Lymph node metastasis has been shown to be
linked to histological characteristics and imaging findings of
the primary tumor in a variety of conditions, including
gastric cancer, cervical cancer, and pancreatic neuroendo-
crine tumor [8—10]. For example, in some previous reports,
poorly differentiated tumors were more likely to be
associated with lymph node metastasis [11, 12]. Thus,
exploration of the primary tumor in cases of EOC may
yield valuable information about tumor dissemination.

DWI utilizes the Brownian motion of water molecules to
reveal the microstructural features of tissue such as cellular-
ity and microcirculation [13, 14]. The apparent diffusion
coefficient (ADC) is a quantitative parameter calculated via
DWI. Restricted diffusion of water molecules results in high
signal intensity on DWI and a low ADC value, while free
diffusion results in low signal intensity and a high ADC
value. ADC mapping has been applied in cases of EOC to
assist in the differential diagnosis of benign and malignant
lesions, determination of tumor grade, and assessment of
treatment responses [14]. Notably however, most previous
studies have measured ADC values by placing a localized
ROI on several representative sections of the tumor. Such a
method can result in sampling bias and interobserver
variability with regard to ROI selection [15].

A histogram analysis approach that involves
encompassing the whole tumor has shown great promise
for the characterization of tumor tissue. ADC values of all
voxels within the tumor contribute to the histogram, and
tissue components with different diffusion features can be
reflected in the histogram, giving rise to the objectivity,
repeatability, and comprehensiveness of this approach [9,
15, 16].

The aims of the current study were to investigate
correlations between ADC histogram parameters and tumor
stages, particularly lymph node status, and correlations
between ADC values and p53 and Ki-67
expression—which are important diagnostic markers for
EOC.

Materials and Methods

Patients

The current study was approved by the relevant institutional
review board, it was conducted in accordance with the
ethical standards laid down in the 1964 Declaration of
Helsinki and its later amendments, and written informed
consent was obtained from all individual participants
included in the study. A total of 49 patients (mean age
53.4 £+ 10.4 years) who underwent preoperative MRI
examination including DWI and subsequently had diagnoses
of EOC confirmed via postoperative pathology were
enrolled in the study. None of the patients had received
radiotherapy, chemotherapy, or any other treatment prior to
MRI examination. Patients in which the maximum diameter
of the primary lesion was <1.0 cm (rn = 2) were excluded,
because it was difficult to calculate DWI histogram
parameters for lesions of this size.

MRI Technique

All MRI examinations were performed using a 3.0-T
system (Discovery MR750, GE Healthcare, USA) with
an eight-channel cardiac array coil. Patients fasted for 4—
6 h, then hyoscine butylbromide (20 mg) was injected
intramuscularly prior to image acquisition to reduce
bowel peristalsis artifacts. Conventional imaging proto-
cols were as follows: axial Tl-weighted fast spin-echo
(FSE) imaging with repetition time (TR)/echo time (TE)
of 452-850/7 ms, slice thickness/intersection gap of
5.0 mm/1.0 mm, bandwidth of 62.5 kHz, field of view
of 32 cm x 32 cm, matrix of 320 x 224, and axial,
sagittal, and coronal T2-weighted fast recovery FSE
images (TR/TE 4453-7830/98-106 ms, slice thickness/
intersection gap 4.0 mm/0.4 mm, bandwidth 62.5 kHz,
field of view 22 cm x 22 cm, matrix 288 x 288).
Dynamic contrast-enhanced (DCE) MRI was performed
before and immediately after the intravenous injection of
gadolinium diethylenetriaminepentaacetic acid (Gd-
DTPA) contrast agent (0.2 mmol/kg at a rate of 2 ml/s)
with T1-weighted liver acquisition of volume acceleration
in the axial plane (TR/TE 3.05/1.44 ms, slice thickness/
intersection gap 4.0 mm/—2 mm, bandwidth 125 kHz,
field of view 34 cm x 34 cm, matrix 288 x 192).
Before the injection of Gd-DTPA, axial DWI was
performed using free-breathing single-shot echo-planar
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Table 1.. Histopathological diagnosis of patients

Groups N (%)
Subtype

High-grade serous carcinomas 33 (67.3)
Clear cell carcinomas 7 (14.3)
Endometrioid carcinomas 6 (12.2)
Low-grade serous carcinomas 1(2.0)
Brenner tumor 1(2.0)
Seromucinous carcinoma 1(2.0)
Laterality

Unilateral 35(71.4)
Bilateral 14 (28.6)
FIGO stage

I 10 (20.4)
I 8 (16.3)
I 25 (51.0)
v 6(12.2)
Lymph node metastasis

N- 29 (59.2)
N+ 20 (40.8)
p53 expression

mu-p53 32 (65.3)
wt-p53 17 (34.7)

imaging sequences acquired using the following param-
eters: TR/TE 2600/71.5 ms, slice thickness/intersection
gap 5.0 mm/1.0 mm, bandwidth 250 kHz, field of view
34 cm x 34 cm, matrix 160 x 160, and parallel imaging
factor 2. Eleven b values (0 s/mm?, 30 s/mm?, 50 s/mm?,
100 s/mm?, 150 s/mm?, 200 s/mm? 400 s/mm?, 600 s/
mm?, 800 s/mm?, 1000 s/mm>, 1500 s/mmz) were used,
and the acquisition time was 2 min and 44 s.

Fig. 1. A 45-year-old woman with stage llIA1 EOC. a Axial T2-weighted MRI revealed a solid and cystic mass on the right

Image Analysis

Two abdominal radiologists, one with 8 years of gyneco-
logic imaging experience and the other with 3 years of
gynecologic imaging experience, reviewed the DWI and
MRI data via a workstation (AW 4.5, GE) without any
knowledge of the surgical, pathologic, or other imaging
staging information. Using conventional and DCE MRI
scans as references, ROIs were manually drawn on all
continuous DWI slices (b = 1000 s/mm?) that encompassed
all the solid components of the ovarian lesions, for both
unilateral and bilateral lesions. Necrotic, cystic, and hemor-
rhagic areas of tumors and artifacts were excluded to the
greatest extent possible. Quantitative ADC maps were
generated automatically via built-in software (Functool
MADC, GE). The obtained volumes of interest (VOIs) of
whole tumors and ADC maps were then converted in
DICOM format and imported into MATLAB software, in
order to copy the VOIs from the DWI images to the same
locations in the ADC maps. The means, medians, and 10th
and 90th percentiles of ADC values were then computed via
histogram analysis.

Histopathologic Analysis

In all cases, diagnoses, staging, and lymph node status
were confirmed by postoperative histopathology. The
FIGO staging system was used to determine EOC stages,
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adnexa. b The solid components of the tumor were hyperintense in DWI (b = 1000 s/mm?), but ¢ hypointense in ADC mapping.
d An ADC histogram was generated. e Photomicrography (hematoxylin-eosin staining, x 200) revealed high-grade serous
carcinoma. f p53 staining depicted a complete absence of expression (mu-p53). g The Ki-67 LI was 95 %.
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Table 2.. ADC histogram parameters for discriminating different groups of epithelial ovarian cancer
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Parameter Stage Lymph node metastasis

I I I v P N- N+ P
ADCnean 1.43 £0.22 1.16 £ 0.19 1.07 £0.17 1.05 +0.19 0.000 1.25+0.22 1.01 £0.17 0.000
ADC o 1.05 +0.20 0.84 £ 0.13 0.78 + 0.13 0.77 £ 0.16 0.000 091 +0.18 0.75 £ 0.14 0.002
ADCyopy 1.94 + 0.28 1.60 £ 0.28 1.48 £ 0.22 1.43 £ 0.32 0.000 1.73 £ 0.28 1.38 £ 0.22 0.000
ADC edian 1.35+0.22 1.10 £ 0.20 1.00 £ 0.19 0.90 +£0.23 0.000 1.16 £ 0.25 0.94 +0.17 0.001

ADC histogram parameters are presented as means + standard deviations. Data are given as x 10> mm?/s. Significant differences are captured in italics

which were grouped into stages I to IV. Based on whether
there was lymph node metastasis or not, cases were
divided into lymph node-positive (N+) and lymph node-
negative (N—) groups. Immunohistochemistry investiga-
tions of p53 and Ki-67 were conducted, and the results
were analyzed by a pathologist with more than 10 years
of relevant experience. Deparaffinization, rehydration,
antigen retrieval, and serum blocking were followed by
incubation with primary antibody at 37 °C for 1 h. The
primary antibodies included p53 (clone DO-7, DAKO,
Glostrup, Denmark) and Ki-67 (clone MIB-1, DAKO).
Incubation with the secondary antibody was conducted for
30 min at room temperature, followed by DAB staining.
Ki-67 labeling index (LI) was defined as the percentage
of positive cells. Expression of p53 was categorized as
wild-type (wt-p53) or mutation-type (mu-p53), based on
whether expression was focal or diffuse and strongly
nuclear or completely absent, respectively.

Statistical Analysis

MedCalc 11.4 and SPSS 23.0 statistical software packages
were used for statistical analysis. The normality of ADC
and Ki-67 LI data sets was evaluated using the
Kolmogorov-Smirnov test. Differences in ADC parame-
ters at different stages were assessed via one-way analysis
of variance (ANOVA), and subsequent comparisons
between pairs of groups were analyzed via the post hoc
least significant difference #-test. The #-test for indepen-
dent groups was used to evaluate differences in ADC
parameters between N+ and N— groups and between the
two p53 staining patterns. Receiver operating characteris-
tic (ROC) curves were generated to assess the diagnostic

capacities of the ADC histogram parameters for the
identification of specific tumor stages and lymph node
status. The areas under the ROC curves (AUCs) of ADC
parameters were then compared with each other to
analyze differences in performance. Correlations between
Ki-67 LI and ADC parameters were assessed via
Pearson’s correlation analysis. A p value <0.05 was
deemed to indicate statistical significance.

Results
Clinical and Histopathological Findings

Histopathological patient diagnoses are presented in
Table 1. In brief, there were 10 stage I EOCs (mean
patient age 51.1 + 9.9 years), 8§ stage II EOCs
(55.4 + 12.8 years), 25 stage III EOCs (53.4 £ 9.7 years),
and 6 stage IV EOCs (54.8 £ 13.1 years). Lymph node
metastases were detected in 20 cases (mean patient age
52.1 £ 10.8 years), while the other 29 cases (mean
patient age 55.3 + 9.9 years) were lymph node-negative.
Fig. 1 shows a representative case.

Comparison of ADC Histogram Parameters
Between Different Groups

The mean, median, and 10th and 90th ADC percentiles
of EOCs at all four different stages differed significantly
(p < 0.05) (Table 2). Notably, all histogram parameters
decreased as tumor staging increased. In pairwise
comparisons, ADC parameters were significantly lower
in stage I than in stages II, III, and IV (p < 0.05)
(Table 3). However, there were no significant differences

Table 3.. Pairwise comparison of the ADC histogram parameters for different stages of epithelial ovarian cancer

Parameter Stage I vs II Stage I vs III Stage I vs IV Stage II vs IIT Stage II vs IV Stage IIT vs IV
ADC ean 0.004 0.000 0.000 0.248 0.258 0.754
ADC o 0.005 0.000 0.001 0.333 0.398 0.889
ADCoo, 0.006 0.000 0.000 0.249 0.232 0.694
ADC edian 0.011 0.000 0.000 0.221 0.074 0.294

Significant differences are captured in italics
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Table 4.. Results of ROC analysis for the ADC histogram parameters

Parameter AUC Cutoff value*  Accuracy

Sensitivity

Specificity PPV NPV p value

Stage I vs I + III + IV

ADC hean 0.895 1.254 0.857 (42/49) 0.900 (9/10) 0.846 (33/39) 0.600 (9/15) 0.971 (33/34) 0.000
ADCom 0.892 0.900 0.796 (39/49) 0.900 (9/10) 0.769 (30/39) 0.500 (9/18) 0.968 (30/31) 0.000
ADCoo, 0.886 1.883 0.898 (44/49) 0.700 (7/10) 0.949 (37/39) 0.778 (7/9) 0.925 (37/40) 0.000
ADCedian 0.888 1.160 0.837 (41/49) 0.900 (9/10) 0.821 (32/39) 0.563 (9/16) 0.970 (32/33) 0.000
N+ vs N—

ADCcan 0.815 1.003 0.796 (39/49) 0.600 (12/20) 0.931 (27/29) 0.857 (12/14) 0.771 (27/35) 0.000
ADC o 0.767 0.787 0.755 (37/49) 0.650 (13/20) 0.828 (24/29) 0.722 (13/18) 0.774 (24/31) 0.002
ADCoon 0.825 1.639 0.714 (35/49) 0.900 (18/20) 0.586 (17/29) 0.600 (18/30) 0.895 (17/19) 0.000
ADC edian 0.772 0.934 0.755 (37/49) 0.600 (12/20) 0.862 (25/29) 0.750 (12/16) 0.758 (25/33) 0.001

PPV positive predictive value, NPV negative predictive value
*Units of x 107> mm?%/s for the ADC histogram parameters

in ADC parameters between any two of the three
advanced stages (i.e., stages II, III, and IV). The ADC
histogram parameters in the N+ group were significantly
lower than those in the N— group (p < 0.05).
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Fig. 2. ROC analysis of the ADC histogram parameters. a
ROC curves of the ADC histogram parameters for the
identification of stage | tumors. b ROC curves of ADC
parameters for the identification of EOCs with lymph node
metastasis. There were no significant differences between
any two ROC curves (p > 0.05).

Diagnostic Performance of ADC Histogram
Parameters

In the ROC analysis, all of the ADC histogram parameters
(mean, median, 10th and 90th percentile) performed well
with regard to the identification of stage I tumors and N+
status (Table 4, Fig. 2). ADC means were associated with
the highest AUC for the detection of stage I tumors, while
the 90th ADC percentile was associated with the highest
AUC for differentiating between N— and N+—but none of
these differences were statistically significant.

Relationships Between ADC Histogram
Parameters and p53 and Ki-67 Expression

ADC parameters were all significantly lower in the mu-p53
group than in the wt-p53 group (mean 1.06 + 0.16 vs
1.33 + 0.23 x 10 mm?%s, 10th percentile 0.77 = 0.13 vs
0.98 £ 0.20 x 10> mm?/s, 90th percentile 1.47 + 0.24 vs
1.81 + 031x1073 mmz/s, and median 0.97 = 0.19 vs
1.26 + 0.24 x 10> mm?/s; all p < 0.001; Fig. 3), and there
were significant negative correlations between ADC param-
eters and Ki-67 LI values (Fig. 4).

Discussion

The present study demonstrated the potential of an ADC
histogram analysis approach to differentiate between tumor
stages and determine lymph node status in cases of EOC.
Previous reports have suggested that quantitative ADC
analysis may be useful for evaluating the subtype, grade,
and stage of ovarian cancers and predicting responses to
chemotherapy [17-20]. The present study supports such
findings pertaining to tumor staging, which have rarely been
reported, and it is the first reported study exploring
relationships between ADC values and lymphatic metastasis
in cases of EOC. Moreover, in the current study, the ADC
histogram parameters were associated with p53 and Ki-67
expression in EOCs.
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Fig. 3. a—c Relationship between the ADC histogram parameters and p53 expression. ADC values in the wt-p53 group were

significantly higher than those in the mu-p53 group.

Morphological analysis via traditional imaging technolo-
gies is currently utilized for the preoperative staging of
EOCs, but notably, ADC histogram analysis provides
additional information that is correlated with EOC aggres-
siveness. In the current study, early-stage (stage I) EOCs
exhibited higher ADCs than advanced-stage (II-IV) EOCs,
which is consistent with the results reported by Oh et al.
[18]. As the tumor progresses, changes in the tumor
microenvironment enhance the proliferative ability of the
tumor cells and increase their metastatic capacity [21-23].
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ADC values based on water molecular diffusion may reflect
the microstructure of relevant tissues in this respect.
Therefore, compared with early-stage EOCs, increased
cellular density in advanced-stage tumors may result in
decreased ADC values. We surmise that there may be two
other reasons for the aforementioned differences. One
pertains to the fact that some studies have indicated that
advanced- and early-stage ovarian cancers may develop via
separate molecular pathways and may have different
metastatic potentials [24, 25]. Another consideration is that
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Fig. 4. a—d ADC histogram parameters and Ki-67 LI were significantly negatively correlated.
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the epithelial-mesenchymal transition (EMT), through which
ovarian cancer cells acquire an invasive capacity, may be
associated with tumor ADC values [9, 22, 26]. These two
considerations may also be relevant to the fact that in the
current study, there were no significant differences between
the ADCs of any two of the three advanced tumor stages.
Fortunately, the identification of stage I tumor limited to one
or both adnexa may be useful for the selection of an
appropriate treatment method, especially in patients who
wish to maintain fertility [5].

Unsurprisingly, compared with the N— group, ADC
values were reduced in the N+ group, indicating higher
cellular density of the primary tumor. Lymph node metas-
tasis is associated with various factors, of which certain
characteristics of the primary tumor play pivotal roles [11,
27, 28]. Tumors with strong proliferative and metastatic
capabilities may be associated with increased risks of
lymphatic invasion [11, 28]. Notably, EMT has also recently
been reported to be associated with lymphatic dissemination
of cancer cells [9, 29]. Investigation of specific factors that
contribute to lymphatic metastasis was beyond the scope of
the present study, but in-depth explorations in this regard are
planned in the future. While systematic lymphadenectomy is
a routine treatment for EOC, the method is considered
relatively invasive and high-risk [3, 30]. We suggest that the
results of the current study may be valuable in the context of
clarifying the mechanisms of lymphatic metastasis and
developing novel methods for the diagnosis and treatment
of EOCs associated with lymphatic metastasis.

Recently, several studies have analyzed the associations
between ADC values and histopathological features like pS53
and Ki-67 in different tumors and showed varying results [9,
31-38]. Some studies showed that ADC values correlated
significantly with p53 expression in thyroid cancer [33],
bladder cancer [32], and cervical cancer [9], whereas no
significant correlation was found in liver metastases from
colorectal cancers [31]. In our study, there were significant
differences in the ADC histogram parameters between wt-p53
and mu-p53. Our results are different from some of the reported
data in other tumors. This could be because of the fact that
different tumors have different histologic features; another
main reason could be the new p53 immunohistochemistry
pattern of EOC that we used in this study, which was different
from previous interpretation based on the percentage of stained
tumor cell nuclei [39, 40]. p53 immunohistochemistry is a
reliable alternative to the identification of TP53 mutational
status [40-42]. Abnormal/mutation-type p53 is an almost
certain indicator of an underlying TP53 mutation [40]. TP53
mutation is associated with tumorigenesis and a high rate of
cellular proliferation in ovarian cancer [41, 42], which may
lead to a decline in ADC values in mu-p53. Conversely, normal
wt-p53 indicates the absence of TP53 mutation and is
reportedly associated with relatively indolent tumor biology
[40]. Unsurprisingly, there was a significant negative

correlation between Ki-67 expression and ADC parameters in
the current study. Although some studies did not find a
significant correlation between ADC and Ki-67 [9, 36], our
results are as expected and consistent with most reported data
[31-34, 37, 38]. Further, the results are concordant with those
reported by Lindgren et al. [43]. Ki-67 is an indicator of tumor
proliferation [43—45]. Higher Ki-67 LI values correspond with
higher proliferative activity of tumor cells and thus give rise to
increased cellularity, which leads to the restricted diffusion of
water molecules and a decrease in ADC values. The
relationship between ADC values and immunohistochemical
indexes in the present study suggests that ADC alteration may
assist in the evaluation of tumor proliferation and the prediction
of p53 expression in ovarian cancer.

EOC is heterogeneous, even within the same tumor [46].
Histogram-based VOI analysis can capture all voxels within
the lesion and enables certain components to be selected and
evaluated. All of the ADC histogram parameters performed
well with regard to the identification of stage I tumors or
EOCs with lymph node metastasis in the current study.
Somewhat unexpectedly, ADC mean and ADC 90th
percentiles were associated with the highest AUCs, although
these observations were not statistically significant. In most
previous studies, lower ADC percentile values have not
performed better than higher ADC percentiles with respect
to the differentiation of malignant tumors, because lower
ADC percentiles were presumed to represent areas of higher
cellularity, which may be the best indicator of relevant tumor
features in this regard [47, 48]. Although the reason for this
discrepancy in the current study remains unclear, we
speculate that EOCs with tumor metastasis may have more
microscopic necrosis, hemorrhage, and cysts, which contrib-
ute to higher ADC values [49], because in some studies,
tumor necrosis factor has been linked to tumor invasion and
metastasis [50, 51]. Further studies are certainly warranted in
this respect.

The current study had several limitations. The relatively
small study sample, particularly with regard to stage I EOCs,
limits the applicability of the results. Additionally, we did
not explore relationships between ADC values and histo-
logical markers of the aforementioned EMT in EOCs.
Lastly, the study included several different histological
EOC subtypes, which may be a potentially confounding
factor. We plan to conduct a more comprehensive analysis in
the future, in order to generate more informative results.

Conclusions

ADC histogram analysis can assist in the discrimination of
stage I EOC from advanced-stage EOC and in the detection
of lymph node metastasis. Moreover, ADC parameters were
strongly correlated with Ki-67 LI and may help in indicating
molecular changes such as p53 expression.
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