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ARTICLE INFO ABSTRACT

Keywords: Purpose: In this study, we aimed to determine the usefulness of diffusion kurtosis imaging (DKI) as a noninvasive
Endometrial carcinoma method for the evaluation of tumor invasion depth, histological grade, and lymph node metastasis in patients
Uterus with endometrial carcinoma (EMC).

Lymph node

Materials and methods: Our institutional review board approved this retrospective study and waived informed
consent. In total, 24 patients suspected of having EMC were examined by a 1.5-T magnetic resonance imaging.
DKI data were obtained using a single-shot echo-planar imaging sequence with four b values (0, 500, 1000, and
2000 s/mm?). Kurtosis (K), diffusivity (D), and apparent diffusion coefficient (ADC) maps were generated and
compared with histopathological findings.

Results: K maps from all patients identified the junctional zone as a distinct high-K zone (1.443 *+ 0.362). This
zone was significantly different from the zone of endometrium and outer myometrium (0.678 = 0.179 and
0.694 + 0.113, respectively; P < 0.001). K and D values of all EMCs were significantly different from those of
all normal uterine wall layers. K and D values were significantly correlated with histological grades of en-
dometrioid adenocarcinomas (r = 0.799, P < 0.001 and r = —0.799, P < 0.001, respectively), while ADC
values were not (r = —0.243, P = 0.382). Metastatic and nonmetastatic lymph nodes showed significantly
different K (P = 0.001) and D (P = 0.001) values, but not ADC values (P = 0.827).

Conclusions: DKI may be clinically useful for the noninvasive evaluation of depth of tumor invasion, histological
grade, and lymph node metastasis in patients with EMC.

Diffusion kurtosis imaging
Diffusion-weighted imaging
MR imaging

1. Introduction treatment for patients with EMC.
Magnetic resonance imaging (MRI) is widely used to evaluate the

Endometrial carcinoma (EMC) is one of the most common, fatal aggressiveness of EMC, including its myometrial invasion and metas-

gynecological malignant neoplasms globally [1]. Important prognostic
indicators of EMC include the International Federation of Gynecology
and Obstetrics (FIGO) stage, histological subtype and grade, lympho-
vascular invasion, and presence of lymph node metastasis [2,3]. Spe-
cifically, the depth of myometrial invasion, histological grade, and
presence of lymph node metastasis of EMCs are strong prognostic fac-
tors for patient survival rates [2-4]. Thus, accurate preoperative as-
sessment of tumor invasion depth, histological grade, and lymph node
metastasis evidently affects the selection and planning of optimal

tases to lymph node and other distant sites [5-7]. However, accurate
preoperative assessment of these prognostic factors is often difficult
with conventional MRI. Notably, although histological grade correlates
with other prognostic factors and provides critical information for
treatment selection, accurate prediction of the histological grade of
EMCs remains challenging without performing a needle biopsy [8-14].

Diffusion kurtosis imaging (DKI) findings are reportedly associated
with histological grades of gliomas and prostate and breast cancers
[15-19]. Recently, Yamada et al. [20] have demonstrated that DKI was
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useful for the preoperative evaluation of histological grade and lymph
node metastasis in patients with oral carcinoma. To the best of our
knowledge, no studies have reported the use of DKI to evaluate tumor
invasion depth, histological grade, and lymph node metastasis in pa-
tients with EMC, which are the most important prognostic indicators.

Therefore, we aimed to assess the usefulness of DKI as a noninvasive
method for evaluating tumor invasion depth, histological grade, and
presence of lymph node metastasis in patients with EMC.

2. Materials and methods
2.1. Study population

This study was approved by our institutional review board, and the
requirement of written informed consent was waived owing to the
retrospective study design. In total, 24 consecutive patients who were
suspected of having EMC and who were surgically treated at our in-
stitution were enrolled. Mean ( = standard deviation) patient age at the
time of MRI was 59.5 ( = 11.0) (34-86) years. After surgery, 22 of the
24 patients were histologically confirmed as having EMC and the re-
maining 2 patients as having atypical endometrial hyperplasia. All
patients underwent preoperative MRI, including DKI.

2.2. Imaging technique

DKI was performed using a 1.5-T MRI system (Intera Achieva;
Philips, Best, the Netherlands) equipped with actively shielded gra-
dients with a maximum strength of 33 mT/m. A 32-channel phased-
array body coil was used for all measurements.

DKI data were obtained in the axial plane using a spin echo-based,
single-shot, echo-planar imaging sequence with the following para-
meters: repetition time (TR), 5000 ms; echo time (TE), 82 ms; field of
view (FOV), 300 x 300 mm; matrix, 128 X 102; section thickness,
5mm with a 0.5-mm intersection gap; and number of excitations, 6.
Motion-probing gradients were applied in three orthogonal directions
with four different b values (0, 500, 1000, and 2000 s/mm?). DKI ac-
quisition time was 5min 5s.

The standard MRI protocol for EMC patients at our institution in-
cluded sagittal T2-weighted imaging (T2WI) (TR/TE, 2500/80 ms;
FOV, 220 x 220 mm; matrix, 320 X 320; section thickness, 5mm);
axial T1-weighted imaging (T1WI) in dual echoes (TR/TE, 182/2.3 and
4.6 ms; FOV, 300 x 300 mm; matrix, 304 X 304; section thickness,
5 mm); axial DKI (mentioned above); axial T2WI (TR/TE, 4894/100 ms;
FOV, 300 x 300 mm; matrix, 352 X 352; section thickness, 5 mm); and
axial fat-suppressed T1WI (TR/TE, 4.7/2.3 ms; FOV, 300 x 300 mm;
matrix, 272 X 272; section thickness, 5.5 mm). After intravenous bolus
injection of 0.1 mmol/kg gadobutrol (Gadovist; Bayer Yakuhin, Osaka,
Japan), we also performed axial triple-phase dynamic contrast-en-
hanced imaging (DCEI) (TR/TE, 4.8/2.4ms; FOV, 300 x 300 mm;
matrix, 288 X 288; section thickness, 5.5mm) and sagittal CE T1WI
(TR/RE, 4.7/2.4ms; FOV, 220 x 220 mm; matrix, 304 X 304; section
thickness, 4.5 mm).

2.3. Image processing

According to the DKI theory [21,22], signal intensity (SI) decay was
analyzed and DKI parameters were calculated for each voxel using the
following equation:

S = Sy-exp(—=b-D + b2-D?-K/6)

where, Sy and S are SIs at a b value of 0s/mm? and at b values other
than 0 s/mm?, respectively; K indicates kurtosis (arbitrary units [a.u.]);
and D indicates diffusivity (x 103 mm?/s). K represents the deviation
from the Gaussian behavior, and D represents diffusion coefficient
corrected for non-Gaussian bias [21,22]. Conventional apparent diffu-
sion coefficient (ADC) was also calculated for each voxel using the
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following equation: S = Sy - exp(—b-ADC).

K, D, and ADC maps were generated using SIs on a pixel-by-pixel
basis at b values of 0, 500, 1000, and 2000 s/mm?. All images were
processed using an in-house program developed with MatLab software
(R2015a; MathWorks, Natick, MA) [20,23].

2.4. Image analysis

Two observers (I.Y. and N.M. with respectively 26 and 22 years of
experience in reading MR images), who were blinded to histological
findings, independently evaluated MR images for each patient.
Disagreements on any findings were resolved through discussion till
consensus was achieved. MR images were reviewed for the presence, SI,
uniformity, and thickness of each layer of the normal uterine wall. MR
images of EMCs were reviewed in terms of their presence, SI, contour,
and size. Furthermore, the depth of EMC into the uterine wall was as-
sessed according to the deepest invaded layer.

For K, D, and ADC maps, regions of interest (ROIs), which were
approximately equivalent in size to the uterine wall layer thickness,
tumor cross-sectional area, and lymph node cross-sectional area, were
drawn by one observer (I.Y.) on the uterine wall layers, tumors, and
lymph nodes, respectively, using T1WI, T2WI, diffusion-weighted
imaging (DWI), and DCEI as references. Using the ImageJ 1.47 software
program (National Institutes of Health, Bethesda, MD), mean values of
all three or four ROIs were calculated for each uterine wall layer,
tumor, and lymph node. Values of EMCs were obtained from three-di-
mensional volumes comprising three or four slices depending on tumor
size to give full tumor coverage.

Finally, MRI findings of all patients were compared with the cor-
responding histopathological findings, which served as the reference
standard.

2.5. Histological preparation and examination

After surgery, each surgical specimen, including the uterus, EMCs,
and lymph nodes, was subjected to histopathological examination.
Histological specimens were embedded in paraffin and sectioned with a
microtome into 3-um-thick slices. After staining with hematox-
ylin-eosin (H-E), an experienced pathologist (D.K. with 19years of
experience in histopathology), who was blinded to MRI findings,
evaluated all specimens to assess the uterine wall layers and to de-
termine the depth of tumor invasion. The pathologist classified the
histological grade of EMCs according to the criteria of the FIGO grading
system [2,24] as follows: grade 1 (well differentiated); grade 2 (mod-
erately differentiated); or grade 3 (poorly differentiated), and the pre-
sence or absence of lymph node metastasis was determined.

2.6. Statistical analysis

Mean * SD of K, D, and ADC values for the uterine wall layers,
EMCs, and lymph nodes were calculated. Differences in K, D, and ADC
values of the uterine wall layers and EMCs were statistically analyzed
using Dunnett's test. Correlations of histological grades of EMCs with K,
D, and ADC values were assessed by Spearman's rank correlation
coefficient. K, D, and ADC values were compared between metastatic
and nonmetastatic lymph nodes using Mann-Whitney U test.

The utility of K, D, and ADC values to differentiate histological
grades of EMCs and to differentiate metastatic from nonmetastatic
lymph nodes was compared and assessed using receiver operating
characteristic (ROC) curve analyses. For ROC curve analyses, the op-
timal threshold of each parameter was determined as the value that
would maximize the average sensitivity and specificity. Data were
analyzed using IBM SPSS Statistics (Version 20; IBM SPSS Japan,
Tokyo, Japan) and MedCalc (Version 17.9.7; MedCalc Software,
Ostend, Belgium). A P-value of < 0.05 was considered as indicative of
statistical significance.
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3. Results
3.1. Uterine wall layers on DKI maps

As shown in Fig. 1, K and D maps of all patients (100%) clearly
depicted the uterine wall as consisting of the following three layers:
endometrium (EM); junctional zone (JZ); and outer myometrium
(OMM). These three layers seemed to correspond well with the uterine
wall layers observed on T2WI. Particularly, K maps showed JZ as a
high-K zone distinct from EM and OMM.

In all patients, K values of JZ (1.443 = 0.362) were significantly
higher than those of EM and OMM (0.678 * 0.179 and
0.694 = 0.113, respectively; P < 0.001 for both; Table 1). High-K JZ
showed the highest deviation of diffusion from Gaussian behavior in the
uterine wall [21,22] perhaps because of anisotropic local fiber or-
ientation in JZ [25]. These results demonstrate that K maps could
clearly differentiate JZ from EM and OMM in patients with EMC.

3.2. DKI parameters of EMCs and uterine wall layers
In 22 EMC cases, K values were 1.048 =+ 0.145 a.u., D values were
Table 1

K, D, and ADC values of the normal uterine wall layers and endometrial car-
cinomas.

Tissue K values D values ADC values
(a.u.) (x107*mm?s)  (x10~*mm?/s)
Endometrium 0.678 + 0.179° 2.450 + 0.629° 1.185 + 0.305"
Junctional zone 1.443 = 0.362"  1.420 + 0.191° 0.697 = 0.169
Outer myometrium 0.694 + 0.113" 2.644 + 0.332° 1.050 = 0.140"
Endometrial carcinoma 1.048 = 0.145 1.068 + 0.160 0.618 + 0.066

Note: Data are mean values * standard deviations. K = kurtosis,
D = diffusivity, ADC = apparent diffusion coefficient. a.u. = arbitrary units.

@ = Significantly different from the corresponding value of the endometrial
carcinomas.
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Fig. 1. Images of a 48-year-old woman with
EMC showing stage IA and grade 1 EMAC.
(a) T2WI shows that there's a hyperintense
mass lesion (arrow) confined to EM and that
the hypointense JZ (arrowheads) is intact.

(b) K map shows that the mass lesion
(arrow) has intermediate K values and that
the high-K JZ (arrowheads) is intact.
(a.u. = arbitrary units).

(c) D map shows that the mass lesion
(arrow) has low D values.

(d) ADC map shows that the mass lesion
(arrow) has low ADC values.

1.2

1.068 + 0.160 x 10~ 3 mm?/s, and ADC values were
0.618 + 0.066 x 10~ >mm?/s (Table 1). D values of EMCs were sig-
nificantly larger than ADC values (P < 0.001) because D value re-
presented the diffusion coefficient corrected for the non-Gaussian bias
[21,22], thereby demonstrating that the effect of non-Gaussian diffu-
sion considerably contributed to D values of the EMCs. Similarly, higher
K values of EMCs implied a greater deviation of diffusion from the
Gaussian behavior because a K value of 0 indicates a perfectly Gaussian
diffusion [21,22].

K values from all 22 EMCs were significantly lower than those from
JZ (P < 0.001) while the EMC K values were significantly higher than
those from EM and OMM (P < 0.001 for both) (Table 1 and Fig. 2). On
D maps, all 22 EMCs showed significantly lower D values than all
normal uterine wall layers (P < 0.001 for EM, P = 0.048 for JZ, and
P < 0.001 for OMM). In contrast, ADC values of EMCs were sig-
nificantly lower than were those of EM and OMM (P < 0.001 for both),
but there were no significant differences in ADC values between EMCs
and JZ (P = 0.588).

Further, K values of EMC (1.048 + 0.145a.u.) were significantly
higher than those of the normal EM (0.678 + 0.179a.u.; P < 0.001),
which served as the control group for the comparison of EMC and EM.
These results indicate that the kurtosis changes were resulting form
EMC itself, not from myometrial fiber orientation. This is probably
because the presence of both barriers (e.g. cell membranes) and com-
partments (e.g. intracellular and extracellular spaces) within EMC could
alter the water displacement probability distribution function com-
pared with the normal EM.

These data demonstrate that EMCs and normal uterine wall could be
clearly demarcated for DKI maps.

3.3. Depth of tumor invasion on DKI maps

Histopathological examination based on FIGO staging system re-
vealed that 22 EMCs comprised 13 carcinomas in stage IA, 3 carcinomas
in stage IB, 2 carcinomas in stage II, 1 carcinoma in stage IIIC1, 2
carcinomas in stage IIIC2, and 1 carcinoma in stage IVB. All EMCs were
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Fig. 2. Box plots of DKI parameters in normal uterine wall layers and EMCs.
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(a) Comparison of K values between uterine wall layers and EMCs. K values of EMCs were significantly lower than those of JZ and were significantly higher than those

of EM and OMM. * = Significant difference (P < 0.001).

(b) Comparison of D values between uterine wall layers and EMCs. EMCs showed significantly lower D values than all normal uterine wall layers. * = Significant

difference (P < 0.001 for EM, P = 0.048 for JZ, and P < 0.001 for OMM).

(c) Comparison of ADC values between uterine wall layers and EMCs. ADC values of EMCs were significantly lower than those of EM and OMM, but there were no
significant differences between EMCs and JZ. * = Significant difference (P < 0.001).

clearly depicted as intermediate K areas on K maps and as low D areas
on D maps. Thus, the same depth of tumor invasion into the myome-
trium could be depicted on DKI maps compared with histopathological
examination.

EMCs confined to EM appeared as localized masses with inter-
mediate K and low D values and intact high-K JZ on DKI maps (Fig. 1).
In contrast, EMCs that invaded the myometrium appeared as masses
with intermediate K and low D values and disrupted myometrial high-K
JZ on DKI maps (Fig. 3). Notably, JZ was clearly depicted on K maps but
not on T2WI (Fig. 3). These findings demonstrate that K maps may be
more useful for depicting JZ than T2WI because T2WI often cannot
depict JZ in postmenopausal patients and depending on the menstrual
cycle.

3.4. Histological grades of EMCs on DKI maps

We investigated the association of the histological grades of EMCs
with DKI parameters. Histopathological examination revealed that 22
EMCs comprised 15 endometrioid adenocarcinomas (EMACs), 3 serous
adenocarcinomas, 1 clear cell adenocarcinoma, 2 mixed carcinomas,
and 1 carcinosarcoma. Among the 15 EMACs, 10 carcinomas were
grade 1, 4 carcinomas were grade 2, and 1 carcinoma was grade 3.

We combined grade 2 and grade 3 cases into “high-grade group” (5
cases) and grade 1 cases into “low-grade group” (10 cases). K values of
the high-grade group were significantly higher than those of the low-
grade group (1.203 = 0.130a.u. vs. 0.970 = 0.071a.u.; P = 0.001).
D values of the high-grade group were significantly lower than those of
the low-grade group (0.884 + 0.107 x 10 >mm?/s vs. 1.161
+ 0.078 x 10~ 3mm?/s; P = 0.001). However, ADC values between
the high-grade and low-grade groups were not significantly different
(0.607 * 0.063 X 10" >mm?/s vs. 0.634 * 0.053 X 10~>mm?/s;
P = 0.440).

Further, K values showed a significant positive correlation with the
histological grades (r = 0.799; P < 0.001) (Table 2 and Fig. 4). Simi-
larly, D values showed a significant inverse correlation with the histo-
logical grades (r = —0.799; P < 0.001). However, no significant cor-
relation was found between ADC values and histological grades
(r = —0.243; P = 0.382).

Representative cases with grade 1 and grade 2 EMACs are shown in
Figs. 3 and 5 respectively. These results indicate that histological grades
of EMCs could be differentiated on the basis of DKI parameters.

3.5. Lymph node metastasis on DKI maps

Next, we investigated the association between lymph node status in
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patients with EMC and DKI parameters. Lymph node metastasis was
found in 4 of the 22 patients with EMC; each histologically confirmed
lymph node (5 metastatic and 11 nonmetastatic) was compared with
DKI parameters on a node-by-node basis.

K values of metastatic lymph nodes were significantly higher than
those of nonmetastatic lymph nodes (1.173 * 0.112a.u. vs.
0.929 = 0.076 a.u.; P = 0.001) (Table 3 and Fig. 6). Similarly, D va-
lues of metastatic lymph nodes were significantly lower than those of
nonmetastatic lymph nodes (1.221 % 0.108 X 10~ >mm?/s vs.
1.547 + 0.153 x 10~ 3mm?/s; P = 0.001). However, ADC values be-
tween metastatic and nonmetastatic lymph nodes were not significantly
different  (0.634 = 0.033 x 10 >mm?/s vs. 0.646 + 0.019
x 10~*mm?®/s; P = 0.827).

Representative cases with nonmetastatic and metastatic lymph
nodes are shown in Figs. 7 and 8, respectively. These results indicate
that metastatic and nonmetastatic lymph nodes in patients with EMC
could be differentiated on the basis of DKI parameters.

3.6. ROC curve analyses of DKI parameters

Results of ROC curve analyses for differentiating grade 2 or 3
EMACs from grade 1 EMACs are shown in Table 4 and Fig. 9a. Com-
pared with areas under the curve (AUCs) for ADC values (0.640), AUCs
for K (0.980; P = 0.0425) and D (0.980; P = 0.0442) values were sig-
nificantly larger. AUCs for K and D values (P = 1.000) were not sig-
nificantly different. Therefore, a cutoff K value of > 1.012a.u. and a
cutoff D value of <1.025 x 10~ >mm?/s seem to be useful for differ-
entiating grade 2 or grade 3 EMACs from grade 1 EMAGCs.

Results of ROC curve analyses for differentiating metastatic and
nonmetastatic lymph nodes in patients with EMC are shown in Table 5
and Fig. 9b. AUCs for K (0.982; P = 0.0297) and D (0.982; P = 0.0494)
values were significantly larger than AUCs for ADC (0.545). AUCs be-
tween K and D values (P = 1.000) were not significantly different.
Therefore, a cutoff K value of > 0.994a.u. and a cutoff D value of
<1.400 x 10~ mm?/s seem to be useful for differentiating metastatic
and nonmetastatic lymph nodes in patients with EMC.

4. Discussion

Conventional DWI parameters assume a Gaussian behavior of water
diffusion; thus, the distribution of water displacement follows a statis-
tically similar distribution to free diffusion, and SI attenuations in DWI
are monoexponential with the b values used. However, the complex
structure of most tissues, which comprise various types of cells and cell
membranes, can cause a substantial deviation of the distribution of
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diffusion displacement from a Gaussian behavior. As a non-Gaussian
model of DWI, DKI was first proposed for investigating neurologic
pathologies [21]. Since DKI can quantify the deviation of diffusion from
a Gaussian behavior, it can more accurately reflect the microstructural
complexities of tissues than can conventional DWI [21,22]. DKI-derived
parameters are associated with histological grades of gliomas and
prostate and breast cancers [15-19]. Recently, Yamada et al. [20] have
demonstrated that DKI was useful for evaluating histological grade and
lymph node metastasis in patients with oral carcinoma. Moreover, they
[26,27] have demonstrated that g-space imaging (QSI)—another non-
Gaussian model of DWI—is useful for ex vivo evaluation of tumor

Table 2

K, D, and ADC values in the histological grades of endometrioid adenocarcinomas.

Magnetic Resonance Imaging 57 (2019) 337-346

Fig. 3. Images of a 49-year-old woman with
EMC showing stage IA and grade 1 EMAC.
(a) T2WI shows that there's a hyperintense
mass lesion (arrow) in EM, although JZ is
not clearly depicted on T2WIL

(b) K map shows that the mass lesion
(arrow) has intermediate K values
(0.960 a.u.) and that the high-K JZ (arrow-
heads) has been partially disrupted.
(a.u. = arbitrary units).

(c) D map shows that the mass lesion
(arrow) has low D values
(1.188 x 10~ *mm?/s).

(d) ADC map shows that the mass lesion
(arrow) has low ADC values
(0.636 x 10~ > mm?/s).

(e) Histopathological examination shows
well-differentiated EMAC (grade 1). (H-E
stain; original magnification, X 200).

invasion depth, histological grade, and lymph node metastasis in eso-
phageal and gastric carcinomas. Therefore, we hypothesized that DKI
might be more effective than conventional DWI for the assessment of
tumor invasion depth, histological grade, and lymph node metastasis in
patients with EMC.

Our findings demonstrated that K maps of all patients clearly de-
picted JZ as a distinct high-K zone that was significantly different from
EM and OMM. As K values quantify the deviation of diffusion from the
Gaussian behavior, such a high-K value in JZ indicates that JZ showed
the highest deviation of diffusion from Gaussian behavior in the uterine
wall. In a recent study, Yamada et al. [25] have used diffusion-tensor

Histological grades K values (a.u.)

D values (x 103 mm?/s) ADC values (x 10~ 2 mm?/s)

Grade 1 (n = 10) 0.970 + 0.071%
Grade 2 (n = 4) 1.152 = 0.069
Grade3 (n=1) 1.409

1.161 + 0.078" 0.634 + 0.053
0.918 + 0.087 0.613 = 0.072
0.748 0.585

Note: Data are mean values * standard deviations. K = kurtosis, D = diffusivity, ADC = apparent diffusion coefficient. Grade 1 = well differentiated, Grade
2 = moderately differentiated, Grade 3 = poorly differentiated. a.u. = arbitrary units.

a

= Significantly different for the histological grades of the endometrioid adenocarcinomas (P < 0.001).
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Fig. 4. Box plots of DKI parameters in
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(a) Comparison of K values in different
histological grades of EMACs showing a
significant positive correlation
(r=0.799; P < 0.001).

(b) Comparison of D values in different
histological grades of EMACs showing a
significant inverse correlation
(r = —0.799; P < 0.001).
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Table 3

K, D, and ADC values of metastatic and nonmetastatic lymph nodes in patients with endometrial carcinoma.

(c) Comparison of ADC values in dif-
ferent histological grades of EMACs
showing no significant correlation
(r = —0.243; P = 0.382).

Fig. 5. Images of a 49-year-old woman with
EMC showing stage IA and grade 2 EMAC.
(a) T2WI shows that there's a hyperintense
mass lesion (arrow) confined to EM and that
the hypointense JZ (arrowheads) is intact.

(b) K map shows that the mass lesion
(arrow) has high K values (1.156 a.u.) and
that the high-K JZ (arrowheads) is intact.
(a.u. = arbitrary units).

(c) D map shows that the mass lesion
(arrow) has low D values
(0.866 x 10™3mm?/s).

(d) ADC map shows that the mass lesion
(arrow) has low ADC values
0.611 x 10~ >mm?/s).

(e) Histopathological examination shows
moderately differentiated EMAC (grade 2).
(H-E stain; original magnification, x 200).

Lymph nodes K values (a.u.) D values (X 102 mm?/s) ADC values (x 10~ 2 mm?/s)
Nonmetastatic (n = 11) 0.929 + 0.076" 1.547 + 0.153" 0.646 + 0.019
Metastatic (n = 5) 1.173 = 0.112 1.221 = 0.108 0.634 + 0.033

Note: Data are mean values = standard deviations. K = kurtosis, D = diffusivity, ADC = apparent diffusion coefficient. a.u. = arbitrary units.

a

342

= Significantly different between metastatic and nonmetastatic lymph nodes in patients with endometrial carcinoma (P = 0.001).
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(a) Comparison of the K values between nonmetastatic and metastatic lymph nodes showing significant differences (P = 0.001).

(b) Comparison of the D values between nonmetastatic and metastatic lymph nodes showing significant differences (P = 0.001).

(c) Comparison of the ADC values between nonmetastatic and metastatic lymph nodes showing no significant differences (P = 0.827).

imaging (DTI) and demonstrated that JZ constituted densely packed,
parallel-oriented smooth muscle fibers to EM, whereas OMM con-
stituted less dense, randomly oriented smooth muscle fibers. Therefore,
high-K in JZ seems to be due to anisotropic local fiber orientation. Al-
though previous reports have demonstrated zonal differences in the
normal uterus on DTI maps [28,29], to the best of our knowledge, the
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Fig. 7. Images of a 65-year-old woman with
nonmetastatic lymph nodes. This patient
had EMC and hematometra; the DKI data
acquisition was performed before contrast
enhancement MRI as usual.

(@) T2WI shows a swollen lymph node
(arrow) in the left obturator region.

(b) K map shows that the lymph node
(arrow) is slightly hyperintense
(K = 0.915a.u.). (a.u. = arbitrary units).
(c) D map shows that the lymph node
(arrow) is slightly hypointense
(D = 1.544 x 10> mm?/s).

(d) ADC map shows that the lymph node
(arrow) is slightly hypointense
(ADC = 0.641 x 10~ *mm?/s).

(e) Histopathological examination shows
that the lymph node has no metastasis. (H-E
stain; original magnification, X 40).

present study is the first to reveal the association between DKI para-
meters and zonal differences of the normal uterus.

In the present study involving 22 EMC cases, non-Gaussian D values
of EMCs were significantly larger than conventional Gaussian ADC
values. Because D value represents the diffusion coefficient corrected
for a non-Gaussian bias [21,22], these data demonstrate the substantial
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Fig. 8. Images of a 60-year-old woman with
metastatic lymph nodes.

(a) T2WI shows swollen lymph nodes (ar-
rows) in the bilateral obturator region.

(b) K map shows that the lymph nodes
(arrows) are hyperintense (right side:
K =1.168a.u.; left side: K= 1.179a.u.).
(a.u. = arbitrary units).

(c) D map shows that the lymph nodes (ar-
rows) are slightly hypointense (right side:
D=1.234 x 10 *mm?/s;  left  side:
1.194 x 10~*mm?/s).

(d) ADC map shows that the lymph nodes
(arrows) are slightly hypointense (right
side: ADC = 0.638 x 10~ > mm?/s; left side:
ADC = 0.605 x 10~ > mm?/s).

(e) Histopathological examination shows
that the lymph nodes have metastasis of
endometrial carcinoma. (H-E stain; original
magnification, X 40).

Table 4
ROC curve analyses of K, D, and ADC values for differentiating grade 2 or grade 3 from grade 1 endometrioid adenocarcinomas.
Parameter AUC Optimal threshold Sensitivity (%) Specificity (%) P value
K values 0.980 >1.012 100.00 (5/5) 90.00 (9/10) 0.0425
(a.u.)
D values 0.980 =1.025 100.00 (5/5) 90.00 (9/10) 0.0442
(x10~*mm?/s)
ADC values 0.640 =0.585 60.00 (3/5) 80.00 (8/10) NA

(x10~3mm?/s)

Note: Optimal threshold of each parameter was determined to maximize average of sensitivity and specificity. Data in parentheses are numbers used to calculate
percentages. P value represents differences in comparison with performance of ADC. AUC = area under the curve. K = kurtosis, D = diffusivity, ADC = apparent

diffusion coefficient. a.u. = arbitrary units. NA = not available.

contribution of the effect of non-Gaussian diffusion to D values of EMCs.
Similarly, since a K value of zero indicates perfect Gaussian diffusion
[21,22], higher K values of EMCs imply a greater deviation of diffusion
from the Gaussian behavior. These tendencies are consistent with those
reported in previous studies on other organs [17]. Moreover, a sig-
nificant increase in D values compared with ADC values has been ob-
served in various other tissues [17-19].

We found that K values from all 22 EMCs were significantly lower
than those from JZ while the EMC K values were significantly higher
than those from EM and OMM. On D maps, all 22 EMCs had
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significantly lower D values than all normal uterine wall layers.
Accordingly, all EMCs were clearly demarcated from the normal uterine
wall on K and D maps, indicating that the same depth of tumor invasion
into the myometrium could be determined on DKI maps compared with
histological examination. Importantly, JZ was clearly depicted on K
maps although JZ was not depicted by T2WI. Therefore, K maps may be
more useful for depicting JZ than is T2WI. T2WI is frequently unable to
depict JZ in postmenopausal patients, and this ability also depends on
the menstrual cycle. Although previous reports have shown that DTI
may be a useful tool for the diagnosis of myometrial invasion of EMC
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Fig. 9. ROC curve analyses of DKI parameters in patients with EMC.

(a) ROC curves for differentiating grade 2 or grade 3 EMACs from grade 1
EMACs. AUCs for K (0.980; P = 0.0425) and D (0.980; P = 0.0442) values were
significantly larger than AUCs for ADC values (0.640). There were no sig-
nificant differences in AUCs between K and D values (P = 1.000).

(b) ROC curves for differentiating metastatic and nonmetastatic lymph nodes in
patients with EMC. AUCs for K (0.982; P = 0.0297) and D (0.982; P = 0.0494)
values were significantly larger than AUCs for ADC values (0.545). There were
no significant differences in AUCs between K and D values (P = 1.000).

[25,30,31], the present study, to the best of our knowledge, is the first
to reveal the usefulness of DKI for the depth of myometrial tumor in-
vasion in patients with EMC.

Furthermore, our data have revealed significant correlations be-
tween DKI parameters and histological grades of EMCs. Previous studies
have shown that DKI parameters are associated with histological grades
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of cerebral gliomas and prostate and breast cancers [15-19]. In parti-
cular, K values tend to be higher with increasing malignant behavior
perhaps because of the intratumoral heterogeneity in addition to in-
creasing cellular density [17]. Since DKI is very sensitive to changes in
microstructural organization [21,22], it could be an effective method
for the noninvasive assessment of histological grades of EMCs. Previous
studies have shown that differentiation among histological grades of
EMCs based on ADC values is often difficult because of the considerable
overlap among ADC values of different histological grades [8-14].
Therefore, DKI seems to be more accurate than conventional DWI in
differentiating histological grades of EMCs. As such, a recent report has
demonstrated that DKI is relatively better than DWI in distinguishing
high- and low-grade EMCs [32].

Our findings have demonstrated that DKI can differentiate between
metastatic and nonmetastatic lymph nodes in patients with EMC.
Previous reports have indicated that the evaluation of lymph node
metastasis in patients with EMC is challenging with any imaging
modality because nodal size alone is not a reliable diagnostic criterion
for lymph node metastasis [5-7]. Similar to the aforementioned lim-
itations of ADC values in the evaluation of histological tumor grades,
results of recent studies have shown that differentiation between me-
tastatic and nonmetastatic lymph nodes based on ADC values is likely
difficult for the same reasons [33,34]. However, DKI might be a useful
tool for the noninvasive assessment of lymph node metastasis in pa-
tients with EMC because it is potentially sensitive to aspects of the
microstructural complexity of the tissue.

Our study had two limitations. First, the study cohort was relatively
small for defining differences in DKI parameters among different his-
tological grades. Nevertheless, we obtained significant thresholds to
differentiate between different histological grades. We believe that
these findings need further validation in a larger study involving more
patients with EMC.

Second, the number of b values (0, 500, 1000, and 2000 s/mm?)
used for estimating DKI parameters was relatively smaller than that
used in previous reports. This may have affected the curve fitting of DKI
data; however, the calculated DKI parameters were consistent with
those reported in previous studies [17,18]. Our ultimate goal would be
the routine application of DKI as a noninvasive quantitative tool for
accurate preoperative evaluation and selection of optimal therapy
within a clinically feasible duration for patients with EMC.

In conclusion, K maps showed JZ as a distinct high-K zone that was
significantly different from EM and OMM. All EMCs were clearly de-
marcated from the normal uterine wall on DKI maps. K and D values
were significantly correlated with histological grades of EMCs and were
significantly different between metastatic and nonmetastatic lymph
nodes in patients with EMC. Therefore, DKI can potentially provide
useful information for evaluating the depth of tumor invasion, histo-
logical grade of EMCs, and presence of lymph node metastasis in pa-
tients with EMC.

Table 5
ROC curve analyses of K, D, and ADC values for differentiating metastatic from nonmetastatic lymph nodes in patients with endometrial carcinomas.
Parameter AUC Optimal threshold Sensitivity (%) Specificity (%) P value
K values 0.982 > 0.994 100.00 (5/5) 90.91 (10/11) 0.0297
(a.u.)
D values 0.982 =1.400 100.00 (5/5) 90.91 (10/11) 0.0494
(x10~>mm?/s)
ADC values 0.545 =0.605 40.00 (2/5) 100.00 (11/11) NA

(x10~*mm?/s)

Note: Optimal threshold of each parameter was determined to maximize average of sensitivity and specificity. Data in parentheses are numbers used to calculate
percentages. P value represents differences in comparison with performance of ADC. AUC = area under the curve. K = kurtosis, D = diffusivity, ADC = apparent

diffusion coefficient. a.u. = arbitrary units. NA = not available.
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