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PURPOSE

We aimed to investigate histogram analysis of diffusion kurtosis imaging (DKI) and conventional
diffusion-weighted imaging (DWI) to distinguish between deep myometrial invasion and super-
ficial myometrial invasion in endometrial carcinoma (EC).

METHODS

A total of 118 pathologically confirmed EC patients with preoperative DWI were included. The
data were postprocessed with a DKI (b value of 0, 700, 1400, and 2000 s/mm?) model for quanti-
tation of apparent diffusion values (D) and apparent kurtosis coefficient values (K) for non-Gauss-
ian distribution. The apparent diffusion coefficient (ADC) was postprocessed with a conventional
DWI model (b values of 0 and 800 s/mm?). A whole-tumor analysis approach was used. Compar-
isons of the histogram parameters of D, K, and ADC were carried out for the deep myometrial
invasion and superficial myometrial invasion subgroups. Diagnostic performance of the imaging
parameters was assessed.

RESULTS

TheD, .. D, and D, in deep myometrial invasion group were significantly lower than those
in superficial invasion group (P < 0.001, P < 0.001, and P = 0.023, respectively), as well as the
ADC _,ADC ., and ADC__. (P=0.001,P=0.001,and P =0.042, respectively). The K and K

meqn’ o 10th” N 90th ) ) ) ) mean ° 90th
were significantly higher in deep invasion group than those in superficial myometrial invasion

group (P =0.002 and P = 0.026, respectively). The D._,K  and ADC__ had a relatively higher

10th” " “mean’ 10th
area under the curve (AUC) (0.72, 0.66, and 0.71, respectively) than other parameters for distin-

guishing deep myometrial invasion of EC. D, showed a relatively higher AUC than ADC, . for
the differentiation of lesions with deep myometrial invasion from those with superficial myome-
trial invasion (0.72 vs. 0.71), but the variation was not statistically significant (P = 0.35).

CONCLUSION

Distribution of DKI and conventional DWI parameters characterized by histogram analysis may
represent an indicator for deep myometrial invasion in EC. Both DKI and DWI models showed
relatively equivalent effectiveness.

orldwide, endometrial carcinoma (EC) is a commonly diagnosed gynecological
malignancy (1). A previous study showed that tumors of high histological grade
and extensive myometrial invasion with positive lymph node metastasis are asso-
ciated with poor prognosis (2). Specifically, the depth of the myometrial invasion is strongly
connected to the existence of lymph node metastasis and overall patient survival rate (3). In
EC with superficial myometrial invasion, the incidence of lymph node metastasis was 3% (4).
However, that rate increased to 46% in EC with deep myometrial invasion (5, 6). Furthermore,
European groups have advocated a less aggressive surgical approach in superficial myome-
trial invasion patients for fewer procedure complications (7). Therefore, an accurate assess-
ment of deep myometrial invasion of EC is of great importance in treatment planning (8).
Diffusion-weighted imaging (DWI) has been extensively utilized in the preoperative stag-
ing of EC, which includes the accurate assessment of myometrial and cervical invasion as
well as lymph node metastasis (9—11). Previous reports have shown that apparent diffusion
coefficient (ADC) values of EC are associated with tumor differentiation and degree of myo-
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metrial invasion, as well as lymph node me-
tastasis (12-14). Some, however, reported
no relationship between tumor ADC values
and the depth of myometrial invasion (15).
In our opinion, the possible explanations
for this discrepancy may be summarized
as either relatively limited number of cas-
es in these studies or a different method
of region of interest (ROI) delineation or
mean ADC value used. Hence, we increased
our number of cases and adopted a vol-
ume-based histogram analysis to further
investigate the diagnostic effectiveness of
ADC values in differentiating deep myome-
trial invasion. The conventional DWI model
describes the displacement of water mole-
cules as free diffusion in a Gaussian distri-
bution fitted with a conventional mono-ex-
ponential model. In biological tissues, a
variety of compartments (e.g., intracellular
and extracellular spaces) and barriers (e.g.,
cell membranes) restrict water molecular
diffusion (16). Diffusion kurtosis imaging
(DKI), first described by Jensen in 2005, is a
non-Gaussian distribution DWI model that
was fitted with a bio-exponential model
(17). This novel model has been shown to
more accurately assess the microstructural
complexity of living tissues compared with
the mono-exponential fitted DWI model,
using kurtosis imaging as an index in the
characterization of lesions in the breast,
prostate, head, and neck (18-21). To the
best of our knowledge, there is limited lit-
erature available regarding the application
of DKI to identify the depth of myometrial
invasion in EC.

Therefore, the present study aimed to
assess the relevance of using tumor vol-
ume-based histogram analysis of DKI, as
well as conventional DWI in elucidating the

* Volume-based histogram analysis of DKl and
conventional DWI parameters could be used
as predictors for deep myometrial invasion in
endometrial carcinoma.

* The ADC value derived from conventional
DWI tended to be lower in the deep myome-
trial invasion subgroup than in the superficial
myometrial invasion subgroup.

* Patients with deep myometrial invasion had
significantly lower D values and higher K val-
ues than those with superficial myometrial
invasion.

* The conventional DWI model had an effec-
tiveness equivalent to that of the DKI model
in discriminating deep myometrial invasion.

depth of myometrial invasion of EC; and to
compare the diagnostic efficacy of the DKI
model and the conventional DWI model.

Methods

Patient selection

This investigation was a retrospective
study and was approved by our institu-
tional review board. The informed consent
requirement was waived. A total of 137
consecutive subjects with EC, verified by
pipette biopsy or curettage, had a typical
pelvic MRI evaluation prior to an opera-
tion from January 2016 to December 2017.
There was a median of 9 days between the
MRI evaluation and the operation (3-16
days). Inclusion criteria for patients were:
a) a recent diagnosis of EC without prior
chemotherapy or radiotherapy, b) total
hysterectomy and bilateral salpingo-oo-
phorectomy conducted in our hospital, c)
available histopathological tumor type (en-
dometrioid or non-endometrioid carcino-
ma), tumor differentiation, depth of myo-
metrial invasion, lymphovascular invasion
and lymph node metastasis after surgery, d)
DKI conducted on a 3.0T MRI scanner using
b values of 0, 700, 1400, and 2000 s/mm?,
as well as DWI performed with b values of
0 and 800 s/mm? We excluded 19 patients
because of unsatisfactory image quality
(n=12) or unidentifiable tumor size on DWI
or T2-weighted images (tumor volume <1
cm?) (n=7). A total of 118 patients (mean
age, 55.70+9.31 years; range, 34-76 years)
were enrolled in this study.

MRI protocol

All of the MRI examinations were per-
formed using a 3.0 Tesla scanner (Magne-
tom Verio, Siemens Healthineer) that was
equipped with a 16-channel body phase
array coil. The MRI protocols included in this
study were as follows: Sagittal T2-weight-
ed turbo spin-echo sequence (repetition
time [TR]/echo time [TE], 4520/125 ms;
section thickness, 3 mm; intersection gap,
0.3 mm; field of view (FOV), 250250 mm?;
and matrix, 384x336), fat-suppression
coronal T2-weighted turbo spin-echo se-
quence (TR/TE, 4000/77 ms; section thick-
ness, 3 mm; intersection gap, 0.3 mm; FOV,
300x300 mm? and matrix, 384x336), as well
as an axial T2-weighted turbo spin-echo se-
quence (TR/TE, 4330/129 ms; section thick-
ness, 3 mm; intersection gap, 0.3 mm; FOV,
250%250 mm? and matrix, 384x336). Finally,
a transverse T1-weighted turbo spin-echo

sequence (TR/TE, 993/25 ms; section thick-
ness, 3 mm; intersection gap, 0.3 mm; FOV,
250%250 mm? and matrix, 384x336) was
performed. DWI and DKI were conducted
based on a transverse single-shot echo-pla-
nar sequence (TR/TE, 6400/78 ms; section
thickness, 3 mm; intersection gap, 0.3 mm;
FOV, 25 cm; matrix, 192x130; Grappa, 2 and
19 sections) in three orthogonal directions
with two spectra of b values: (0 and 800 s/
mm?) and (0, 700, 1400, and 2000 s/mm?).
Finally, dynamic contrast-enhanced sagit-
tal T1-weighted imaging was conducted
based on a FLASH (fast low angle shot) se-
quence (TR/TE, 5.32/1.85 ms; section thick-
ness, 3 mm; intersection gap, 0.3 mm; FOV,
250%250 mm? matrix, 256x256). A dosage
of 0.1 mmol/kg of gadolinium-diethylene
triamine pentaacetic acid (Magnevist; Bayer
Schering Pharma AG) was given at a rate of
3.5 mL/s. This was accompanied by a 20 mL
bolus of saline given at the identical rate.

Data processing

All of the DWI data were transmitted from
a PACS workstation (Centricity PACS 3.1.1.4,
GE Healthcare) in DICOM format to an in-
dependent personal computer for further
analysis. All of the DWI and DKI post-pro-
cessing procedures were performed with
internally created software (Fire Voxel;
CAI’R) using the following two basic diffu-
sion-related equations:

S(b)=S,-exp (=b-ADC) (M)

S(b)=S,-exp (=b-D+ %) (2)

S (b) is the signal intensity at a specific b
value, S, is the signal intensity at b = 0 s/
mm?, ADC is the apparent diffusion coeffi-
cient, D is the diffusion coefficient, and K is
the apparent kurtosis coefficient.

Two radiologists, one with 10 years of
clinical experience and the other with 4
years of clinical experience in gynecolog-
ical radiology, blinded to the clinical and
pathological diagnosis, analyzed the diffu-
sion data. The ROl was manually drawn on
each slice of DW images with a b value of
1400 s/mm?to encompass as much tumor
area as possible. The role of cysts, hemor-
rhage, necrosis, and nearby blood vessels
were excluded with T2-weighted and con-
trast-enhanced T1-weighted imaging as
guides (Fig. 1). For tumor volume analysis,
the area of ROl drawn on each slice of the
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Figure 1. a-d. Delineation of ROl in a 47-year-old woman with endometrioid carcinoma with deep
myometrial invasion. It shows low signal intensity on T2-weighted images (a), high signal intensity
on corresponding DW images (b = 1400 s/mm?) (b) and decreased ADC value of endometrioid
carcinoma on ADC map in the uterine cavity (c). Sagittal contrast-enhanced T1-weighted image (d)
shows deep myometrial invasion of >1/2 depth of myometrium. ROl was drawn to cover the entire
tumor based on diffusion-weighted images (b). The T2-weighted imaging (a) and contrast-enhanced
T1-weighted imaging (d) were used as references to exclude necrosis, cystic portion, hemorrhage,

and surrounding blood vessels.

tumor foci was multiplied by the thickness
of each DW image generated the tumor vol-
ume of interest (VOI) of each slice, then all
of the VOIs were summed to obtain a whole
tumor volume which was calculated by the
software automatically.

Histogram analysis was conducted based
on a two-dimensional plot with x-axes of a
bin-size of 1x10°*mm?/s for D and a bin-size
of 1x10° mm?/s for K. The y-axis represents
the percentage of tumor volume, which
was determined by dividing the frequency
in each bin by the total amount of voxels
analyzed. Then, cumulative K and D were
acquired from their respective histograms
using the cumulative number of obser-
vations in every one of the bins up to the
stated bins. The histogram parameters were
obtained from the D and K maps using SPSS

20.0 software (PASW Statistics; SPSS Inc.),
andincluded mean, median, kurtosis (which
is a quantification of the “peakedness” of
the histogram), skewness (a measurement
of the asymmetry of the histogram), and
the 10" and 90™ percentiles of the tumor K,
D, and ADCs (the nth percentile is the point
at which n% of the voxel values that form
the histogram remained).

Surgical-pathological analysis

Clinical factors were obtained from the
patient electronic medical records sys-
tem, including age and surgical strategies.
Pathological information was obtained
from the pathological reports. The depth
of the myometrial invasion was grouped
into two sections: superficial, which we
used when there was no myometrial inva-
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sion or when it was of less than one-half of
the thickness of myometrium, and deep,
in which there was invasion to one-half or
more of the thickness of the myometrium.
The differentiation grade of the tumors
(well-differentiated, moderately differenti-
ated, and poorly differentiated) were also
determined.

Statistical analysis

All of the measurements were ex-
pressed as the mean + standard deviation.
A two-tailed P < 0.05 was considered to
be statistically significant. The Kolmogor-
ov-Smirnov’s test was used to determine
whether the quantitative parameters were
normally distributed. An independent t
test was employed to compare data with
normal distribution. In all other instanc-
es, the Mann-Whitney U test was utilized.
The overall ability to differentiate the deep
myometrial invasion was evaluated with re-
ceiver-operating characteristic (ROC) curve
analysis for the parameters that significant-
ly varied among superficial and deep myo-
metrial invasion. The diagnostic activity was
measured using the areas under the ROC
curves (AUC) according to the technique
described in DeLong et al. (22).The specific-
ity and sensitivity were determined at the
threshold that maximized the Youden index
(Youden index = sensitivity + specificity -1).

The quantifications of both readers
were utilized to determine inter-reader re-
producibility. The first reader re-assessed
all of the images presented in a different
order two months after the first assess-
ment in order to calculate the intra-reader
reproducibility. As suggested by Koo et
al. (23), the two way mixed effects, con-
sistency, single rater intraclass correlation
coefficients (ICC) form was used in both
inter-reader and intra-reader reproduc-
ibility test. The ICC ranged from 0 to 1.00,
with values closer to 1.00 indicating bet-
ter reproducibility: r < 0.40 poor, 0.41-0.60
moderate, 0.61-0.80 good, and > 0.81 ex-
cellent. The average of measurement re-
sults of the two readers were used in the
statistical analysis.

All of the statistical analyses were con-
ducted using software MedCalc version
12.1.1.0 for Windows (MedCalc software).

Results

Of the total 118 pathologically confirmed
EC patients, 112 were endometrioid adeno-
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carcinoma, three were serous papillary ade-
nocarcinoma, one was mucinous adenocar-
cinoma, one was endometrioid carcinoma
with squamous differentiation, and one was
clear cell carcinoma. The mean volume of
EC was 10.14£17.11 cm?(1.14-120.58 cm?3).
The patients’ carcinomas were categorized
on the American Joint Committee on Can-
cer (AJCC) scale of well differentiated (n=28,
23.8%), moderately differentiated (n=60,
50.8%), and poorly differentiated (n=30,
25.4%). There were 39 of the 118 patients
who had deep myometrial invasion, while
79 patients had superficial myometrial inva-
sion. The detailed information on the clin-
ical and pathological qualities of the study
participants are summarized in Table 1.

Table 1. Clinical and surgical-pathological findings

Variable

The average patient age showed no
significant difference between the deep
myometrial invasion and the superficial
myometrial invasion groups (53.72+9.15 vs.
59.72+8.40, P=0.055). Tumor volume of the
deep myometrial invasion group was sig-
nificantly larger than in the superficial myo-
metrial invasion group (17.94+15.76 cm?vs.
6.29+5.40 cm?, P = 0.009). A cutoff value of
12.97 cm® was set for tumor volume to dif-
ferentiate deep myometrial invasion, with
an AUC, sensitivity, and specificity of 0.68,
38.5%, and 92.4%, respectively.

Good or excellent intra- and inter-read-
er agreements were achieved throughout
the quantitative measurements of K, D, and
ADC parameters. In-depth intra- and in-

Data (n=118)

Age (years), mean=SD (range)
Tumor volume (cm?), mean=SD (range)
Surgery

Total abdominal hysterectomy

Total laparoscopic hysterectomy

Revised FIGO staging (2009)

A
1113}
e}
ez
Myometrial invasion
Superficial
Deep
Histological type
Endometrioid
Mucinous adenocarcinoma
Serous papillary carcinoma
Endometrioid with squamous differentiation
Clear cell carcinoma
Histological grade
Well differentiated
Moderately differentiated
Poorly differentiated
Lymphovascular invasion

Lymph node metastasis

55.70+9.31 (34-76)
10.14+17.11 (1.14-120.58)

25(21.2)
93 (78.8)

64 (54.2)
28(23.7)
14(11.8)
0(0)
2(1.7)
4(3.5)
6(5.1)

79 (66.9)
39(33.1)

112

28(23.8)
60 (50.8)
30(25.4)
26 (22)
10 (8.5)

Unless otherwise noted, data are number of patients, with percentages in parentheses.

SD, standard deviation.

ter-reader ICCs for the various DKI and DWI
values are shown in Table 2.

In the DKI model, patients with deep
myometrial invasion had significantly lower
valuesintheD__ D, ., andD, . (P<0.001,
P < 0.001, and P = 0.023), as well as higher
valuesintheK _ andK, . (P=0.002andP
= 0.026) compared with those with superfi-
cial invasion. The deep myometrial invasion
group had significantly increased D__
and D, . compared with the superficial
myometrial invasion group (P < 0.001 and P
=0.007, respectively) (Table 3).

In the DWI model, patients with deep
myometrial invasion had significantly low-
er values in ADC__ , ADC, ., and ADC,
compared with those with superficial myo-
metrial invasion (P = 0.001, P = 0.001, and
P = 0.042). Simultaneously, the deep myo-
metrial invasion group had significantly
increased skewness and kurtosis of ADC
values compared with the superficial myo-
metrial group (P=0.001 and P =0.03).

Two representative cases involving su-
perficial and deep myometrial invasion of
EC for the comparative analysis of histo-
gram parameters of DKI and conventional
DWI are presented in Fig. 2.

Table 4 shows the AUC values for DKI and
conventional DWI parameters that were
used for discriminating deep myometrial
invasion in EC.

Among the histogram parameters of D,
D,,, had the highest AUC (AUC=0.72) for
differentiating deep myometrial invasion. A
cutoff value of 881x10°s/mm? for the D,
differentiated deep myometrial invasion
from superficial invasion with 62.0% spec-
ificity and 82.1% sensitivity.

Among the histogram parameters of K,
K., e Nad highest AUC of 0.66 for discrim-
inating deep myometrial invasion from
superficial myometrial invasion, with a cut-
off value of 940.7x103 and sensitivity and
specificity of 74.4% and 55.7%, respectively.

Among the histogram ADC values,
ADC,, had the highest AUC (AUC=0.71) for
differentiating deep myometrial invasion. A
cutoff value of 692x10° s/mm? for ADC,
discriminated deep myometrial invasion
from superficial invasion with 74.4% sensi-
tivity and 63.3% specificity.

D, had a greater AUC value than ADC,
in discriminating deep myometrial invasion
in EC, although the difference was not sta-
tistically significant (0.72 vs. 0.71, P = 0.35)

(Fig. 3).
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Table 2. Inter- and intra-reader ICCs for measurements of histogram parameters of D, K, and ADC

Discussion

Parameter Inter-reader ICC Intra-reader ICC The results of our study showed the po-
Histogram D te.ntlal value of [?K.I a.nd c9nyent|onal DWI
" histogram analysis in identifying deep myo-
can 0.79(0.70-0.84) 0.71(0.60-0.86) metrial invasion of EC. Patients with deep
L 0.80 (0.69-0.84) 0.78 (0.69-0.87) myometrial invasion showed lower histo-
90t 0.77 (0.68-0.83) 0.78 (0.69-0.86) gram D, higher histogram K, and greater
Skewness 0.74 (0.62-0.89) 0.65 (0.54-0.79) skewness or kurtosis compared with those
; with superficial myometrial invasion. Addi-
Kurtosis 0.74 (0.64-0.89) 0.78 (0.65-0.84) tionally, we determined that the D, the
Histogram K K. and the ADC had better diagnostic
Mean 0.75 (0.64-0.78) 0.77 (0.61-0.86) effectiveness for discriminating deep myo-
100 0.77 (0.66-0.83) 0.81 (0.77-0.85) metrlz?l |nva5|9n in EC. The AUC of the D,
. was slightly higher than the ADC, .
t — — .
2l 0.81(0.75-0.89) 0.79 (0.71-0.85) Recently, numerous studies have exam-
Skewness 0.72 (0.69-0.81) 0.74 (0.68-0.80) ined the potential relationships between
Kurtosis 0.81(0.79-0.86) 0.77 (0.67-0.85) ADC values and the degree of myometrial

Histogram ADC

invasion in EC (13, 14, 24, 25). Inoue et al.
(13) noted that the minimum ADC value for

Mean 076 (0.68-0.84) 0.72(0.65-0.83) EC patients with deep myometrial invasion
10t 0.80 (0.73-0.90) 0.79 (0.74-0.86) was significantly reduced compared with
9Qth 0.79 (0.68-0.87) 0.77 (0.67-0.89) the ADC value for EC patients with super-
ficial myometrial invasion. Husby et al. (14)
Skewness 0.73 (0.67-0.85) 0.70 (0.69-0.85)
also documented that the mean value of
Kurtosis 0.77 (0.70-0.85) 0.76 (0.70-0.85) ADC was significantly reduced in EC pa-

Data in parentheses are 95% confidence intervals.

ICC, intra-class correlation coefficient; ADC, apparent diffusion coefficient; D, apparent diffusion in non-Gauss-
ian distribution, K, apparent kurtosis coefficient; and Dn, Kn, and ADCn, the nth percentile value of cumulative

histograms.

tients with deep myometrial invasion than
in patients with superficial or no myome-
trial invasion. Cao et al. (25) found that the
quartile ADC values were higher in subjects

Table 3. Cumulative histogram D, K and ADC parameters of deep and superficial myometrial invasion of patients with endometrial carcinoma

Parameter Superficial myometrial infiltration (n=79) Deep myometrial infiltration (n=39) P
D, ... (x10° mm?/s) 1276.6+256.2 1098.7+175.6 <0.001
D, (x10° mm?s) 9347.2+207.5 793.2+142.1 <0.001
Dy, (X10°° mm?/s) 1651.5+349.4 1497.2.7+326.4 0.023
A 578.8+639.7 1073.7+626.3 <0.001
— 889.3+2209.1 2154.5+£2675.9 0.007
K, o (X107) 927.1+£159.9 1002.5£99.1 0.002
K o (X107) 571.9+213.0 601.9+172.2 0.45
Koo (X107) 1260.8+241.1 1361.3+£194.9 0.026
- -427.1£552.5 -612.1£561.6 0.092
—— 1112.2£1236.4 1427.4+2377.6 0.44
ADC_ .. (X10° mm?/s) 975.4+191.8 852.6+150.7 0.001
ADC,,,, (x10° mm?/s) 758.7+148.2 665.6+113.9 0.001
ADC,,, (x10° mm?/s) 1343.3+275.6 1122.4+282.9 0.042
ADC,, . ress 835.8+874.5 1393.8+795.4 0.001
ADC, ois 1817.9£4731.7 3738.1+£3862.0 0.03
Unless otherwise noted, data are number of mean + standard deviations and are analyzed by independent t test.
2Data analyzed by Mann-Whitney U test.
78. March-April 2020 - Diagnostic and Interventional Radiology Song et al.
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Figure 2. a-f. A comparison of entire tumor volume histogram analysis for D, K, and ADC values between a case with superficial myometrial invasion
(a—c) and a case with deep myometrial invasion (d-f) of endometrial carcinoma. The deep myometrial invasion of endometrial carcinoma shows a higher
relative frequency at lower D and ADC values, and higher K values when compared with superficial myometrial invasion tumor. The deep myometrial
invasion tumor contain more pixels with lower D and ADC values and more pixels with higher K values, which represent higher cellularity, more
heterogeneity, and complexity of deep myometrial invasion tumor.

with deep myometrial invasion compared
with subjects with superficial myometrial
invasion, whereas some researchers did
not observe any significant correlation be-
tween mean ADC values and the depth of
the myometrial invasion (15). Possible ex-
planations for the discrepancy include a
limited number of cases involved in the pre-
vious research, a lack of optimal range and
position of b values in DWI protocols, the
use of a single slice of representative ROl in-
stead of entire tumor volume ROls, and the
conventional DWI model not fully reflecting
the diffusion characteristics of water mole-
cules. Hence, in the present study, the effec-
tiveness of entire-tumor volume based DKI
and conventional DWI for differentiating
deep myometrial invasion were examined.
In most of the previous conventional DWI
model researches in cervical cancer and EC,
the b value was selected as 800 or 1000 s/

mm?(12, 13, 25, 26); therefore, we chose a b
value of 0 and 800 s/mm?in the convention-
al DWI model in this study. The quantitative
parameters of DKI were shown to be best
approximated by utilizing 5 to 7 b values
in the range of 300-2000 s/mm?(27). In the
female pelvic organs, a maximum b value
of 2000 s/mm? would be suitable to obtain
adequate signal-to-noise ratio. Thus, we se-
lected the b values of 0, 700, 1400, and 2000
s/mm? based on previous studies (18-21).
The present study included 118 patients,
which was larger than most of the previous
studies.

The present study indicated that pa-
tients with deep myometrial invasion had
decreased ADC__ , ADC ., and ADC,
values compared with patients with super-
ficial myometrial invasion. The ADC,  had
the highest AUC value in predicting deep
myometrial invasion compared with the

other parameters of ADC, which is concor-
dant with previous studies (13, 14, 24, 25).
It has been reported that the lower percen-
tile of ADC values, such as 10th percentiles,
reflected the area of highest cellularity
within tumors. The deep myometrial inva-
sion tumors were expected to demonstrate
higher cellularity and heterogeneity com-
pared with superficial myometrial invasion
tumors, and thus, to have lower ADC values
than superficial myometrial invasion tu-
mors.

The DKI model, which is an extension
of the conventional DWI model, employs
non-Gaussian water diffusion and can more
effectively describe in vivo tissue micro-
structural features. D is the corrected form
of ADC that is used in non-Gaussian cir-
cumstances. Therefore, it was expected that
the D values would show a trend similar to
ADC. K describes the degree of deviation
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Table 4. ROC curve analysis of DKI and DWI histogram parameters for distinguishing deep myome-

trial invasion of endometrial carcinoma

Sensitivity

Specificity

Parameters Cutoff value? AUC

| o <1226.2 0.72 (0.63-0.80)
B <881 0.72 (0.63-0.80)
Dyorn <1595.4 0.65 (0.55-0.73)
D emess >771 0.72 (0.64-0.81)
D, rtosis >1205 0.70 (0.60-0.78)
K e’ >940.7 0.66 (0.57-0.74)
Kooih >1126.7 0.64 (0.54-0.72)
ADC__ <890.5 0.70 (0.61-0.78)
ADC,,, <692 0.71 (0.62-0.79)
ADC,, <1041 0.64 (0.55-0.72)
ADC,., ... >1097.6 0.71 (0.62-0.79)
ADC, o >736.3 0.70 (0.64-0.81)
ADC >1097 0.65 (0.56-0.74)

skewness

82.1 (66.5-92.4)
82.1 (66.5-92.4)
69.2 (52.4-83.1)
66.7 (49.8-80.9)
56.4 (39.6-72.2)
74.4 (57.9-86.9)
92.3 (79.1-98.5)
69.2 (52.4-83.0)
74.4 (57.9-86.9)
51.3 (34.8-67.6)
71.8 (55.1-85.0)
84.6 (69.5-94.1)
73.1(52.2-88.4)

58.2 (46.4-69.2)
62.0 (50.4-62.7)
55.7 (44.1-66.9)
74.7 (63.6-83.8)
79.7 (69.2-88.0)
55.7 (44.1-66.9)
35.4.3 (25.0-47.0)
65.8 (54.3-76.1)
63.3 (51.7-73.9)
73.4 (62.3-82.7)
72.2 (60.9-81.7)
58.2 (46.6-69.2)
66.3 (55.7-75.8)

Data are percentage, with range in parentheses.

ROC, receiver operator characteristic; DK, diffusion curtosis imaging, DWI, diffusion-weighted imaging; AUC, area
under the curve; D, apparent diffusion in non-Gaussian distribution; K, apparent kurtosis coefficient; ADC, apparent
diffusion coefficient; D, K , ADC , nth percentile value of cumulative histograms.

aUnit of 10° mm?/s for ADC and D, and unit of 107 for K.

The highest value of histogram D, K and ADC in AUC, Youden index.
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Figure 3. A comparison of the diagnostic ability
for discriminating deep myometrial invasion

of endometrial carcinoma from superficial
myometrial invasion tumors between the

10* percentile of ADC (ADC._) and the 10th
percentile of D (D
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from the Gaussian distribution in in vivo bi-
ological tissue (16, 18). Preliminary studies
have demonstrated an inversed correlation
between D and K for other neoplasms (16,
20), and the new metric K provides a high-
er-precision measurement of microstruc-
ture complexities of tissues (20, 21). Patients
with deep myometrial invasion exhibited
decreased D values and increased K values
than those with superficial myometrial inva-
sion. This finding indicates an increased het-
erogeneity and complexity of tumors with
deep myometrial invasion (18-21). In addi-
tion, we also evaluated the diagnostic accu-
racy of DKl and standard DWI. Theoretically,

the DKI model describes a more precise
characterization of water molecule diffusion
in in vivo tissues (18-21). However, Roethke
et al. (28) demonstrated no significant ben-
efit to DKI in the detection and grading of
prostate cancers compared with conven-
tional ADC in the peripheral zone (28). Our
study did not demonstrate a significant ben-
efit to DKI-derived parameters compared
with the conventional DWI-derived parame-
ters, which is in concordance with Roethke’s
research. We concluded that the DKI model
prohibits an equivalent diagnostic perfor-
mance in distinguishing the depth of myo-
metrial invasion with the conventional DWI
model. This conclusion needs to be further
investigated with a large cohort of patients
in the prospective studies.

In addition to K, D, and ADC, the distri-
bution of the parameters also provides a
pivotal biomarker that reflects the tissue
microstructure. We used the entire-tumor
volume analysis instead of selected repre-
sentative ROIs to reflect the true features of
the tumors accurately and revealed greater
skewness and/or kurtosis of D and ADC val-
ues in deep myometrial invasion patients.
The increase in skewness or kurtosis indi-
cates higher heterogeneity, as well as com-
plexity of intra-tumorous cellularity. It is
well known that increased complexity and
heterogeneity of tumors are highly respon-

80. March-April 2020 - Diagnostic and Interventional Radiology

sible for the local aggressiveness (20, 21).
Thus, it is not surprising that patients with
deep myometrial invasion exhibited signifi-
cantly greater skewness and kurtosis of D
and ADC values than those with superficial
myometrial invasion.

We also demonstrated that the deep
myometrial invasion group had significant-
ly greater mean tumor volume than the su-
perficial myometrial invasion group, which
is in good concordance with the previous
studies (12, 29, 30). Nougaret et al. (12)
reported that a tumor volume ratio (TVR)
>25% allows the prediction of deep myo-
metrial invasion with 93% specificity and
100% sensitivity. Ytre-Hauge et al. (29) in-
dicated that the diameter of the anteropos-
terior tumor could be used independently
to predict deep myometrial invasion (P =
0.001), and that an anteroposterior diame-
ter >2 cm indicates deep myometrial inva-
sion with an unadjusted odds ratio of 12.4
(P <0.001). Todo et al. (30) reported that tu-
mor volume represents disease prognosis
in EC, and that tumor volume could be uti-
lized as a predictive factor for lymph node
metastasis in EC. However, some recent
studies regarding the tumor volume or TVR
in predicting deep myometrial invasion of
EC have drawn somewhat different conclu-
sions. Sahin et al. (31) indicated that tumor
size and volume assessed in preoperative
MR volumetry cannot predict deep myo-
metrial invasion when used alone. Similar-
ly, Thieme et al. (32) demonstrated that by
using a TVR cutoff value of 25%, deep myo-
metrial invasion was predicted with a sen-
sitivity and specificity of 69.2% and 100%,
respectively, which was lower than that of
DWIL. In our study, by using a cutoff value of
12.97 cm?® for tumor volume to predict deep
myometrial invasion, the AUC, sensitivity,
and specificity were 0.68, 38.5%, and 92.4%,
respectively. The optimal threshold value of
tumor volume also showed insufficient sen-
sitivity and AUC value in predicting deep
myometrial invasion. Therefore, the val-
ue of tumor volume in clinical practice for
predicting deep myometrial invasion in EC
needs to be further investigated with larger
sample size and combined together with
other parameters.

This evaluation had several limitations.
First, this was a retrospective single-center
evaluation. However, we believe that the
present study might serve as a founda-
tion for future larger, prospective studies.
Second, although we have carefully deter-
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mined the tumor boundaries and exclud-
ed the cystic and necrotic portions, some
data were also analyzed for partial volume
effects, which resulted in extreme DKI or
DWI parameters. We assume the 10th or
90th percentiles of D and K are less prone
to be influenced by the partial volume ef-
fect. Third, we only assessed the correlation
of the histogram parameters D, K, and ADC
in relation to the depth of myometrial in-
vasion, and so there is no combination of
conventional T2-weighted imaging or con-
trast-enhanced T1-weighted imaging with
histogram parameters of D, K, and ADC val-
ues to predict the depth of myometrial in-
vasion. Forth, there was a lack of subgroup
statistical analysis of DKI and DWI according
to histological subtypes. Because the cases
of non-endometrioid carcinoma were limit-
ed (only 6 cases), larger cohort of patients
with non-endometrioid carcinomas are
needed for further investigation. Finally,
tumor volume-based analyses of DWI and
DKI were time-consuming. The automat-
ed analysis of parametric MRI information
could increase the reproducibility of tumor
elucidation in the near future.

In conclusion, volume-based DKI and
conventional DWI were useful for nonin-
vasively distinguishing deep myometrial
invasion in EC. The conventional DWI model
had an equivalent effectiveness when com-
pared with the DKI model.
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