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Background: Noninvasive identification of the histological features of endometrioid adenocarcinoma is
necessary. This study aimed to investigate whether amide proton transfer-weighted imaging (APTWI) and
multimodel (monoexponential, biexponential, and stretched exponential) diffusion-weighted imaging (DWI)
could predict the histological grade of endometrial adenocarcinoma (EA). In addition, we analyzed the
correlation between each parameter and the Ki-67 index.

Methods: A total of 90 EA patients who received pelvic magnetic resonance imaging (MRI) were enrolled.
The magnetization transfer ratio asymmetry [MTRasym (3.5 ppm)], apparent diffusion coefficient (ADC),
diffusion coefficient (D), pseudo-diffusion coefficient (D*), perfusion fraction (f), distributed diffusion
coefficient (DDC), and water molecular diffusion heterogeneity index () were measured and compared.
Correlation coefficients between each parameter and histological grade and the Ki-67 index were calculated.
Statistical methods included the independent samples t test, Spearman’s correlation, and logistic regression.
Results: MTRasym (3.5 ppm) [(3.72%=0.31%) vs. (3.27%=0.48%)], f [(3.15%0.36%) vs. (2.69%x0.83%)],
and o [(0.89+0.05) vs. (0.81£0.09)] were higher and ADC [(0.8220.08) vs. (0.89+0.10) x10~ mm?/s], D
[(0.670.09) vs. (0.81£0.11) x107 mm?/s], and DDC [(1.04£0.09) vs. (1.13£0.13) x10~° mm’/s] were lower in
high-grade EA than in low-grade EA (P<0.05). MTRasym (3.5 ppm) and D were independent predictors for
the histological grade of EA. The combination of MTRasym (3.5 ppm) and D were better able to identify
high- and low-grade EA than was each parameter. MTRasym (3.5 ppm) and a were moderately and weakly
positively correlated, respectively, with histological grade and the Ki-67 index (r=0.528, r=0.514, r=0.395, and
r=0.367; P<0.05). D was moderately negatively correlated with histological grade and the Ki-67 index (r=—
0.540 and r=-0.529; P<0.05). DDC was weakly and moderately negatively correlated with histological grade
and the Ki-67 index, respectively (r=-0.473 and r=-0.515; P<0.05). ADC was weakly negatively correlated
with histological grade and the Ki-67 index (r=—0.417 and r=-0.427; P<0.05). f was weakly positively
correlated with histological grade and the Ki-67 index (r=0.294 and r=0.355; P<0.05).
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Conclusions: Our study found that both multimodel DWI and APTWI could be used to estimate the
histological grade and Ki-67 index of EA, and the combination of high MTRasym (3.5 ppm) and low D may

be an effective imaging marker for predicting the grade of EA.

Keywords: Amide proton transfer-weighted imaging (APTWI); endometrial adenocarcinoma (EA); diffusion-

weighted imaging (DWI)

Submitted Mar 16, 2021. Accepted for publication Jul 29, 2021.

doi: 10.21037/qims-21-189

View this article at: https://dx.doi.org/10.21037/qims-21-189

Introduction

Endometrial carcinoma (EC) is one of the most common
malignancies of the female reproductive system (1),
and its incidence is increasing rapidly in China (2). The
treatment response and prognosis of EC are closely related
to histologic subtype and grade, the depth of myometrial
invasion, and lymph node metastasis (3,4). Among these
features, the histological grade is a particularly strong
predictor of lymph node metastasis and overall survival
rate (5). The Ki-67 index is a reliable identifier of aggressive
tumors, can reflect the extent of proliferative activity (6),
and has been used to predict the clinical recurrence and
outcomes of EC (7). Approximately 80-90% of EC cases
are endometrial adenocarcinoma (EA), with the remaining
cases made up of other histologic subtypes, such as clear cell
or serous carcinoma (1,2). Therefore, accurate assessment
of the histologic grade and Ki-67 index of EA is meaningful
for patients.

Magnetic resonance imaging (MRI) has been widely
used to evaluate the myometrial invasion, lymph node
metastasis, and distant metastasis of EA (4,8). However,
conventional MRI sequences reflect only the morphological
features of lesions, which makes it difficult to pre-evaluate
the histological grade and Ki-67 index of EA. Diffusion-
weighted imaging (DWI), a noninvasive technique that is
sensitive to water molecular diffusion in biological tissue,
has been investigated for use in evaluating the histological
characteristics of EA (9,10). The biexponential intravoxel
incoherent motion (IVIM) DWI model, first proposed
by Le Bihan ez al. (11), is an effective MRI sequence for
the separation of Brownian motion of water molecules
and capillary microcirculation perfusion. The stretched
exponential DWI model, introduced by Bennett et a/. (12),
is used to describe the heterogeneity of intravoxel diffusion
rates and the distributed diffusion effect. Several previous
studies have suggested that the above 2 models can provide
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more accurate and richer information on tissue properties
than can the monoexponential DWI model (13,14).
Amide proton transfer-weighted imaging (AP TWI) is an
MR molecular imaging technology proposed by Zhou
et al. (15,16). Based on a chemical exchange between
amide protons and water protons, APTWI can achieve
a noninvasive quantitative assessment of mobile protein
and peptide concentrations in tissue without the use of
contrast agents. Previous studies have shown the utility of
APTWI for predicting the histological features of some
tumors, including gliomas and lung cancers (17,18). To our
knowledge, only a few small-sample studies have reported
the comparative application of a monoexponential DWI
model and APTWI in the histological grade of EA (19).
Moreover, these studies did not fully analyze whether the
combination of related parameters could provide a better
predictive performance, nor did they discuss the correlation
between each parameter and the Ki-67 index.

The purpose of this study was to investigate whether
parameters derived from APTWI and multimodel DWI
could predict the histological grade of EA and to analyze
the correlation between each parameter and the Ki-67
index, with the goal of generating new approaches for
assessing EA.

Methods
Participants

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). This
prospective study complied with ethical committee
standards and was approved by the ethics committee of the
First Affiliated Hospital of Xinxiang Medical University
(No. 2018067). Informed consent was taken from all
individual participants. A total of 138 consecutive female
patients who had undergone computed tomography
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Figure 1 Flowchart of the study.

(CT) or ultrasound (US) and who were suspected of
having EC were included for MRI. The exclusion criteria
were as follows: (I) patients who had not completed all
imaging sequences due to claustrophobia or other physical
symptoms (n=6); (II) patients whose maximum area of the
multimodel DWI or APTWTI axial plane was less than 50
pixels (392 mm®), considering the effect of noise (n=10); (IIT)
patients whose APTWI or multimodel DWI images were
seriously hampered by motion artifacts, ghosting artifacts,
etc. (n=8); (IV) patients who had received chemotherapy,
radiotherapy, or surgery before scanning (n=7); (V) patients
with non-EA histological results (n=9); and 6) patients with
unclear histological or immunohistochemical results (n=8).
Ultimately, a total of 90 subjects were enrolled in the study
(Figure I).

MRI protocol

A whole-body 3.0-T MRI system (Discovery MR750, GE
Healthcare, Chicago, IL, USA) and a 16-channel phased-
array body coil were used in this study. All patients were
placed in the supine position, feet first, and with a partally
full bladder. Hyoscine butylbromide (40 mg, Buscopan;

Boehringer, Ingelheim, Germany) was administered
intramuscularly before the examination to reduce bowel
motion. First, 2-dimensional oblique axial (perpendicular
to the long axis of the uterus) conventional MRI was
performed, which included T1-weighted imaging (TTWI)
and T2-weighted imaging (T2WI). Next, the oblique axial
multimodel DWI and APTWTI sequences were scanned
through all slices on which a tumor appeared to be present as
selected by radiologists (DMH, with 20 years of experience)
on T1WI and T2WI. The monoexponential model was
performed using 2 b values (0 and 1,000 s/mm?). The
biexponential and stretched models were performed using 10
b values (0, 25, 50, 75, 100, 150, 200, 400, 800, and 1,000 s/
mm’) (11,12,20). APTWI was conducted using 4 saturation
pulses (Tsat) with a Fermi pulse, a duration of 0.5 s, and a
saturation power level of 2.0 p'T" (19,21,22). A total of 52
frequencies were used for the APTWI and z-spectrum scans
for signal normalization, including 49 offsets ranging from
—-600 to +600 Hz with an interval of 25 Hz and a frequency
of 5,000 Hz. The water saturation shift reference (WASSR)
was applied for BO correction, which uses a densely sampled
frequency list around 0 ppm, covering —250 to 250 Hz with
an interval of 25 Hz. The saturation power and length were
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Table 1 Imaging parameters
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Parameters T1WI T2WI Multimodel-DWI APTWI Contrast-enhanced|
Orientation/sequence 2D - Axial - FSE 2D - Axial - FSE 2D - Axial - SS - EPI 2D - Axial - EPlI 3D - Axial - LAVA
TE/TR (ms) 8/605 109/5,455 68.7/2,000 12/3,000 2.1/4.2
Field of view (cm?) 36x36 36x36 36x36 36x36 36x36
Matrix 320x224 320x224 128x128 128x128 320x320
Bandwidth (kHz) 62.50 83.33 250 250 83.33
Slice number 20 20 Based on lesion size 1 80
Thickness (mm) 5 5 5 5 1
Number of excitations 1 1 1,1,1,1,1,1,2,4,4,6 1 0.7
Fat suppression - STIR STIR STIR FLEX
b-values (s/mm?) - - 0, 25, 50, 75, 100, 150, 200, 400, - -

800, 1,000
Respiratory compensation No No No No Breath holding
Time 1min57 s 1min33s 2min24s 2min36s 0:09 (each phase)

T1WI, T1-weighted imaging; T2WI, T2-weighted imaging; Multimodel-DWI, multimodel diffusion-weighted imaging; APTWI, amide proton
transfer-weighted imaging; FSE, fast spin echo; TE/TR, echo time/repetition time; SS-EPI, single-shot echo planar imaging; LAVA, liver
acquisition with volume Assessment; STIR, short-inversion time recovery; FLEX, flexible.

constrained to minimize the spillover effects. The power
and duration of saturation pulse were 0.5 pT and 0.5 s,
respectively. Finally, the contrast-enhanced sequence with
intravenous injection (0.1 mL/kg, 2.0 mL/s) of gadopentetate
dimeglumine (Gd-DTPA, Bayer Pharmaceutical, Berlin,
Germany) using an automatic injector. The protocol details
are provided in Table 1.

Postprocessing and analysis

All MR images were transformed to the Advantage
Workstation (version 4.6, GE Healthcare) and
independently analyzed by 2 radiologists (NM and FF
F, with 6 and 20 years of experience in interpreting
MR images of EC, respectively) who were blinded to
the clinical and histological data as well as each other’s
results. The multimodel DWI and APTWTI protocols
were postprocessed using Functool’s MADC software and
APT software, respectively. The monoexponential model
parameters were obtained from the following equation (11):

S, /S, =exp(—b><ADC) ]

where b is the diffusion sensitizing factor, and SO and Sb
represent the signal intensity (SI) under different b values
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(0 s/mm” or other values), respectively. The biexponential
model parameters were calculated using the following
equation (11):

S, /S, =(1—f)xexp(—bD)+fxexp[—bx(D*+D):|
(2]
where D (x10” mm?/s) indicates the pure diffusion
coefficient, D* (x10~° mm’/s) indicates the pseudo diffusion
coefficient, and f (%) indicates the perfusion fraction. The
stretched exponential model parameters were calculated
using the following equation (12):

S,/S, = exp| (b= DDC)" | [3]

where DDC (x10~ mm’/s) represents the mean intravoxel
diffusion rate, and a (arbitrary units, ranging from 0
to 1) indicates the intravoxel water molecular diffusion
heterogeneity. The APTWI parameter was calculated using
the equation (15,16):

MTRasym(3.5ppm)=[Ssm(—3.5ppm)—Ssm(+3.5ppm)]/S0
(4]

where S,,, and S, indicate the SIs obtained with and
without selective saturation, respectively, and the
magnetization transfer ratio asymmetry [(MTRasym
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Table 2 Characteristics of the patients

Variable Data
Age (mean = SD) (years) 57.46+7.35
Maximum diameter (mean + SD) (mm) 51.19+13.45
FIGO stage, n (%)
IA 31 (34.44)
B 19 (21.11)
Il 14 (15.56)
A 6 (6.67)
1B 6 (6.67)
11CA1 3(3.33)
lnca2 3(3.33)
IVA 3(3.393)
VB 5 (5.56)
Histologic grade, n (%)
Grade 1 40 (44.44)
Grade 2 26 (28.89)
Grade 3 24 (26.67)
Ki-67 index, n (%)
<10% (-) 7(7.78)
11%-25% (+) 19 (21.11)
26-50% (+ +) 36 (40.00)
>51% (+ + +) 28 (31.11)

FIGO, Federation International of Gynecology and Obstetrics.

(3.5 ppm)] represents the magnetization transfer ratio
asymmetry at 3.5 ppm downfield from the water signal.
The interest regions (ROIs) were plotted as follows: First,
the TIWI, T2WI, and contrast-enhanced images were
used as a reference to delineate the solid component of
the tumor on the DWI images. The pseudo—color maps of
various parameters were then merged with the same layer
of DWI images to outline the ROIs, which we aimed to
contain as much solid area of the tumor as possible while
avoiding necrosis, hemorrhage, cystic degeneration, and
blood vessels. Third, lesion information (e.g., parameter
values, size, etc.) for each slice was automatically computed
using the transferred ROIs, and the average value of the
related parameter on all slices was the final value of each
lesion parameter.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Histopathologic analysis

All lesion specimens were obtained by biopsy or surgery
within 1 week of the MRI scan. A pathologist with 8 years
of experience analyzed all surgically resected specimens
of each patient. The histological grade was determined by
hematoxylin and eosin (HE) staining. The specimens were
classified into low- (grade 1 and 2) and high-grade (grade 3)
groups based on the International Federation of Gynecology
and Obstetrics (FIGO) grading system (23). For the Ki-
67 index, a murine Ki-67 monoclonal antibody (M3G4;
Celnovte, Rockville, MD, USA) was used to stain tissue
fragments, and then the positive cells were counted at 400x
magnification in 10 hotspots (areas with more positive cells).

Statistical analysis

Statistical analyses were performed using MedCalc
(Version 15.0; MedCalc Software, Ostend, Belgium) and
SPSS (Version 23.0; IBM Corp., Armonk, NY, USA).
The intraclass correlation coefficient (ICC) was used to
evaluate agreement between 2 readers (r>0.75, excellent;
0.60<r<0.75, good; 0.40<r<0.60, fair; and r<0.40, poor) (19).
The Shapiro-Wilk test was applied to evaluate whether the
data of each group were normally distributed. For normally
distributed data, we used the independent samples t test
for comparisons, and for nonnormally distributed data, we
used the Mann-Whitney U test for comparisons. Analysis
of variance (ANOVA) was used to compare the differences
in each parameter among the 3 grades. A receiver operating
characteristic (ROC) curve was drawn to describe the
diagnostic efficacy of each parameter, and the DeLong test
was used to determine whether the area under the ROC
curve (AUC) of each parameter was different. Logistic
regression analysis was used to identify independent factors
that could distinguish high- from low-grade EA. Spearman
rank and Pearson correlations were applied to depict the
correlation of each parameter with histological grade and
the Ki-67 index, respectively (1>0.75, good; 0.50<r<0.75,
moderate; 0.25<r<0.50, mild; and r<0.25, little or none) (24).
A P value<0.05 was considered statistically significant.

Results
Patients characteristics

The clinical-pathological characteristics of each patient are
shown in Table 2.
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Figure 2 Amide proton transfer-weighted imaging (APTWI) and multimodel diffusion-weighted imaging (DWI) images of an endometrioid
adenocarcinoma (EA) patient (53-year-old woman, grade 3, FIGO II, and Ki-67=60%) (arrows indicate lesions). (A) Map of DWT (b=1,000
s/mm’), (B) pseudo—colored map of apparent diffusion coefficient (ADC), (C) pseudo—colored map of diffusion coefficient (D), (D) pseudo-

colored map of pseudo-diffusion coefficient (D*), (E) pseudo—colored map of perfusion fraction (f), (F) pseudo—colored map of distributed

diffusion coefficient (DDC), (G) pseudo—colored map of water molecular diffusion heterogeneity index (o), and (H) pseudo—colored map of

magnetization transfer ratio asymmetry [MTRasym (3.5 ppm)].

Consistency test

The data measured by the 2 readers showed good
consistency. The ICC was 0.868 for apparent diffusion
coefficient (ADC), 0.854 for D, 0.762 for D*, 0.837 for
f, 0.834 for DDC, 0.809 for o, and 0.772 for MTRasym
(3.5 ppm). The mean results of the 2 readers for each
parameter were used for quantitative statistical analyses.

Parameter comparison

MTRasym (3.5 ppm), f, and o were higher, while ADC, D,
and DDC were lower in the high-grade group than in the
low-grade group (P<0.001, P<0.001, P<0.001, P=0.001,
P<0.001, and P=0.004, respectively; Figures 2,3). The
difference in D* between the 2 groups was not significant
(P=0.479). Detailed comparisons of the different parameters
between the 3 EA grades are shown in Table 3.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Regression analyses

Age, FIGO stage, tumor size, and APTWI and multimodel
DW-derived parameters were all included. Although
univariate analysis showed that FIGO stage, MTRasym
(3.5 ppm), ADC, D, E, DDC, and o were all favorable for
EA histological grade (P<0.001, P<0.001, P=0.003, P<0.001,
P=0.017, P=0.008, and P<0.001, respectively), multivariate
analysis revealed that only MTRasym (3.5 ppm) and D were
independent predictors for the histological grade of EA
(P=0.022 and P=0.012, respectively; Tuble 4).

Diagnostic performance

For the diagnosis of high- and low-grade EA, comparison
of the combination of MTRasym (3.5 ppm) and D and each
parameter revealed the following: AUC MTRasym (3.5 ppm)
+D>AUCD > AUC MTRasym (3.5 ppm) > AUC a. > AUC
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Table 3 Comparison of different parameters among different groups

Parameters MTRasym QDC 5 73D 5 ,3D* 5 f (%) BDC 5 o
8.5ppm) (%) (x10°mm7/s)  (x107~mm</s) (x107°mm</s) (x107°mm*/s)

G1 (n=40) 3.13+0.47 0.92+0.09 0.830.09 73.89+43.81 2.61+0.86  1.17+0.10 0.77+0.07
G2 (n=26) 3.50+0.41 0.86+0.12 0.77+0.13 70.15+30.87 2.83x0.79  1.06x0.15 0.88+0.06
G3 (n=24) 3.72+0.31 0.82+0.08 0.67+0.09 67.69+24.39  3.1520.36  1.04+0.09 0.89+0.05
P value <0.001° <0.001¢ <0.001° 0.770° 0.002° <0.001° <0.001°
P value (G1 vs. G2) 0.001° 0.131¢ 0.043° 0.968° 0.638° <0.001° 0.056°
P value (G2 vs. G3) 0.069° 0.297¢ 0.001° 0.985° 0.186° 0.526° 0.105°
P value (G3 vs. G1) <0.001° <0.001¢ <0.001° 0.849° 0.003¢ <0.001° <0.001¢
High-grade (G3) 3.72+0.31 0.82+0.08 0.67+0.09 67.69+24.39  3.15+0.36  1.04+0.09 0.89+0.05
Low-grade (G1 + G2) 3.27+0.48 0.89+0.10 0.81x0.11 72.42+39.00 2.69+0.83  1.13x0.13 0.81+0.09
t/z value -4.190 3.345 5.378 0.683 -3.622 2.994 -4.001
P value <0.001° 0.001° <0.001° 0.497° <0.001° 0.004° <0.001"

2, Comparison by ANOVA test, , comparison by Welch test; ¢, comparison by L-S-D test; ¢, comparison by Dunnett T3 test; °, compar-
ison by independent t test; , comparison by Mann-Whitney U test. MTRasym (3.5 ppm), magnetization transfer ratio asymmetry; ADC,
apparent diffusion coefficient; D: diffusion coefficient; D*, pseudo-diffusion coefficient; f, perfusion fraction; DDC, distributed diffusion
coefficient; o, water molecular diffusion heterogeneity index; G 1, 2, and 3 = grade 1, 2, and 3. The bold typeface indicates statistically

significant.

DDC > AUC ADC > AUC f. Among these, the differences
between AUC MTRasym (3.5 ppm) + D and AUC
MTRasym (3.5 ppm), AUC o, AUC DDC, AUC ADC,
and AUC f were significant (Z=2.512, Z=2.433, Z=3.052,
Z=3.818, and Z=3.229, respectively; P=0.012, P=0.015,
P=0.002, P=0.001, and P=0.001, respectively); meanwhile,
the difference between AUC MTRasym (3.5 ppm) + D and
AUC D was not significant (Z=1.753; P=0.079). With respect

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

to the comparison between various parameters, the only
significant difference was between AUC D and AUC ADC
(2=2.499; P=0.012; luble 5, Figure 4).

Correlation analysis

MTRasym (3.5 ppm) and a were moderately and weakly
positively correlated, respectively, with histological grade

Quant Imaging Med Surg 2022;12(2):1311-1323 | https://dx.doi.org/10.21037/qims-21-189
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Table 4 Logistic regression analyses for identifying high- and low-grade EA

Univariate analyses

Multivariate analyses

Parameters

OR (95% Cl) P value OR (95% ClI) P value
Age (year) 1.181* (0.736-1.896) 0.491 - -
Tumor size (mm) 1.521* (0.949-2.436) 0.081 1.553* (0.763-3.161) 0.255
FIGO stage 1.560 (1.247-1.950) <0.001 1.113 (0.825-1.502) 0.482
MTRasym (3.5 ppm) (%) 3.083* (1.663-5.716) <0.001 2.509* (1.052-5.985) 0.038*
ADC (x10°mm?/s) 0.394* (0.214-0.725) 0.003 1.258" (0.451-3.513) 0.661
D (x10°mm?/s) 0.178* (0.078-0.406) <0.001 0.152* (0.034-0.677) 0.013*
D* (x107°mm?/s) 0.872* (0.538-1.412) 0.576 - -
F (%) 1.985* (1.130-3.485) 0.017 1.789* (0.783-4.087) 0.168
DDC (x107°mm?/s) 0.481* (0.281-0.823) 0.008 1.884* (0.688-4.871) 0.284
o 3.631* (1.775-7.428) <0.001 1.830" (0.754-5.241) 0.226

*, OR for per 1 standard deviation. *, statistically significant. All factors with P<0.1 in univariate analyses were included in multivariate
regression analyses. MTRasym (3.5 ppm), magnetization transfer ratio asymmetry; ADC, apparent diffusion coefficient; D, diffusion
coefficient; D*, pseudo-diffusion coefficient; f, perfusion fraction; DDC, distributed diffusion coefficient; o, water molecular diffusion

heterogeneity index; OR, odds ratio; Cl, confidence interval.

Table 5 Predictive performance for identifying high- and low-grade EA

Parameters AUC (95%Cl) P value Cutoff Sensitivity Specificity
MTRasym (3.5 ppm) (%) 0.782 (0.683-0.862) <0.001 3.340 91.67% (83/88) 59.09% (83/88)
ADC (x10°mm?®/s) 0.722 (0.617-0.811) <0.001 0.895 87.50% (83/88) 48.48% (57/88)
D (x107°mm?/s) 0.833 (0.740-0.903) <0.001 0.666 66.67% (57/88) 93.94% (74/88)
D* (x107°mm?/s) 0.510 (0.402-0.617) 0.875 - - -

f (%) 0.707 (0.602-0.821) <0.001 2.760 87.50% (83/88) 54.55% (57/88)
DDC (x10°mm?®/s) 0.735 (0.632-0.823) <0.001 1.037 62.50% (18/20) 80.30% (17/20)
o 0.777 (0.677-0.858) <0.001 0.855 83.33% (18/20) 68.18% (18/20)
MTRasym (3.5 ppm) + D 0.892 (0.809-0.948) <0.001 - 95.83% (18/20) 66.67% (18/20)

MTRasym (3.5 ppm), magnetization transfer ratio asymmetry; ADC, apparent diffusion coefficient; D, diffusion coefficient; D*,
pseudo-diffusion coefficient; f, perfusion fraction; DDC, distributed diffusion coefficient; a, water molecular diffusion heterogeneity index;
AUC, area under the receiver operating characteristic curve. The AUC comparison between the prediction model and different
parameters were as follows: MTRasym (3.5ppm), Z=2.512, P=0.012; ADC, Z=3.818, P=0.001; D, Z=1.753, P=0.079; f, Z=3.229, P=0.001;

DDC, Z=3.052, P=0.002; o, Z=2.433, P=0.015.

and the Ki-67 index (r=0.528, r=0.514, r=0.395, and
r=0.367). D was moderately negatively correlated with
histological grade and the Ki-67 index (r=—0.540 and
r=-0.529). DDC was weakly and moderately negatively
correlated with histological grade and the Ki-67 index,
respectively (r=-0.473 and r=-0.515). ADC was weakly
negatively correlated with histological grade and the Ki-
67 index (r=—0.417 and r=-0.427). f was weakly positively

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

correlated with histological grade and the Ki-67 index
(r=0.294 and r=0.355; Figure 5).

Discussion

Our analyses revealed that high-grade EA was associated
with high MTRasym (3.5 ppm), and low-grade EA was
associated with low MTRasym (3.5 ppm). These findings
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Figure 4 Receiver operating characteristic (ROC) curves show magnetization transfer ratio asymmetry [MTRasym (3.5 ppm)], apparent

diffusion coefficient (ADC), diffusion coefficient (D), perfusion fraction (f), distributed diffusion coefficient (DDC), water molecular

diffusion heterogeneity index (a), and the combination of MTRasym (3.5 ppm) and D for differentiation of high- and low-grade

endometrioid adenocarcinoma (EA).

are consistent with the results of a study by Takayama
et al. (19). The role of APTWI in tumors is mainly related
to the contents of mobile proteins and peptides in the
tissue (15,16). Previous studies have found that changes in
cellular density, nuclear atypia, microvessel density (MVD),
pH, and microscopic necrosis can increase the contents
of mobile proteins and peptides in tissues (17,25,26).
With respect to EA, high-grade tumors usually have a
higher cellular density, more significant nuclear atypia,
greater MVD, more significant pH changes, and more
microscopic necrosis compared with low-grade tumors
(26-28). Therefore, high-grade tumors have higher
MTRasym (3.5 ppm). Echo-planar imaging (EPI)-based
APTWTI was used in the present study, and although it has
lower signal-to-noise ratio (SNR) and is more sensitive
to the susceptibility effect than turbo spin-echo (TSE)-
based APTWI, its scanning time is quicker, and multiple
saturation spectra with varied frequency offsets may be
obtained to enhance quantitative accuracy at the same
time (29). A previous study has reported used TSE-based
APTWI coupled with acceleration schemes (30), and we
will endeavor to undertake an evaluation of its clinical
application in the future.

ADC, D, and DDC can be employed to reflect the
degree of restriction of water molecules and are affected
mainly by cellularity (11,12). In this study, due to high
cellularity, the above parameters of high-grade EA were
all lower than those of low-grade EA, consistent with most

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

previous studies (31,32). In addition, our results showed
that D had greater diagnostic properties than did DDC and
ADC for differentiating high-grade EA from low-grade EA.
Theoretically, DDC, weighted by the volume fraction of
water molecules in each part of the continuous distribution
of ADCs, can be considered a composite of individual
ADCs (12). Therefore, the measurements of ADC and
DDC would be influenced by microcirculation and
cellularity in a diametrically opposite direction (13). High-
grade EA possesses both high perfusion (high vascularity)
and low diffusivity (high cellularity). D, by eliminating the
influence of microcirculation, precisely predicted cellularity
and reduced bias, which provided better diagnostic
performance.

The f value, as the SI ratio of blood capillaries and
tumor tissue, is considered proportional to MVD (11).
High-grade EA has higher vascularity than does low-grade
EA, so its f value increased. However, this finding was not
consistent with the results described by Zhang er al. (31).
We speculated that this difference might have been related
to the choice of b values employed by Zhang et 4i., which
reached 2,000 s/mm’ (31). An IVIM study on prostate
cancer showed that when the maximal b value exceeded
750 s/mm’, the f value of tumor tissues significantly
decreased and was indistinguishable from that of normal
tissue (33).

D* is believed to be mainly proportional to the capillary
segment length and average blood velocity (11). In this study,
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Figure 5 Correlation of various parameters with Ki-67 index and histological grade. (A,B,C,D,E,F) The correlation between Ki-67 index
and magnetization transfer ratio asymmetry [M'TRasym (3.5 ppm)], apparent diffusion coefficient (ADC), diffusion coefficient (D), perfusion
fraction (f), distributed diffusion coefficient (DDC), and water molecular diffusion heterogeneity index (o) (r=0.395, r=—0.427, r=-0.529,
r=0.355, r=-0.515, and r=0.367; P<0.05. (J,K,L) The correlation between histological grade and MTRasym (3.5 ppm) and ADC, D, f, DDC,
and o (r=0.528, r=-0.417, r=-0.540, r=0.294, r=-0.473, and r=0.514; P<0.05).
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the results showed that the difference in D* between high-
and low-grade EA was not significant. We believe that this
finding may be due to the opposing influence of the capillary
segment length and average blood velocity. Although there
were more capillary segments in high-grade EA than in
low-grade EA, most of them had a sluggish flow and more
proliferating cellularity, which resulted in a similar D* value
between high- and low-grade EA. Due to poor measurement
reproducibility, low SNR, and tumor heterogeneity, a
consistent conclusion among the many current studies
related to D* has not been reached (31,33,34). Therefore,
the reliability of D* may need to be further studied.

The parameter a, ranging from 0 to 1, describes
intravoxel water diffusion heterogeneity. In general, tissue
with higher cellular and glandular pleomorphism will have a
higher level of intravoxel diffusion heterogeneity, resulting
in a lower o value (12,35). Our results revealed that o was
significantly lower in high-grade EA than in low-grade
EA. One possible reason for this finding is that high-grade
EA exhibits more intravoxel diffusion heterogeneity than
does low-grade EA because it possesses more histologic
heterogeneity, including a higher level of tortuous vascular
hyperplasia, heterogeneous cellularity, and intravoxel
microscopic necrotic foci.

The present study also showed that D and MTRasym
(3.5 ppm) were independent predictors of high- and low-
grade EA, and the combination of the 2 parameters had
significantly better diagnostic efficacy than did each
independent parameter. These results suggested that the
true diffusion of water molecules and the mobile protein and
peptide contents might have played a dominant role in the
prediction of high- and low-grade EA. The combination of a
high MTRasym (3.5 ppm) and low D in EA tissue may be an
effective imaging marker for predicting histological grade.

As the most commonly used parameter in the clinical
evaluation of tumor cell proliferation, the Ki-67 index
provides important information on endometrial malignant
transformation, cell differentiation, and morphological
features of aggressiveness (7). In this study, except for D¥,
all other parameters showed different degrees of correlation
with the Ki-67 index. One possible explanation for this
finding is that a high Ki-67 index correlates with increased
cell proliferation, which tends to correlate with higher
cellular density, more vascular hyperplasia, and more
histologic heterogeneity (36-38).

Our study had several limitations. First, this was a single-
center study with a relatively small sample size and few EC
subtypes, which might have led to selection bias. Second, to

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

fully reflect the characteristics of tumors, multiple APTWI
scans must be performed, which significantly increases the
scanning time and risk of various artifacts. Third, both
APTWI and multimodel DWI, based on EPI acquisition,
have poor SNR and low spatial resolution, and we did not
perform motion correction, which makes it difficult to
evaluate small EA lesions. In the future, we will endeavor
to overcome these shortcomings by using a multicenter
prospective cohort and external validation to ensure that
this method can be used in clinical practice.

In conclusion, we found that both multimodel DWI
and APTWTI could be used to estimate the histological
grade and Ki-67 index of EA, and the combination of a
high M'TRasym (3.5 ppm) and low D may be an effective
imaging marker for predicting the grade of EA.
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