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Background: Accurate differentiation between benign and malignant endometrial lesions holds substantial
clinical importance. This study aimed to evaluate the efficacy of various diffusion models in the preoperative
diagnosis of early-stage endometrial carcinoma (EC).

Methods: A total of 72 consecutive patients with benign or malignant endometrial lesions from the
First People’s Hospital of Yunnan Province were prospectively enrolled between April 2021 and July
2023. Fourteen diffusion parameters derived from monoexponential diffusion-weighted imaging (DWI),
diffusion kurtosis imaging (DKI), intravoxel incoherent motion (IVIM), stretched exponential model (SEM),
continuous-time random walk (CTRW), and fractional order calculus (FROC) models were calculated
and compared. Independent predictors of early-stage EC were identified using logistic regression analysis.
The performance of the diffusion parameters, both individually and in combination with effective clinical
indicators, for differentiating benign and malignant endometrial lesions was evaluated.

Results: This study consisted of 17 patients with benign endometrial lesions and 55 patients with EC.
Significant differences in age and menopausal status were observed between the benign and malignant
endometrial groups (P=0.015 and P=0.011, respectively). With the exception of the pseudodiffusion
coefficient (D*) and perfusion fraction (f), all other parameters exhibited significant differences between the
benign and malignant groups (P<0.05). Mean kurtosis (MK), true diffusion coefficient (D), and temporal
diffusion heterogeneity index (dcrgy) were identified as independent predictors of early-stage EC, achieving
an area under the curve (AUC) of 0.903 [95% confidence interval (CI): 0.824-0.982], surpassing that of any
individual diffusion parameter. The combination of these independent predictors with menopausal status
yielded the highest AUC (0.922, 95% CI: 0.845-0.999), accuracy (93.1%), and sensitivity (100.0%).
Conclusions: MK, D, and a¢yy have the potential to serve as independent predictors in predicting

early-stage EC, and the performance can be enhanced when combined with menopausal status.
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Introduction

Endometrial carcinoma (EC) is the fourth most prevalent
gynecological malignancy, with its morbidity and mortality
rates growing annually and an increasing incidence observed
in younger populations (1). Endometrial hyperplasia
and polyps are common benign endometrial lesions (2).
Although they share similar clinical manifestations with
EC, their treatment approaches and prognoses differ
significantly (3). A medication or minimally invasive
approach to hysterectomy is preferred for benign
endometrial lesions (4), whereas primary treatment of early-
stage EC consists of hysterectomy and bilateral salpingo-
oophorectomy with or without pelvic and para-aortic
lymphadenectomy (5). The gold standard for preoperative
differentiation between benign and malignant endometrial
lesions is biopsy (6). However, biopsy is an invasive
procedure and may be unsuitable for patients with cervical
or vaginal stenosis (7). Additionally, sampling errors can
occur, potentially compromising the diagnostic accuracy (8).
Therefore, in order to achieve precise diagnosis and
personalized treatment, it is imperative to develop a
noninvasive method for accurately differentiating between
benign and malignant endometrial lesions before surgery.
Magnetic resonance imaging (MRI), especially
diffusion-weighted imaging (DWI), plays a crucial role in
the preoperative diagnosis and staging of EC (2,9). The
apparent diffusion coefficient (ADC) is the most common
quantitative parameter of monoexponential DWI, capable
of reflecting the biological characteristics of different tissues
by characterizing the Gaussian diffusion of water molecules.
However, the diffusion displacement of water molecules
significantly deviates from the Gaussian distribution in
highly heterogeneous tumors, and ADC values cannot
reflect the non-Gaussian diffusion characteristics of water
molecules, nor can they truly reflect the diffusion properties
of water molecules in tumors (10). In order to accurately
analyze the abnormal diffusion movement of water
molecules in tumors, some researchers have developed the
following mathematical models based on multiple-b-value
DWTI: diffusion kurtosis imaging (DKI) (11), intravoxel
incoherent motion (IVIM) (12), stretched exponential model
(SEM) (13), continuous-time random walk (CTRW) (14),
and fractional order calculus (FROC) (15). Recently, the
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DKI, IVIM, and SEM models have been incrementally
applied in the diagnosis and assessment in patients with EC
(16-20). Previous studies have demonstrated that some non-
Gaussian models surpass the monoexponential model in the
histopathological assessment of malignant tumors (20,21).
Nevertheless, the applicability of CTRW and FROC
models for preoperative diagnosis and evaluation of EC
remains uncertain, and there is a lack of comparative studies
involving multiple diffusion models.

The purpose of this study was to compare the diffusion
parameters of six diffusion models (DWI, DKI, IVIM,
SEM, CTRW, and FROC) in distinguishing early-stage EC
from benign endometrial lesions and to identify potential
predictors for early-stage EC. We present this article in
accordance with the STROBE reporting checklist (available
at https://qims.amegroups.com/article/view/10.21037/
qims-24-896/rc).

Methods
Patients

This prospective study received approval from the Ethics
Committee of the First People’s Hospital of Yunnan
Province (No. KHLI1.2023-KY104) and was conducted in
accordance with the Declaration of Helsinki (as revised in
2013). Informed consent was obtained from all individual
participants. Between April 2021 and July 2023, a total of
150 consecutive patients with suspected benign or malignant
endometrial lesions were enrolled in the prospective study
based on the results of the initial calculation of sample size.
The inclusion criteria were as follows: (I) patients with stage
I-II EC, endometrial hyperplasia, or endometrial polyps
confirmed by surgery and pathology; (II) completion of
conventional MRI and multiple-b-value (0-3,000 s/mm?)
DWTI scans within 2 weeks before surgery; and (III)
availability of complete clinical data. Meanwhile, the
exclusion criteria were as follows: (I) poor MRI quality; (II)
completion of preoperative chemoradiotherapy, hormone
therapy, or other treatments; (III) lesions with a maximum
diameter of less than 1 cm; and (IV) a history of other pelvic
malignancies. Finally, a total of 72 eligible patients were
included in the study. The flowchart of the patient selection
process is displayed in Figure SI.
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MRI protocol

All patients underwent preoperative pelvic MRI scanning
using a 3-T MRI scanner (MAGNETOM Prisma, Siemens
Healthineers, Erlangen, Germany). The imaging protocol
comprised conventional MRI sequences and multiple-b-
value DWI using a single-shot echo-planar imaging that
included 13 b-values: 0, 10, 20, 30, 50, 70, 100, 150, 200,
400, 1,000, 2,000, and 3,000 s/mm’. The parameters of
multiple-b-value DWI were as follows: repetition time (TR)
=3,000 ms, echo time (TE) =64 ms, field of view (FOV)
=360x360 mm’, matrix =164x164, slice thickness =5 mm,
and slice gap =1 mm. The conventional MRI sequences and
parameters were as follows: sagittal T2-weighted imaging
(T2WT) (TR =5,470 ms, TE =89 ms, FOV =210x210 mm?’,
matrix =384x384, slice thickness =3 mm, slice gap =3.6 mm);
axial TIWI (TR =480 ms, TE =10 ms, FOV =346x313 mm’,
matrix =384x384, slice thickness =5 mm, slice gap =6 mm),
axial T2WI (TR =8,230 ms, TE =97 ms, FOV =360x360 mm’,
matrix =384x384, slice thickness =5 mm, slice gap =6 mm),
sagittal contrast-enhanced T1WI (TR =3.92 ms, TE =1.46 ms,
FOV =260x260 mm’, matrix =320x320, slice thickness
=3 mm, slice gap =0 mm), and axial contrast-enhanced
TIWI (TR =2.9 ms, TE =1.09 ms, FOV =346x313 mm’,
matrix =290x320, slice thickness =3 mm, slice gap =0 mm).
The contrast agent was administered intravenously with
gadolinium meglumine (0.2 mL/kg) at a rate of 1.5 mL/s,
which was followed by a rinse with 10 ml of normal saline at
a rate of 2 mL/s.

Image processing and analysis

Body-DiffusionLab software on MR Station (BoDiLab;
Chengdu ZhongYing Medical Technology Co., Ltd.,
Chengdu, China) was used to generate diffusion parameter
maps of six diffusion models (DWI, DKI, IVIM, SEM,
CTRW, and FROC) from multiple-b-value DWI. For
image processing, DWI used b-values of 0 and 1,000 s/mm’,
IVIM employed b-values ranging from 0 and 200 s/mm’,
and the remaining models used b-values of 0, 1,000, 2,000,
and 3,000 s/mm’. The formulae for the respective models
are as follows:

(I) Monoexponential DWI model:

St
S—=exp(—b><ADC) [1]

0

where S, and S, are the signal intensities when b>0 s/mm’
and b=0 s/mm’ are applied, respectively.
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(II) DKI model:

S szzK
(b)
= €X] bD + 2

0

where D represents the mean diffusivity, and K represents
the mean kurtosis (MK).

(IT1) TVIM model:
S
%=(1—f)xexp(—bD)+f><exp(—b><D*) (3]

0

where D represents the true diffusion coefficient (D) of
the water molecules, D*represents the pseudodiffusion
coefficient (D*) of microcirculation, and f represents the
perfusion fraction.

(IV) SEM model:
S b o
2= exp| ~(bDDC)’ | [4]

0

where DDC represents the distributed diffusion coefficient,
and o represents the intravoxel diffusion heterogeneity

index.
(V) CTRW model:
S
0 _g |- P
S, E,|-(bD)' | [5]

where E, represents the Mittag-Leffler function of a order;
D represents the anomalous diffusion coefficient; and
a and P represent the temporal diffusion heterogeneity
index (ocrrw) and spatial diffusion heterogeneity index,

respectively.
(VD) FROC model:
S 2B-1
() _ 2(p-1) 2 p
——~=exp|-D Go) | A- )

where D represents diffusion coefficient, p represents the
spatial constant, B represents the fractional order derivative
in space, Gy represents diffusion gradient amplitude, &
represents diffusion gradient pulse width, and A represents
the gradient lobe separation.

Fourteen diffusion parameter maps were obtained from
the above six models (Figure 1): ADC map derived from the
DWI model; mean diffusivity (MD) and MK maps derived
from the DKI model; D, pseudo diffusion coefficient (D*),
and perfusion fraction (f) maps derived from the IVIM
model; intravoxel diffusion heterogeneity index (dsgy) and
distributed diffusion coefficient (DDC) maps derived from
the SEM model; 0y, spatial diffusion heterogeneity index
(Berrw), and the anomalous diffusion coefficient (D crgw)
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Figure 1 Axial fat-saturated T2WTI and the maps of various diffusion parameters of a 45-year-old patient with stage IA EC. T2WI, T2-

weighted imaging; ADC, apparent diffusion coefficient; MD, mean diffusivity; MK, mean kurtosis; D, true diffusion coefficient; D*,

pseudodiffusion coefficient; f, perfusion fraction; gy, intravoxel diffusion heterogeneity index; DDC, distributed diffusion coefficient;

dcrrw, temporal diffusion heterogeneity index; Berrws spatial diffusion heterogeneity index; Derry, anomalous diffusion coefficient; Brroc,

fractional order derivative in space; Dggoc, diffusion coefficient; prroc, spatial constant; EC, endometrial carcinoma.

map derived from the CTRW model; and fractional order
derivative in space (Byroc), diffusion coefficient (Dggoc),
and spatial constant (pgpoc) maps derived from the FROC
model. Two radiologists (A and B, with 5 and 10 years
of experience in pelvic MRI, respectively) blinded to the
histopathological findings independently delineated the
regions of interest (ROIs) of the lesions using ITK-SNAP
(http://www.itksnap.org/pmwiki/pmwiki.php). The ROIs
were outlined along the lesion contour at the maximum
slice of the lesions on DWI (b=1,000 s/mm®) or ADC
maps with reference to other MRI sequences. Care was
taken to exclude the surrounding normal myometrium
and any obvious cystic, hemorrhagic, or necrotic areas.
Subsequently, the delineated ROIs were applied to other
diffusion parameter maps, and the mean value of each
diffusion parameter was derived.

Statistical analysis

We used PASS version 15 software (NCSS, Kaysville,
UT, USA) to calculate the initial sample size. Statistical
analyses were performed using SPSS version 26 software
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(IBM Corp., Armonk, NY, USA). Continuous variables for
normal and skewed distributions are presented as the mean
+ standard deviation and as the median and interquartile
range (IQR = percentiles 75 — percentiles 25), respectively.
Categorical variables are presented as numbers and
percentages. The interclass correlation coefticient (ICC)
was used to assess the interobserver agreement between
radiologists A and B in the measurement of the diffusion
parameters (ICC <0.50, poor; 0.50-0.75, moderate;
0.75-0.90, good; and >0.90, excellent). The measurements
of senior radiologist B were used for subsequent analysis.
The Kolmogorov-Smirnov test was conducted to assess the
normal distribution of continuous variables. If the variables
followed a normal distribution, the ¢ test was used to
compare differences between benign and malignant lesions;
otherwise, the Mann-Whitney test was used. Categorical
variables were compared using the chi-square test or the
Fisher exact test. A P value <0.05 was considered to indicate
statistical difference, while a P value <0.001 was deemed
to represent a highly significant difference. Univariate and
multivariate logistic regression analyses were performed
on diffusion parameters that demonstrated highly
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Parameter EC (n=55) Benign endometrial lesions (n=17) P
Age (years) 55.4+10.7 48.0+10.3 0.015*
Histological type, n (%) NA

Endometrioid adenocarcinoma 50 (90.9) NA

Non-endometrioid adenocarcinoma 5(9.1) NA

Endometrial polyp NA 7(41.2)

Endometrial hyperplasia NA 9 (52.9)

Endometrial polyp + hyperplasia NA 1(5.9)
Deep myometrial invasion (yes/no), n (%) 10 (18.2)/45 (81.8) NA NA
Cervical stromal invasion (yes/no), n (%) 5(9.1)/50 (90.9) NA NA
Histologic grade, n (%) NA

Grade 1 17 (30.9) NA

Grade 2 25 (45.4) NA

Grade 3 9 (16.4) NA

Unknown 4 (7.3) NA
Chief manifestation, n (%) 0.090

Irregular vaginal bleeding 43 (78.2) 13 (76.5)

Menstrual disorder 7(12.7) 0(0.0)

Asymptomatic 0 (0.0) 1.9

Other symptoms 5(9.1) 3(17.6)
Menopause (yes/no), n (%) 30 (54.4)/25 (45.5) 3(17.6)/14 (82.4) 0.011*
Hypertension (yes/no), n (%) 18 (32.7)/37 (67.3) 3(17.6)/14 (82.4) 0.361
Diabetes (yes/no), n (%) 5(9.1)/50 (90.9) 1(5.9)/16 (94.1) 1.000
BMI (kg/m?) 24.7 (4.4) 24.612+4.265 0.388
CA125 (U/mL) 16.0 (20.0) 19.0 (13.3) 0.909
CA199 (U/mL) 19.1 (30.2) 13.876+12.229 0.095
FIGO stage, n (%) NA

IA 42 (76.4) NA

B 8 (14.5) NA

I 5(9.1) NA

Continuous variables for normal and skew distributions are presented as mean + standard deviation and as median (interquartile range),
respectively. Interquartile range = percentiles 75 — percentiles 25. *, P<0.05. EC, endometrial carcinoma; NA, not applicable; BMI, body

mass index; CA, cancer antigen; FIGO, Federation International of Gynecology and Obstetrics.

significant differences (P<0.001) to select independent
predictors of early-stage EC. These were then integrated
with clinical parameters (P<0.05) to establish combined
models. The performance of each parameter or model
was evaluated using the area under the curve (AUC) of
the receiver operating characteristic (ROC) curve. The
diagnostic threshold was determined with maximum
Youden Index, and then sensitivity, specificity, and accuracy
were calculated. The Delong test is used to compare the
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predictive performance of different models.

Results
Clinicopatbologic characteristics

A total of 72 patients (17 patients with benign endometrial
lesions and 55 patients with EC) were included in this
study. The clinicopathological characteristics are presented
in Table 1. The patients with EC consisted of 50 patients
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Table 2 Comparison of diffusion parameters between the EC and benign endometrial lesion groups

Diffusion model Diffusion parameter EC group Benign endometrial lesion group P
DWI ADC (107 mm?/s) 0.741 (0.300) 1.276+0.416 <0.001*
DKI MD (107° mm?/s) 1.054 (0.460) 1.427 (0.680) 0.001*
MK 0.926 (0.240) 0.609+0.214 <0.001**
IVIM D (10 mm?*/s) 0.615 (0.220) 1.032+0.306 <0.001*
D* (107 mm?%/s) 4.204 (0.970) 3.738+1.144 0.268
F 0.164+0.058 0.180 (0.100) 0.235
SEM Osgm 0.786 (0.07) 0.858 (0.050) 0.001*
DDC (107 mm?*/s) 0.799 (0.370) 1.215 (0.580) <0.001*
CTRW Ocrrw 0.736+0.094 0.856 (0.080) <0.001*
Berrw 0.906+0.052 0.937+0.046 0.033*
Deraw (107° mm?/s) 1.279 (0.580) 0.885 (0.360) <0.001**
FROC Beroc 0.829+0.062 0.887+0.062 0.001*
Drroc (107° mm?/s) 0.653 (0.260) 1.180+0.438 <0.001*
Heroc (Mm) 3.244 (0.430) 2.943 (0.900) 0.025*

Continuous variables for normal and skew distributions are presented as the mean + standard deviation and as median (interquartile
range), respectively. *, P<0.05; **, P<0.001. EC, endometrial carcinoma; DWI, diffusion-weighted imaging; ADC, apparent diffusion
coefficient; DKI, diffusion kurtosis imaging; MD, mean diffusivity; MK, mean kurtosis; IVIM, intravoxel incoherent motion; D, true diffusion
coefficient; D*, pseudodiffusion coefficient; f, perfusion fraction; SEM, stretched exponential model; aggy, intravoxel diffusion heterogeneity
index; DDC, distributed diffusion coefficient; CTRW, continuous-time random walk; agrry, temporal diffusion heterogeneity index; Boraws
spatial diffusion heterogeneity index; D¢rw, @anomalous diffusion coefficient; FROC, fractional order calculus; Brroc, fractional order

derivative in space; Deroc, diffusion coefficient; Yo, Spatial constant.

with endometrioid adenocarcinoma and 5 patients with
nonendometrioid adenocarcinoma, while the benign
patients comprised 7 patients with endometrial polyps,
9 patients with endometrial hyperplasia, and 1 patient with
both hyperplasia and polyps. The median age or mean
age of the patients with EC and the benign patients was
55.4£10.7 and 48+10.3 years, respectively, representing
a significant difference (P=0.015). The proportion of
menopausal patients in the EC group was significantly
higher than that of patients with benign lesions (P=0.011).
No significant differences were observed between
the benign and malignant groups in terms of primary
manifestations (P=0.090), hypertension (P=0.361), diabetes
(P=1.000), body mass index (BMI) (P=0.388), cancer antigen
(CA)125 (P=0.909), or CA199 (P=0.095).

Diffusion parameters

The ICC range for the diffusion parameters was 0.933-
0.991, indicating a high level of consistency across all
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parameters. The comparison of various diffusion parameters
between the EC group and the benign group is shown
in Table 2 and Figure 2. All the diffusion parameters were
statistically different between the EC group and the benign
group (P=0.05), except for D* [median 4.204 (IQR 0.970)
vs. 3.738+1.144; P=0.268] and f [0.164+0.058 vs. median
0.180 (IQR 0.100); P=0.235] values. Additionally, the EC
group and the benign group showed highly significant
differences (P<0.001) in terms of ADC [0.741 (0.300)x10"*
vs. (1.276£0.416)x10”° mm*/s], MK [median 0.926 (IQR
0.240) s. 0.60920.214], D [median 0.615 (IQR 0.220)x10”
vs. (1.032+0.306)x10”° mm’/s], DDC [median 0.799 (IQR
0.370)x107 vs. median 1.215 (IQR 0.580)x10~ mm’/s],
dermy [0.73620.094 vs. median 0.856 (IQR 0.080)],
Derrw [median 1.279 (IQR 0.580)x107° vs. median 0.885
(IQR 0.360)x10”* mm?/s], and Dyroc [median 0.653
(IQR 0.260)x107 vs. (1.18020.438)x10™* mm?/s] values.
According to univariate and multivariate logistic regression
analyses (Tuble 3), only MK, D, and ocrpy could be used as
independent predictors of early-stage EC (P<0.05) among
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Figure 2 Boxplots of diffusion parameters in EC and benign endometrial lesions. Asterisks represent extreme values, and circles represent

discrete values. ADC, apparent diffusion coefficient; EC, endometrial carcinoma; MD, mean diffusivity; MK, mean kurtosis; D, true

diffusion coefficient; D*, pseudodiffusion coefficient; f, perfusion fraction; oy, intravoxel diffusion heterogeneity index; DDC, distributed

diffusion coefficient; o¢rry, temporal diffusion heterogeneity index; Berrw, spatial diffusion heterogeneity index; D gy, anomalous diffusion

coefficient; Pyroc, fractional order derivative in space; Dygo, diffusion coefficient; pyroc, spatial constant.

the above seven parameters with a significant difference.

Predictive performance

ROC analyses of various diffusion parameters and clinical
parameters with statistical differences are shown in Tuble 4
and Figure 3. The AUC, accuracy, sensitivity, and specificity
of these diffusion parameters in differentiating early-
stage EC and benign endometrial lesions had ranges of
0.677-0.848, 65.3-86.1%, 64.7-82.4%, and 65.5-89.1%,
respectively. The AUC of o¢rgy was the highest [0.848
(95% CI: 0.751-0.945)], followed by MK [0.839 (0.737-
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0.940)]. The AUC, accuracy, sensitivity, and specificity of
age and menopause in predicting early-stage EC was 0.696
(95% CI: 0.545-0.848) and 0.684 (95% CI: 0.547-0.822),
69.4% and 61.1%, 69.1% and 54.5%, and 70.6% and
82.4%, respectively, with an age threshold of 50.5 years.
The differential performance of the combined models
constructed by independent predictors and effective clinical
parameters for distinguishing between early-stage EC and
benign endometrial lesions is shown in Table 4, Figures 3-5.
The ranges of the AUC, accuracy, sensitivity, and specificity
of the combined models were 0.903-0.922, 86.1-93.1%,
85.5-100.0%, and 70.6-88.2%, respectively. Specifically, the
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Table 3 LR analyses of diffusion parameters with obvious significant differences in discriminating between the EC and benign endometrial groups

Univariable LR Multivariable LR
Diffusion model Diffusion parameter
OR (95% Cl) P OR (95% CI) P

DWI ADC (107° mm?/s) 0.998 (0.997-1.000) 0.009* 0.999 (0.952-1.047) 0.954
DKI MK 1.005 (1.002-1.007) <0.001* 1.010 (1.002-1.018) 0.014*
IVIM D (10° mm®/s) 0.998 (0.997-1.000) 0.016* 1.008 (1.003-1.012) 0.002*
SEM DDC (107° mm?*/s) 0.998 (0.997-1.000) 0.006* 0.998 (0.992-1.003) 0.443
CTRW OcTRW 0.984 (0.975-0.993) <0.001* 0.973 (0.950-0.996) 0.022*

Derrw (107° mm?/s) 0.998 (0.997-1.000) 0.007* 1.022 (0.982-1.064) 0.294
FROC Dtroc (107 mm?/s) 0.998 (0.997-1.000) 0.009* 1.001 (0.987-1.015) 0.913

*, P<0.05. LR, logistic regression; EC, endometrial carcinoma; OR, odds ratio; Cl, confidence interval; DWI, diffusion-weighted imaging;
ADC, apparent diffusion coefficient; DKI, diffusion kurtosis imaging; MK, mean kurtosis; IVIM, intravoxel incoherent motion; D, true
diffusion coefficient; SEM, stretched exponential model; DDC, distributed diffusion coefficient; CTRW, continuous-time random walk;
acrrw temporal diffusion heterogeneity index; Derrws @nomalous diffusion coefficient; FROC, fractional order calculus; Degoc, diffusion
coefficient; Peroc, Spatial constant.

Table 4 ROC analyses of the different parameters and the combined models with a significant difference in differentiating the EC and benign
endometrial groups

Model Parameter Cutoff values AUC (95% Cl) Accuracy Sensitivity Specificity ~ Youden index
DWI ADC (10™ mm?/s) 1.056 0.826 (0.724-0.927) 83.3% 76.5% 85.5% 0.620
DKI MD (107> mm?%/s) 1.329 0.781 (0.668-0.894) 76.4% 82.4% 74.5% 0.569
MK 0.718 0.839 (0.737-0.940) 84.7% 76.5% 87.3% 0.638
IVIM D (10™° mm?%/s) 0.926 0.821 (0.714-0.929) 86.1% 76.5% 89.1% 0.656
SEM Osen 0.839 0.759 (0.621-0.897) 73.6% 76.5% 74.5% 0.510
DDC (10™° mm?/s) 1.133 0.824 (0.720-0.928) 83.3% 76.5% 85.5% 0.620
CTRW Uoraw 0.833 0.848 (0.751-0.945) 86.1% 76.5% 89.1% 0.656
Borew 0.927 0.677 (0.526-0.828) 65.3% 64.7% 65.5% 0.302
Derrw (107 mm?%/s) 1.140 0.810 (0.699-0.920) 79.2% 82.4% 78.2% 0.606
FROC Beroc 0.886 0.765 (0.631-0.898) 81.9% 64.7% 87.3% 0.520
Drroc (10 mm?/s) 0.912 0.829 (0.727-0.931) 83.3% 76.5% 85.5% 0.620
Heroc (MM) 3.155 0.680 (0.530-0.830) 68.1% 70.6% 67.3% 0.379
Clinical Age (years) 50.5 0.696 (0.545-0.848) 69.4% 69.1% 70.6% 0.397
parameters  \1onopausal status 0.500 0.684 (0.547-0.822) 61.1% 54.5% 82.4% 0.369
Combined MK + D + ogrpw 0.699 0.903 (0.824-0.982) 86.1% 87.3% 82.4% 0.697
models MK + D + tgray + age 0.729 0.918 (0.834-1.000) 86.1% 85.5% 88.2% 0.737
MK + D + agrpy + 0.352 0.922 (0.845-0.999) 93.1% 100.0% 70.6% 0.706

menopausal status

MK + D + ogrpy + age 0.659 0.922 (0.842-1.000) 88.9% 90.9% 82.4% 0.733

+ menopausal status

ROC, receiver operating characteristic; EC, endometrial carcinoma; AUC, area under the curve; Cl, confidence interval; DWI, diffusion-
weighted imaging; ADC, apparent diffusion coefficient; DKI, diffusion kurtosis imaging; MD, mean diffusivity; MK, mean kurtosis; IVIM,
intravoxel incoherent motion; D, true diffusion coefficient; SEM, stretched exponential model; aggy, intravoxel diffusion heterogeneity index;
DDC, distributed diffusion coefficient; CTRW, continuous-time random walk; acry, temporal diffusion heterogeneity index; Berrws Spatial
diffusion heterogeneity index; Dcrry, @nomalous diffusion coefficient; FROC, fractional order calculus; Beroc, fractional order derivative in
space; Drroc, diffusion coefficient; prroc, Spatial constant.
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Figure 3 ROC curves of different parameters with significant difference and those of the combined models for differentating the EC and

benign endometrial groups. DWI, diffusion-weighted imaging; DKI, diffusion kurtosis imaging; MD, mean diffusivity; MK, mean kurtosis;
IVIM, intravoxel incoherent motion; SEM, stretched exponential model; aggy;, intravoxel diffusion heterogeneity index; DDC, distributed
diffusion coefficient; CTRW, continuous-time random walk; ocrpy, temporal diffusion heterogeneity index; Berrw, spatial diffusion
heterogeneity index; D¢ rry, anomalous diffusion coefficient; FROC, fractional order calculus; Byroc, fractional order derivative in space; Dyroc,

diffusion coefficient; ppgoc, spatial constant; D, true diffusion coefficient; ROC, receiver operating characteristic; EC, endometrial carcinoma.

Figure 4 Endometrial polyp in a 40-year-old premenopausal woman. (A-C) Sagittal T2WI, axial fat-saturated T2WI, and DWIL (D) MK map in
DKI, with the MK value of the lesion being 0.582. () D map in the IVIM model, with the D value of the lesion being 0.976x10” mm’/s. (F) tcrpy
map in the CTRW model, with the tcrgy value of the lesion being 0.859. The case was accurately identified as a benign endometrial lesion by all of
the combined models. T2WI, T2-weighted imaging; DWI, diffusion-weighted imaging; MK, mean kurtosis; DKI, diffusion kurtosis imaging; IVIM,
intravoxel incoherent motion; D, true diffusion coefficient; o¢rry; temporal diffusion heterogeneity index; CTRW, continuous-time random walk.
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Figure 5 A 58-year-old postmenopausal patient with stage IB EC. (A-C) Sagittal T2WI, axial fat-saturated T2WI, and DWI. (D) MK map
in DKIT, with the MK value of the lesion being 1.021. (E) D map in the IVIM model, with the D value of the lesion being 0.612x10~ mm’/s. (F)

Ocrpw map in the CTRW model, with the o¢rry value for the lesion being 0.720. The case was accurately identified as an EC lesion for all

of the combined models. EC, endometrial carcinoma; T2WI, T2-weighted imaging; DWI, diffusion-weighted imaging; MK, mean kurtosis;

DK, diffusion kurtosis imaging; D, true diffusion coefficient; IVIM, intravoxel incoherent motion; tcrry, temporal diffusion heterogeneity

index; CTRW, continuous-time random walk.

AUC of the model combining MK, D, and oy was 0.903
(0.824-0.982), which surpassed that of any single diffusion
parameter. Meanwhile, the model combining MK, D, o¢rw,
and menopausal status (MK + D + 0¢pgy + menopausal
status) exhibited the highest AUC [0.922 (95% CI 0.845-
0.999)], accuracy (93.1%), and sensitivity (100.0%) among
all the models. According to the Delong tests (Figure S2),
the AUCs of the MK + D + 0 ppyy + menopausal status model
were significantly different from those of other models
(P<0.05) except the combined models and the ocrpy model.

Discussion

In this study, except for D* and f of IVIM model, all the
diffusion parameters derived from the DWI, DKI, IVIM,
SEM, CTRW, and FROC models proved valuable in
distinguishing early-stage EC from benign endometrial
lesions. Specifically, MK, D, and ocrpw emerged as
independent predictors for the diagnosis of early-stage EC,
achieving a combined AUC of 0.903. When independent
predictors were modeled in conjunction with menopausal
status, the AUC was the highest (0.922).

Irregular vaginal bleeding is the most common clinical
manifestation of benign and malignant endometrial lesions,
often leading to overtreatment of benign endometrial lesions

© AME Publishing Company.

or undertreatment of early-stage EC (22). Uglietti ez al. (23)
confirmed that age and menopausal status could distinguish
early-stage EC from benign endometrial lesions, noting
that women over the age of 50 years and postmenopausal
women exhibit a heightened risk of developing EC, which
is consistent with our study. However, the performance of
clinical indicators in predicting early-stage EC is low, and
more reliable independent predictors needed to be identified.

We further found that there were significant differences
in ADC, MD, and MK values between the benign and
malignant groups, aligning with findings from previous
studies (17,18). The cell density of early-stage EC is higher
compared to that of benign endometrial lesions, resulting
in more restricted water molecule diffusion, so the ADC
values of early-stage EC are significantly lower than those of
benign endometrial lesions (24). However, the T2 relaxation
time may affect the accuracy of the ADC values (25).
MD is a diffusion parameter obtained from the ADC and
corrected by non-Gaussian distribution (26). The tumor
cells of EC are densely packed, and their extracellular
volume is reduced, leading to significantly limited diffusion
of water molecules. In contrast, benign endometrial
lesions are characterized by sparse cellular distribution and
enlarged glands, resulting in less limited diffusion of water
molecules (18). Hence, the MD values of early-stage EC
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were lower than those of benign endometrial lesions. MK is
positively correlated with the complexity and heterogeneity
of microstructures (27). We found that the MK values
of early-stage EC were significantly higher than those of
benign endometrial lesions. The possible reason for this is
that EC cells exhibit more active proliferation compared to
benign endometrial lesions, with more neovascularization,
more complex internal components, and greater deviation
of diffusion, resulting in higher MK values (18).

The IVIM model facilitates the simultaneous assessment
the diffusion of water molecules and the perfusion of
capillaries (28). D values are one of the independent
predictors of early-stage EC, potentially due to the exclusion
of the microcirculation perfusion effect (29). The growth
and metabolism of EC cells are more vigorous than are
those of benign endometrial lesions. EC cells are also
characterized by higher cell density and a greater abundance
of macromolecular substances such as intracellular proteins,
which increases the resistance of water molecules to
movement both intra- and extracellularly, ultimately leading
to lower D values in the EC (17). Nevertheless, because the
IVIM model is susceptible to the biochemical composition of
tissues, the observed IVIM parameters may not represent the
physiological measures (30). The SEM model is considered
to be more suitable for assessing diffusion-weighted signal
attenuation on account of the heterogeneous environment
of spin, which not only fits the diffusion signal curve more
accurately but also more aptly reflects the microstructure
of biological tissues (31,32). In line with our study, Meng
et al. (33) also posited that ogy and DDC could be used to
diagnose EC, but the performance of these values was lower
than that of ADC values in their study. Recent research
suggests no significant difference in DDC between high and
low proliferative EC (16) and no significant difference in oggy,
between high- and low-grade EC (19), suggesting that the
utility of the SEM model in the evaluation of EC requires
further exploration.

Recently, the CTRW and FROC models have been
applied in the identification of benign and malignant
tumors, gene expression, and histopathological evaluation
(34-39). This study found that all diffusion parameters
of the CTRW and FROC models showed significant
differences between the early-stage EC group and the
benign group. A previous study suggested that the FROC
model was capable of detecting detect microstructural
information at high b-values, thereby enhancing the
accuracy of identifying malignant breast lesions (35).
Brroc values are negatively associated with increased tissue

© AME Publishing Company.

heterogeneity (40). Because of the more complex tissue
of EC lesion, Pgroc values are lower than those of benign
endometrial lesions. Additionally, pgroc values exhibit a
negative correlation with the mean diffusion length of
water molecules (41). Malignant tumor cells will proliferate
indefinitely, and the mean free diffusion length of water
molecules is shorter, and so the pproc values are higher
than those of benign lesions. Consistent with our findings,
Chang er al. (39) also found that dcrpyw; Berrws and Derpw
values could differentiate between benign and malignant
lesions. Berrw described the heterogeneity of the diffusion
“jump” length during displacement, and the greater the
spatial heterogeneity in malignant lesions is, the lower the
Berrw values, potentially reflecting the immaturity and
curvature of the newly formed capillaries in the malignant
tumor (14,39). acrrw indicates the probability of water
molecules being retained or released during diffusion within
tissue structures, and a lower o¢rpy values in malignant
tumors suggest a greater variation in the time of diffusion of
water molecules (42). Mao ez al. (34) reported Ocrpw to be
an independent predictor for distinguishing between high-
and low-expression levels of human epidermal growth factor
receptor 2 in breast cancer and proposed that o¢gy has the
potential to be an alternative indicator for biopsy. Similarly,
we found that acrpy was one of the independent predictors
of early-stage EC. For one, 0crpyw has the characteristics of
non-Gaussian distribution, which can directly reflect the
underlying structural complexity of tumor. For another,
early-stage EC cells demonstrate vigorous proliferation
and active mitosis, and the tumor cells in different cycles
may increase the temporal heterogeneity of water molecule
diffusion.

Previous studies have demonstrated that the combination
of multiple parameters can simultaneously capture
multiple tissue characteristics such as cell structure and
heterogeneity, thereby improving diagnostic efficacy
(36,37,39). Li et al. (36) demonstrated that MK and ocpgy
were superior to single diffusion indicators in predicting
vessels encapsulating tumor clusters of hepatocellular
carcinoma. We also found that the combined model
incorporating MK, D, and acpgw exhibited a higher
AUC than did any single diffusion parameter, indicating
that different parameters have the potential to provide
complementary predictive information. Clinical parameters
offer a macroscopic reflection of the overall physiological
and pathological information of patients, while diffusion
parameters indicate the growth and metabolism of tumor
cells at the microscopic level. Therefore, when MK, D, and
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Ocrrw Were combined with effective clinical parameters in
the construction of the model, the AUC was the highest.

This study involved several limitations which should be
mentioned. First, the prospective nature of patient collection
and the limited sample size precluded a comprehensive
analysis of each parameter in EC staging and histopathological
evaluation. Second, we only delineated the ROI of the slice
with the maximum area of the lesion due to the limitation
of the image signal-to-noise ratio, and thus the whole lesion
should be studied after the imaging quality is further improved.
"Third, this study only involved one center and lacked external
validation. In the future, prospective studies will be conducted
in collaboration with multiple hospitals to improve the clinical
applicability and generalizability of the model.

Conclusions

Age, menopausal status, and the diffusion parameters of
the DWI, DKI, IVIM, SEM, CTRW, and FROC models
are helpful in differentiating early-stage EC from benign
endometrial lesions. MK, D, and acpgw can serve as
independent predictors for the diagnosis of early-stage EC.
The combined model incorporating independent predictors
and menopausal status yielded the highest performance.

In summary, this study examined several diffusion
models, which complemented one another. We preliminarily
confirmed the application value of different diffusion models
in the identification of endometrial lesions. The application
of the combined model has the potential to become a novel
and noninvasive diagnostic biomarker for differentiating
between benign and malignant endometrial lesions. These
promising results are a step toward subsequent research
involving larger patient groups.
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