
Frontiers in Oncology | www.frontiersin.org

Edited by:
Kathy Han,

University Health Network, Canada

Reviewed by:
Mari Halle,

Haukeland University Hospital, Norway
Alberto Traverso,

Maastro Clinic, Netherlands

*Correspondence:
Jiangning Dong

dongjn@163.com
Liting Qian

money2004@sina.com

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Gynecological Oncology,
a section of the journal
Frontiers in Oncology

Received: 05 May 2021
Accepted: 06 July 2021
Published: 27 July 2021

Citation:
Zhang K, Zhang Y, Fang X, Fang M,

Shi B, Dong J and Qian L (2021)
Nomograms of Combining Apparent

Diffusion Coefficient Value and
Radiomics for Preoperative Risk

Evaluation in Endometrial Carcinoma.
Front. Oncol. 11:705456.

doi: 10.3389/fonc.2021.705456

ORIGINAL RESEARCH
published: 27 July 2021

doi: 10.3389/fonc.2021.705456
Nomograms of Combining Apparent
Diffusion Coefficient Value and
Radiomics for Preoperative Risk
Evaluation in Endometrial Carcinoma
Kaiyue Zhang1†, Yu Zhang1†, Xin Fang2, Mengshi Fang2, Bin Shi2, Jiangning Dong1,2*
and Liting Qian1,3*

1 Department of Radiation Oncology, Anhui Provincial Hospital Affiliated to Anhui Medical University, Hefei, China,
2 Department of Radiology, First Affiliated Hospital of University of Science and Technology of China, Anhui Provincial Cancer
Hospital, Hefei, China, 3 Department of Radiation Oncology, First Affiliated Hospital of University of Science and Technology
of China, Hefei, China

Objectives: To evaluate the value of nomogram models combining apparent diffusion
coefficient (ADC) value and radiomic features on magnetic resonance imaging (MRI) in
predicting the type, grade, deep myometrial invasion (DMI), lymphovascular space
invasion (LVSI), and lymph node metastasis (LNM) of endometrial carcinoma
(EC) preoperatively.

Methods: This study included 210 EC patients. ADC value was calculated, and radiomic
features were measured on T2-weighted images. The univariate and multivariate logistic
regressions and cross-validations were performed to reduce valueless features, then
radiomics signatures were developed. Nomogram models using ADC combined with
radiomic features were developed in the training cohort. The receiver operating
characteristic (ROC) curve was performed to estimate the diagnostic efficiency of
nomogrammodels by the area under the curve (AUC) in the training and validation cohorts.

Results: The ADC value was significantly different between each subgroup. Radiomic
features were ultimately limited to four features for type, six features for grade, six features
for DMI, four features for LVSI, and eight features for LNM for the nomogram models. The
AUC of the nomogram model combining ADC value and radiomic features in the training
and validation cohorts was 0.851 and 0.867 for type, 0.959 and 0.880 for grade, 0.839
and 0.766 for DMI, 0.816 and 0.746 for LVSI, and 0.910 and 0.897 for LNM.

Conclusions: The nomogram models of ADC value combined with radiomic features
were associated with the type, grade, DMI, LVSI, and LNM of EC, and provide an effective,
non-invasive method to evaluate preoperative risk stratification for EC.
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INTRODUCTION

Endometrial carcinoma (EC) is one of the most common
gynecological malignant tumors ranking first among the female
genital system in developed countries (1). With the transformation
of the social economy, the incidence rateofEChasbeen risingand the
population is becoming younger worldwide because of obesity, low
parity, andexogenous estrogenuse (2).Theprimary treatment forEC
involves hysterectomy and bilateral salpingo-oophorectomy. The
clinicopathological risk factors, including tumor type (type I or
type II), histological grade (grade 1, grade 2 or grade 3), FIGO
stage, deep myometrial invasion (DMI), lymphovascular space
invasion (LVSI), and lymph node metastasis (LNM), guide clinical
management anddetermine theprognosis forEC (3–7). Endometrial
biopsy is a crucial method to diagnosing EC, but it has some false-
negatives compared with the final surgical pathology. Moreover, the
type, grade, myometrial invasion, and lymphatic vascular infiltration
cannot be accurately evaluated because of the limitation of materials
and heterogeneity of tumor tissue, which may underestimate cancer
risk (8, 9). Recently, magnetic resonance imaging (MRI) as a non-
invasive preoperative risk assessment method that has been widely
used in malignant tumors with functional and molecular imaging
technology and reflects both the local and overall characteristics of
lesions. The diffusion-weighted imaging (DWI) can identify the
histological type of malignant tumor by diffusion of water
molecules, which can be quantified by the apparent diffusion
coefficient (ADC) value (10, 11). Radiomics can extract features of
medical images and transform them into quantitative data, reflecting
the intensity, location, and spatial arrangement of voxels, which has
been used to evaluate heterogeneity, aggressiveness, and prognosis of
malignant tumors (12, 13). The purpose of this study was to develop
the nomogram models combining ADC values and radiomics
analysis on T2WI to assess the type, grade, DMI, LVSI, and LNM
of EC preoperatively.
MATERIALS AND METHODS

Patients
The institutional review board approved the present retrospective
study and the informed consent was waived. Between January 2015
andDecember 2020, 387 patientswhounderwent conventional and
DWI MRI using a 3T scanner prior to the treatment of EC in our
institution were enrolled in the study. The patients were screened
through the medical record system of our hospital and were
excluded with the following criteria: (a) incomplete medical
records or not treated in our institution (n=44), (b) with other
malignant tumors (n=16), (c) preoperative chemotherapy or
radiotherapy (n=6), (d) non-endometrial carcinoma in
postoperative pathology (n=46), (e) incomplete histological
diagnosis report (n=42), (f) without obvious lesions or max
tumor diameter <1 cm on MRI (n=23). Finally, 210 patients were
included in the study (mean age, 56.23 ± 8.60 years; range, 27–88
years). The flowchart of the exclusion process is shown in Figure 1.
Patients were divided into training cohort and validation cohort at
the ratio of 7: 3. This division was carried out in a “stratified
sampling”method based on the pathological results to ensure that
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the frequency of pathological results in training and verification
cohort was similar. The clinical and pathological characteristics of
patients in the training and validation cohort are described in
Table S1.

MR Imaging
All patients underwent conventional pelvic MRI and pelvic axial
DWI examination before surgery. MRI was performed using a
3.0-T MR imaging unit system (GE Signa HDXT 3.0T MRI
scanner, GE Healthcare, USA) equipped with an eight-channel
phased-array body coil. All patients fasted for at least 4 h and
were given an intramuscular injection of hyoscine butylbromide
15 mg half an hour before the MRI examination to reduce
gastrointestinal peristalsis. The bladder remains semi-filled
during the examination to improve the visibility of the lesion
without changing the anatomical structure. The patient was
supine and breathing calmly during image acquisition, and the
scanning range was from aortic bifurcation to the lower margin
of the symphysis. Detailed scanning parameters are listed as
follows: (1) axial fast spin-echo (FSE) T1-weighted images
(T1WI): repetition time (TR)/echo time (TE): 500 ms/7.5 ms,
slice thickness: 6 mm, inter-slice gap: 2 mm, a field of view
(FOV): 24 cm × 24 cm, and matrix size: 352 × 192. (2) Axial and
axial fat suppression (FS) FSE T2-weighted images (T2WI): TR/
TE: 4600 ms/68 ms, slice thickness: 4 mm, inter-slice gap: 1 mm,
FOV: 24 cm × 24 cm, and matrix size: 320 × 256. (3) Oblique
sagittal FSE T2WI: TR/TE: 3220 ms/105 ms, slice thickness:
4 mm, inter-slice gap: 1 mm, FOV: 26 cm × 24 cm, and matrix
size: 320 × 256. (4) Axial DWI: TR/TE: 4000 ms/65 ms, slice
thickness: 4 mm, inter-slice gap: 1 mm, FOV: 38 cm × 26 cm, and
matrix size: 96 × 130, b-value: 0 and 1000 mm2/s.

Image Analysis
Measurement of ADC values: Two subspecialty radiologists with
10 and 12 years of experience in gynecological radiology (reader
1 and reader 2) reviewed the images independently to obtain the
ADC values. The original DWI data were imported into GE
ADW 4.6 workstation and were analyzed using Function Tool
software (GE Healthcare). The function operation based on
natural logarithm was carried out on each pixel in DWI (b=0
mm2/s and 1000 mm2/s) images, that is, the ADC value is
calculated by using the following formula: ADC = ln (S0/
S1000)/(b1000 − b0), where S represented the signal strength
at the corresponding b-value. And the pseudo-color image of
ADC was obtained by computer processing. The ROI was
manually sketched on DWI image with b=1000 mm2/s, and
the largest tumor layer was selected to include the whole tumor
area, avoiding the surrounding blood vessels and bleeding and
necrosis areas. The final ADC value was the average value of the
corresponding ROI on the ADC map. The measurement was
repeated three times to take the average. The ADC value
extraction process is shown in Figure 2.

Assessment of radiomic features: The segmentation was
performed on axial T2 weighted image by reader 2. The axial
T2WI sequence image were imported into ITK-SNAP (Version
3.6.0, http://www.itksnap.org) software, the ROIs were
delineated along the edge of the lesion at each level, which
July 2021 | Volume 11 | Article 705456
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should cover the hemorrhage and necrosis site and avoid the
normal anatomical structure. The ROIs were fused into a three-
dimensional volume of interest (VOI). Then the VOI files were
imported into AK (Analysis Kit, Kinetics Version 2.1, GE
Healthcare) software to extract radiomic features. Finally, a
total of 1130 radiomic features of the whole tumor were
automatically extracted, including the first order, shape
features, and wavelet features. The extraction process of
radiomic parameters is shown in Figure 3. One week later, 30
patients were randomly selected for tumor segmentation and
radiomics feature extraction by reader 1 and reader 2. The
stability of radiomic features of intra-observer and inter-
observer was assessed in these 30 patients.

Image visual evaluation: MR images were reviewed and
interpreted independently by two radiologists (with 8 years of
experience in pelvic MR diagnosis) (reader 3 and reader 4) who
were blinded to clinical and pathological findings. Each reader
evaluated the presence of DMI and LNM in combination with
T1-weighted images, T2-weighted images, DWI and ADC
values, and enhancement sequences.

Surgical Histologic Findings
The surgical specimens of all patients were reported by two
gynecologic tumor pathologists with more than 10 years of
experience. The tumor histologic subtype (type I, grade 1 or 2
endometrioid adenocarcinoma; type II, grade 3 endometrioid
adenocarcinoma and non-endometrioid subtypes), the
histologic grade of endometrioid adenocarcinoma (grade 1,
Frontiers in Oncology | www.frontiersin.org 3
grade 2, grade 3), DMI (the depth of tumor invading muscle
layer ≥ 50%), LVSI, and metastases in sampled lymph nodes
were confirmed by microscope. Any disagreement was
negotiated by the two doctors until an agreement was reached.
Distant metastasis was determined by CT or PET-CT, or MRI
examination. All patients were staged according to postoperative
pathology using the 2018 FIGO staging.

Statistical Analysis
The data were analyzed by the SPSS 26.0 (IBMCorporation), IPMS
(Version 2.4.0, GE Healthcare) and R software (Version 3.6.1,
http://www.r-project.org) software. The continuous variables with
a normal distributionwere presented asmean ± standard deviation
with 95% confidence interval (CI), and an abnormal distribution
was presented in median. The comparison of ADC values and
radiomic parameters among each subgroup was performed using
an independent sample t-test or Mann–Whitney U test, features
with p < 0.05 were obtained. Univariate and multivariate logistic
regression analyses and cross-validations were performed on the
radiomic features with statistical significance between each
subgroup to select the optimal radiomic features. Pearson
correlations were calculated to explore the correlation among
radiomic features. If two features had correlation coefficient >
0.75, the feature with smaller regression coefficient was removed.
The radiomics signature of each group was developed based on the
regression coefficient of the selected features using multi-factor
linear weighting in training cohorts, and the radiomics score
(radscore) of each patient was calculated. The nomogram models
FIGURE 1 | Flowchart shows selection of study population and exclusion criteria.
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based onADC value and radscore were built in the training cohorts
to predict the type, grade, DMI, LVSI, and LNM of EC, and
validated in the validation cohorts. The receiver operating
characteristic (ROC) curve was drawn to evaluate the
Frontiers in Oncology | www.frontiersin.org 4
performances of the nomogram models both in training and
validation cohort. The intra-observer and inter‐observer
consistency of ADC value and radiomic parameters was assessed
by intraclass correlation coefficients (ICCs) (ICC >0.7 was
FIGURE 3 | Radiomics workflow.
A B

D E F

C

FIGURE 2 | (A–C) MR images of a 47-year-old woman with grade 1 endometrioid carcinoma, pathologically proven DMI and absence of LVSI or LNM. (A) Axial T2-
weighted image showed that there was an irregular mass in the uterine cavity (arrow), the tumor size 3.5 cm × 3.5 cm. (B) ROI at the maximum area of the lesion on
DWI. (C) The ADC map. (D–F) MR images of a 47-year-old woman with grade 1 endometrioid carcinoma, pathologically proven DMI, and LVSI but absence of LNM.
(D) Axial T2-weighted image showed that there was an irregular mass in the uterine cavity (arrow), the tumor size 3.5 cm × 4 cm. (E) ROI at the maximum area of
the lesion on DWI. (F) The ADC map.
July 2021 | Volume 11 | Article 705456
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indicative of almost perfect agreement). The net reclassification
index (NRI) was used to analyze the improvement brought by the
combined model compared with other single models. The
McNemar test was used to compare the prediction performance
of DMI and LNM between the final combined model and human
visual assessment in the whole cohort. Kappa analysis was
performed to assess the interrater agreement between the
combined model and each reader. A K value less than 0.4 is
considered poor, 0.41 to 0.6 is considered moderate, 0.61 to 0.8 is
considered strong, andmore than 0.8 is considered nearly identical.
P < 0.05 was considered as statistically significant.
RESULTS

Clinical and Pathological Findings
Patient age, FIGO stage (2018 International Federation of
Gynecology and Obstetrics (FIGO) staging system), and tumor
characteristics are presented in Table 1. The histologic type was
endometrioid carcinoma in 162 patients, including 137 grade 1/2
and 25 grade 3, serous carcinoma in 17 patients, clear cell
carcinoma in three patients, carcinosarcoma in 14 patients,
neuroendocrine carcinoma in 5 patients, mixed cell
adenocarcinoma in 7 patients, and undifferentiated carcinoma
in 2 patients. Among the 210 patients, 137 patients were type I
EC, and 73 patients were type II EC. The postoperative histologic
assessment revealed that 53 (25.2%) of 210 patients had DMI, 42
(20.0%) had LVSI, and 15 (7.1%) had LNM.

The ADC Value Related to the Type,
Grade, DMI, LVSI, and LNM of EC
The parametric pseudo-color images obtained by post-
processing software based on DWI scanning are shown in
Figure 2. ICCs of intra-observer were 0.860 (95% CI,
0.631−0.930) and 0.908 (95% CI:0.735−0.956) of reader 1 and
reader 2, ICC of inter-observer was 0.872 (95% CI, 0.582–0.966),
showing good intra-observer consistency, as well as good inter-
observer consistency. The ADC values of reader 2 were accepted
because of higher intra-observer consistency. The ADC value of
each subgroup is presented in Table 2. ADC value was
significantly lower in the group of type II EC, G3 endometrioid
carcinoma, DMI (≥50%), LVSI (+), and LNM (+) than in the
group of type I EC, G1/2 endometrioid carcinoma, DMI (<50%),
LVSI (−), and LNM (−) (P<0.05). In the training and validation
cohort, the areas under the curve (AUC) of logistic regression
model of ADC were 0.691 and 0.681 for type, 0.817 and 0.762 for
grade, 0.677 and 0.642 for DMI, 0.731 and 0.689 for LVSI, and
0.657 and 0.638 for LNM, respectively.

Radiomics Analysis Related to the Type,
Grade, DMI, LVSI, and LNM of EC
A total of 1130 radiomic features were obtained from AK software
based on the T2WI sequence. After sufficient dimension reduction
with the use of univariate and multivariate analyses and cross-
validation in training cohorts, the selected radiomic features were
five features for type, six features for grade, six features forDMI, four
features for LVSI, and eight features for LNM. The detailed
Frontiers in Oncology | www.frontiersin.org 5
information on these radiomic features is listed in Table S2. The
intra-observer and inter‐observer ICCsof these parameters selected
by the training group were > 0.7 (ICC analysis of radiomic
parameters is shown in Table S3), showing good intra-observer
and inter‐observer consistency. The correlation coefficient maps of
selected radiomic features were drawn and presented in Figure S1.
Finally, the parameter “wavelet-LLL_firstorder_10Percentile” was
removed from the model of type. Finally, four radiomic features
related to type, six related tograde, six related toDMI, four related to
LVSI, and eight related to LNM were obtained. In each group, the
radscore of each patient was calculated according to the linear
combinationof the corresponding regressioncoefficients in training
cohort. The AUC, sensitivity, specificity, and accuracy of the
radiomic model for type, grade, DMI, LVSI, and LNM in training
and validation cohort are listed in Table 3.

Diagnostic Performance of Nomogram
Based on ADC Value Combined
With Radiomics
The ADC value and radiomic features were used to develop
nomograms in the training cohort (Figure 4). The score of ADC
value and radiomics score were weighted by the hazard ratio, and
the total score is obtained by combining them together. Finally,
TABLE 1 | Patients clinical and pathological characteristics.

Variables Data (n=210)

Ages (year)* 56.23 ± 8.60
Overall FIGO stage
IA 117 (55.7%)
IB 24 (11.4%)
II 42 (20.0%)
IIIA 8 (3.8%)
IIIC1 6 (2.9%)
IIIC2 7 (3.3%)
IVA 1 (0.5%)
IVB 5 (2.4%)

Histological type
Endometrioid 162 (77.1%)
Serous 17 (8.1%)
Clear cell 3 (1.4%)
Carcinosarcoma 14 (6.7%)
Neuroendocrine 5 (2.4%)
Mixed 7 (3.3%)
Undifferentiated 2 (1.0%)

Type
Type I 137 (65.2%)
Type II 73 (34.8%)

Grade n=162
G1/G2 137 (84.6%)
G3 25 (15.4%)

DMI
<50% 157 (74.8%)
≥50% 53 (25.2%)

LVSI
– 168 (80.0%)
+ 42 (20.0%)

LNM
– 195 (92.9%)
+ 15 (7. 1%)
July 2021 | Volume 11 |
*Data are mean ± standard deviation. FIGO, International Federation of Gynecology and
Obstetrics; G1, grade 1; G2, grade2; G3, grade 3; DMI, deep myometrial infiltration; LVSI,
lymphovascular space invasion; LNM, lymph node metastasis.
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probability value corresponding to the total score in nomogram
was used to evaluate the risk of type II, high grade, DMI, LVSI,
and LNM of patients with EC. The AUC, sensitivity, specificity,
and accuracy of the nomogram models to predict the type, grade,
DMI, LVSI, and LNM in the training and validation cohorts are
shown in Table 3, and the ROC curves of validation cohorts are
presented in Figure 5. The calibration curves of each validation
group are shown in Figure 6, and the statistics of Hosmer–
Lemeshow test in each group are not significant (p > 0.05),
indicating good calibration. The decision curves of validation
cohorts are listed in Figure S2, when the threshold probability of
patients is within the corresponding range (the threshold
probability is between 0 and 0.87 for type, 0.13 and 0.93 for
grade, 0 and 0.70 for DMI, 0 and 0.68 for LVSI, and 0 and 0.86
for LNM), the use of nomogram will increase the net benefit.

Based on the cutoff value determined by Youden index,
the (NRI) was used to analyze the improvement brought by the
combinedmodel comparedwith other singlemodels in the training
and validation cohort (Table S4). In general, the diagnostic
efficiency of the combined models was better than that of the
single ADC and radiomic models (NRI > 0), but in the training
group of LVSI and LNM and the validation group of type, the
combined models didn’t outperform the single radiomic model.

The sensitivity, specificity, and accuracy values of the
combined model and visual assessment for DMI and LNM are
shown in Table S5. Using the McNemar test, for DMI, the
sensitivity and accuracy showed no significant difference
between the combined model and the radiologists’ visual
reviews, and the specificity was significantly high of combined
model than that of the radiologists’ visual reviews. For LNM, the
sensitivity, specificity, and accuracy showed no significant
difference between the combined model and the radiologists’
visual assessment (Table S5). For DMI, the interrater agreement
was poor between the combined model and reader 1 and reader 2
(k=0.23; 0.35). The interrater agreement among the two readers
was strong (k=0.74). For LNM the interrater agreement was
moderate between the combined model and reader 1 and reader
2 (k=0.41; 0.45). The interrater agreement among the 2 readers
also was strong (k=0.78).
Frontiers in Oncology | www.frontiersin.org 6
DISCUSSION

Our present study developed a series of nomogram models based
on ADC value combined with radiomics analysis derived on
T2WI to provide a practical clinical tool for preoperatively risk
stratification and individualized treatment of EC. Although most
EC can be diagnosed at an early stage, but the difference in
patient characterizes and histopathological features affect both
the choice of treatment methods and prognosis (3). Clinically,
EC is divided into a high-risk group and low-risk group
according to FIGO stage, type, grade, and biological behavior
(including DMI, LVSI, and LNM). For the low-risk group,
lymphadenectomy may not be recommended because of the
risk for complications without improved prognosis, and fertility-
sparing treatment may be available for low-grade type I EC
without DMI. For high-risk group, especially with DMI, LVSI,
and LNM, lymph node dissection, cytoreductive surgery,
chemotherapy, and radiotherapy are necessary to improve the
outcome (14, 15). However, accurate risk index results can only
be obtained after surgery, which may lead to underestimation of
tumor risk or over-treatment. So, it is very important to establish
a noninvasive preoperative risk stratification model to remedy
the defect of biopsy and guide the treatment of EC.

ADC value can reflect the diffusion of water molecules in
different tissue microenvironment and has been shown to
correlate inversely with the proliferation degree and cell density of
tumor (16). The present study suggested that the ADC value was
significantly lower in the group of type II EC and G3 endometrioid
carcinoma than in the group of type I EC and G1/2 endometrioid
carcinoma, which was consistent with the previous researches (10,
17–19). Chen et al. (17) and Reyes-Pérez et al. (18) reported that
ADCvalue can be used as amarker of tumor proliferation and solid
components. The type II EC consists of poorly differentiated
subtypes, such as serous carcinoma, carcinosarcoma, and clear
cell carcinoma, and the glandular structure is reduced, even
disappeared, and replaced by flaky or papillary tumor tissue with
a dense arrangement. Similarly, high-grade endometrioid
adenocarcinoma has fewer glandular components and more solid
components (20). Therefore, lower ADC values are indicative of
TABLE 2 | The ADC value in relation to clinical and histologic characteristics.

Variables ADC (×10−3mm2/s) t value P value

Type 5.334 <0.001
Type I 0.915 ± 0.150
Type II 0.798 ± 0.153

Grade 4.662 <0.001
G1/G2 0.915 ± 0.150
G3 0.768 ± 0.125

DMI 3.167 0.002
<50% 0.895 ± 0.160
≥50% 0.815 ± 0.151

LVSI 4.916 <0.001
– 0.901 ± 0.160
+ 0.770 ± 0.118

LNM 2.198 0.029
– 0.881 ± 0.162
+ 0.787 ± 0.110
July 2021 | Volume 11 | Article
ADC, apparent diffusion coefficient; G1, grade 1; G2, grade2; G3, grade 3; DMI, deep myometrial infiltration; LVSI, lymphovascular space invasion; LNM, lymph node metastasis.
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type II andhigh-gradeEC.However, the researchofBonatti et al. (6)
showed that ADC values did not show any statistically significant
correlation with tumor grade, and the reason may be related to
differences in the study groups. The grade in this study was for
endometrioid adenocarcinoma only, while Bonatti’s (6) study
included non-endometrioid adenocarcinoma and classified it as
grade 3, and the sample size could also affect the results.

In addition, the present study also found that the ADC values of
DMI, LVSI, andLNMgroupswere significantly reduced.As reported
in previous studies, DMI, LVSI, and LNMaremore likely to occur in
type II EC, which has higher heterogeneity and invasiveness (6),
indicating that cancer tissue has more solid components and more
likely to invade surrounding tissues and metastasize (5). Moreover,
the premise of metastasis and invasion is the proliferation and
diffusion of tumor parenchymal cells, which will also increase the
density of tissue cells and decrease the ADC value. The research of
Reyes-Pérez et al. (18) showed that both ADCmin and ADCmean

values were lower for EC patients with DMI than for those with
superficialmuscular infiltration. Zhang et al. (21) reported that ADC
valuewas significantly lower in tumorswith LVSI compared to those
Frontiers in Oncology | www.frontiersin.org 7
without LVSI, diversely, Lavaud and his colleagues (22) found that
there were no significant differences in ADC between presence or
absence of LVSI in EC. Regarding the LNM, therewere no significant
differences in ADC value between EC patients with LNM and those
without LNM in the study of Fasmer et al. (23). All of these findings
indicate that ADC values are still controversial in identifying the
biological behavior of EC. Although our study showed that ADC
values differed among different risk factors subgroups, the AUC of
ROC curve of ADC value prediction type II EC, high-grade
endometrioid adenocarcinoma, DMI, LVSI, and LNM were 0.681,
0.762, 0.642, 0.689 and 0.638, respectively, which had poor
performance. This may be because the ADC value may be affected
by blood microcirculation and cannot truly reflect the movement of
watermolecules in tissues.Besides, themeasurementmethodsof each
center are different, which will also affect the results. The low
diagnostic efficiency of DMI, LVSI, and LNMmay be related to the
lack of positive samples and the heterogeneity of histological types.

We performed radiomics analysis on T2WI. In the selected
parameters, only the “firstorder_10Percentile” of type and LVSI
and the “firstorder_Minimum” of grade were first-order features,
TABLE 3 | The predictive performance of the models in each group.

Models Training cohort Validation cohort

AUC (95%CI) ACC
(%)

SEN
(%)

SPE
(%)

F score
(%)

Precision
(%)

Recall
(%)

AUC (95%CI) ACC
(%)

SEN
(%)

SPE
(%)

F score
(%)

Precision
(%)

Recall
(%)

Type
ADC model 0.691 (0.590-

0.783)
61.9 35.7 88.1 48.4 75.0 35.7 0.681 (0.615-

0.741)
62.6 32.6 92.6 46.6 81.6 32.6

Radiomic
model

0.839 (0.971-
0.884)

75.8 65.3 82.3 72.9 82.7 65.3 0.867 (0.792-
0.930)

76.2 76.2 76.2 76.2 76.2 76.2

Combined
model

0.851 (0.804-
0.895)

80.0 75.8 84.2 79.1 82.8 75.8 0.867 (0.798-
0.931)

81.0 85.7 76.2 81.8 78.3 85.7

Grade
ADC model 0.817 (0.768-

0.863)
73.2 78.9 67.4 74.6 70.8 78.9 0.762 (0.667-

0.841)
69.0 81.0 57.1 72.3 81.0 65.4

Radiomic
model

0.917 (0.884-
0.948)

86.8 92.6 91.1 87.6 83.0 92.6 0.870 (0.800-
0.932)

82.1 81.0 83.3 81.9 82.9 81.0

Combined
model

0.959 (0.936-
0.978)

90.5 91.6 89.5 90.6 89.7 91.6 0.880 (0.815-
0.938)

82.1 83.3 81.0 82.4 81.4 83.3

DMI
ADC model 0.677 (0.616-

0.736)
64.2 90.8 37.6 71.7 59.3 90.8 0.642 (0.548-

0.732)
64.6 95.8 33.3 73.0 59.0 95.8

Radiomic
model

0.828 (0.778-
0.875)

77.1 65.0 89.0 74.0 85.5 65.1 0.751 (0.662-
0.834)

67.7 54.2 81.2 62.7 74.3 54.2

Combined
model

0.839 (0.792-
0.883)

78.4 75.2 81.7 77.7 80.4 75.2 0.766 (0.685-
0.847)

65.6 52.1 79.2 60.2 71.4 52.1

LVSI
ADC model 0.731 (0.677-

0.783)
67.5 98.3 36.8 75.2 60.8 98.3 0.689 (0.605-

0.777)
66.7 98.0 35.3 74.6 60.2 98.0

Radiomic
model

0.774 (0.722-
0.824)

75.2 71.8 78.6 74.3 77.1 71.8 0.668 (0.577-
0.757)

65.7 58.8 72.5 63.2 68.2 58.8

Combined
model

0.816 (0.769-
0.86)

75.2 76.1 74.4 75.4 74.8 76.1 0.746 (0.662-
0.827)

68.6 62.7 74.5 66.7 71.1 62.7

LNM
ADC model 0.657 (0.572-

0.743)
66.1 98.3 33.9 74.8 60.0 99.3 0.638 (0.58-

0.692)
66.5 99.3 33.8 74.4 59.8 98.3

Radiomic
model

0.901 (0.867-
0.933)

85.7 89.0 82.4 86.1 83.4 89.0 0.895 (0.844-
0.942)

81.4 91.5 71.2 83.1 76.1 91.5

Combined
model

0.910 (0.878-
0.942)

84.9 97.8 72.1 86.6 77.8 97.8 0.897 (0.841-
0.944)

81.4 93.2 69.5 83.3 75.3 93.2
July 20
21 | Volum
e 11 | Article
AUC, area under the curve; CI, confidence interval; ACC, accuracy; SEN, sensitivity; SPE, specificity; ADC, apparent diffusion coefficient; DMI, deep myometrial infiltration; LVSI,
lymphovascular space invasion; LNM, lymph node metastasis.
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which described the distribution of voxel intensity within an
image region defined by a mask. Others were second-order or
high-order features, which described the local features of
adjacent pixels or the spatial distribution relationship and
Frontiers in Oncology | www.frontiersin.org 8
probability of pixels, including GLCM, GLSZM, GLDM,
wavelet transform features and so on. It can be seen that the
second-order and higher-order features can provide more
microscopic information of the tumor. Among these radiomic
A B

D E

C

FIGURE 4 | Preoperative nomogram of the combined model for (A) type, (B) grade, (C) DMI, (D) LVSI, (E) LNM. The different value for ADC and radscore
corresponds to a point on the line, total point is calculated by adding all the points up. And the final predicted value was corresponded to the total point.
A B

D E

C

FIGURE 5 | ROC curve of the nomogram model in validation cohort. (A) type, AUC=0.867. (B) grade, AUC= 0.880, (C) DMI, AUC=0.766. (D) LVSI, AUC= 0.746.
and (E) LNM, AUC=0.897.
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features, “firstorder_10Percentile” was related to both type and
LVSI, “wavelet-HLH_firstorder_Skewness” was related to both
type and grade, and the rest of the features were different. We
calculated the radscore based on a linear combination of the
regression coefficients of each parameter, which integrated the
effects of each parameter.

In the past few years, several studies have shown that radiomics
analysis can provide effective information for the diagnosis,
prognosis, and treatment response assessment of tumors,
although the methods vary (24–26). Xu et al. (24) combined
radiomics, CA125, and lymph node size to develop a model for
predicting LNM of EC, which showed a good discriminant ability.
Ueno et al. (25) established random forest models with texture
parameters to predict MDI, LVSI, and high-grade endometrial
carcinoma, with the AUC of 0.84, 0.80, and 0.83, respectively.

Different from previous studies, we established a series of
nomogram models that integrating the ADC value and radiomics
and coveredfive risk factors of EC.WhenROCwas used to evaluate
the performance of the prediction model, the AUC performs well
with the range of 0.7 to 0.9. Because of the limited sampling of
endometrial biopsy, the biopsy reports of a considerable number of
patients in our study were only “endometrial cancer” without
providing detailed classification and grading, so the comparison
between themodel and the biopsy results was not conducted in this
study. However, we found that many previous studies had
investigated the correlation between the type and grade of tumor
in preoperative specimens of EC women and the final specimens.
The study of Batista et al. (27) showed that the overall concordance
ofpreoperativehistological examination forfinal surgical pathology
grading inECwas60.75%to67.24%forG1, 43.75% forG2, and40%
Frontiers in Oncology | www.frontiersin.org 9
for G3 tumors, which indicated that preoperative endometrial
sampling was only a modest predictor of postoperative
histological grading. Similar results were found in the research of
Piotto et al. (28), which showed that the general consistency
between preoperative endometrial specimens and surgical
specimens was 46.8% (kappa: 0.279, P <0.001), and the
agreement varied significantly by tumor type and grade
(endometrioid adenocarcinoma grade 1, 64.0%; and grade 2,
50.0%; and non-endometrioid adenocarcinoma, 81.8%). A meta-
analysis involving 45 studies found that the pooled agreement rate
between preoperative endometrial sampling and final diagnosis for
tumor grade was 0.67 (95% CI, 0.60–0.75), and Cohen’s k was 0.45
(95% CI 0.34–0.55). Agreement on histologic subtypes was 0.95
(95% CI 0.94–0.97) and 0.81 (95% CI 0.69–0.92) for preoperative
endometrioid and non-endometrioid carcinomas (29). Overall,
preoperative biopsy has limitations in predicting tumor type and
grade compared with the final surgical specimen and should be
complemented with other methods to better plan the surgical
management strategy. In our study, the nomogram performed
well in identifying type and grade of EC, with the AUC of 0.851
and 0.867 for type, 0.959 and 0.880 for grade in training cohort and
validation cohort, respectively, and increased the value of
preoperative prediction type and grade when compared with
preoperative biopsy alone.

This nomogram was established on the basis of EC confirmed
by preoperative biopsy. Although it shows good differential
ability, it cannot replace the position of endometrial biopsy in
the diagnosis of EC. However, the combination of the two may
improve the predictive value of EC type and grade and better
plan the surgical strategy.
A B

D E

C

FIGURE 6 | Calibration curves of the nomogram model in validation cohort. (A) type. (B) grade. (C) DMI. (D) LVSI. and (E) LNM. The 45° dotted line represents the
ideal prediction, while the blue line represents the prediction performance of the nomogram. The closer the blue line is to the dotted line, the better the performance
of the nomogram.
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Up to now, many studies have explored the preoperative risk
assessment model of EC, although the factors and methods vary.
The study of Prueksaritanond et al. (30) suggested that serum
human epididymis protein 4 (HE4) was significantly correlated
with primary tumor diameter and depth of myometrial invasion,
but the predictive value of HE4 on muscular invasion was not
further studied. Reijnen et al. (31) developed a Bayesian network
model for predicting the LNM of EC preoperatively, and the
predictive factors included the following: preoperative grade;
immunohistochemical expression of estrogen receptor (ER),
progesterone receptor (PR), p53, and L1 cell adhesion molecule
(L1CAM); cancer antigen 125 serum level; thrombocyte count;
imaging results on lymphadenopathy; and cervical cytology. The
AUC of the model in the validation cohort was 0.82 (95% CI,
0.76–0.88). Although the efficacy is well, this model has high
requirements for preoperative information, especially histology.
In practice, the preoperative immunohistochemistry of a
considerable number of patients is not perfect or even missing
because of the limited intimal sampling or other reasons, so the
clinical application of this model is limited. Luo et al. (26)
combined age, grade, and radiology to construct a nomogram
for predicting LVSI of EC with the AUC of 0.820 and 0.807 in the
training and test cohort. However, they only extracted 107
radiological features, which may not include other features
with strong correlation with LVSI. Our study aimed to mine
more information about EC risk fromMRI (routine preoperative
examination of EC) for preoperative risk assessment, and finally
established the nomograms combining ADC and radiomics
(selected from 1130 radiomic features). Despite containing
only MRI-related features, our nomograms have achieved
similar predictive value as previous studies, especially in LNM,
which may have higher value when combined with
clinicopathologic factors for preoperative evaluation of EC.

When using the NRI to evaluate improvements to the
combined model, the diagnostic efficiency of the combined
models was better than that of the single ADC and radiomic
models in general, but in the training group of LVSI and LNM
and the validation group of type, the combined models did not
outperform the single radiomic model. This shows the limitation
of ADC value in improving the diagnostic performance of the
model. In addition, there were many histological types of type II,
and the positive ratio of LVSI and LNM was small, which also
affected the efficiency of the combined model. The efficiency of
the combined model may be improved when the sample size is
further expanded and the histological types are stratified.

The human eye cannot detect tumor type, grade and the
presence of LVSI on MR images, our study provides a new
perspective for preoperative evaluation of MRI. For DMI and
LNM, the models achieved accuracy comparable to or slightly
higher than that of experienced radiologists.

There are several limitations to our study. First, as a
retrospective study, the standardization of images may be
limited. Second, we employed only the T2WI sequence for
radiomics analysis, and some lesion information may be
missed. Further study is needed to perform the radiomics
analysis on multi-sequence. Third, our model did not include
Frontiers in Oncology | www.frontiersin.org 10
FIGO stage, Ki-67 and other clinicopathological indicators, and
lacks external verification, which requires further study of multi-
center large samples.
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