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Abstract: Background: This study investigates the association of T1, T2, proton density (PD) and
the apparent diffusion coefficient (ADC) with histopathologic features of endometrial carcinoma
(EC). Methods: One hundred and nine EC patients were prospectively enrolled from August 2019 to
December 2020. Synthetic magnetic resonance imaging (MRI) was acquired through one acquisition,
in addition to diffusion-weighted imaging (DWI) and other conventional sequences using 1.5T MRI.
T1, T2, PD derived from synthetic MRI and ADC derived from DWI were compared among differ-
ent histopathologic features, namely the depth of myometrial invasion (MI), tumor grade, cervical
stromal invasion (CSI) and lymphovascular invasion (LVSI) of EC by the Mann–Whitney U test.
Classification models based on the significant MRI metrics were constructed with their respective
receiver operating characteristic (ROC) curves, and their micro-averaged ROC was used to evaluate
the overall performance of these significant MRI metrics in determining aggressive histopathologic
features of EC. Results: EC with MI had significantly lower T2, PD and ADC than those without MI
(p = 0.007, 0.006 and 0.043, respectively). Grade 2–3 EC and EC with LVSI had significantly lower ADC
than grade 1 EC and EC without LVSI, respectively (p = 0.005, p = 0.020). There were no differences in
the MRI metrics in EC with or without CSI. Micro-averaged ROC of the three models had an area
under the curve of 0.83. Conclusions: Synthetic MRI provided quantitative metrics to characterize EC
with one single acquisition. Low T2, PD and ADC were associated with aggressive histopatho-
logic features of EC, offering excellent performance in determining aggressive histopathologic
features of EC.

Keywords: endometrial carcinoma; synthetic magnetic resonance imaging; diffusion-weighted
imaging; histopathologic features

1. Introduction

Endometrial carcinoma (EC) is the most common gynecologic cancer in women [1].
The histopathologic features, such as depth of myometrial invasion (MI), tumor grade,
cervical stromal invasion (CSI) and lymphovascular invasion (LVSI) affect the surgical
management of EC and disease prognosis [2]. The depth of MI is correlated with the risk of
recurrence and survival rates [3]. Therefore, non-invasive pre-operative evaluation of these
histopathologic features will be valuable.

Given the high soft tissue resolution, magnetic resonance imaging (MRI) is recom-
mended for the pre-operative assessment of EC. Diffusion-weighted imaging (DWI) has
been explored to evaluate EC with encouraging results [4,5]. Aside from the apparent
diffusion coefficient (ADC) from DWI, there are other metrics that offer quantitative tissue
characterization, such as T1, T2, and proton density (PD) [6]. T1 and T2 quantification
showed potential application in distinguishing tissue types and correlated with histopatho-
logic features in different diseases, for example, in lung cancer and prostatic tissue [7,8].
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However, conventional T1, T2 and PD-based quantitative MRI have not been explored to
evaluate EC, mostly due to the long acquisition time with the individual sequences and
consequently hampered routine clinical integration [9].

Recently, a novel synthetic MRI technique dubbed quantification of relaxation times
and proton density by multi-echo acquisition of a saturation-recovery using the Turbo
spin-Echo Readout (QRAPMASTER) method allows simultaneous measurements of T1, T2
and PD values, as well as generates different contrast-weighted images through a single
acquisition [10]. QRAPMASTER is based on a 2D multi-dynamic, multi-echo (MDME)
sequence which is performed using an interleaved slice-selective 120 degrees saturation and
multi-echo acquisition. Parametric maps can be estimated by fitting the signal intensities of
the reconstructed images generated from MDME with the relaxation curves modulated by
specific T1, T2 and PD values on a voxel-by-voxel basis.

Synthetic MRI has shown promising clinical applications in generating parametric
maps and multi-contrast images with reduced scan times and potential useful quantitative
metrics. Compared with conventional quantitative MRI, QRAPMASTER reduces scan
time, as well as producing high-quality synthetic contrast-weighted images [11]. It can also
avoid misregistration, which is especially challenging in pelvic imaging. Synthetic MRI
showed low T1, T2 and PD quantification errors overall, as well as high repeatability [12].
It has shown clinical application in neuroimaging, in the assessment of ischemic stroke,
and demonstrated higher lesion-to-white matter with higher contrast-to-noise ratios in
multiple sclerosis plaques [11,13,14]. In breast tissue, the quantitative metrics derived from
synthetic MRI could differentiate benign and malignant breast lesions [15].

With these encouraging results, we hypothesize that synthetic MRI quantitative metrics
could offer useful association with different histopathologic characteristics of EC. This study
aimed to investigate the feasibility of deriving T1, T2 and PD of EC from synthetic MRI,
and their association together with ADC from DWI in different histopathologic features of
EC, namely MI, tumor grade, CSI and LVSI.

2. Materials and Methods

This prospective study was approved by the local institutional review board, and all
study subjects gave informed consent.

2.1. Study Subjects Recruitment

Consecutive patients with suspected EC were recruited from August 2019 to December
2020. The inclusion criteria included females (a) with histologically confirmed EC, and
(b) who had undergone pre-operative MRI with synthetic MRI. Patients with (a) previous
history of malignancy other than EC, (b) prior history of radiation to the pelvis or pelvic
surgery, (c) severe artifacts observed on synthetic MRI images, and (d) who had not
undergone surgery after MRI were excluded (Figure 1).

2.2. Image Acquisition and Post-Processing

All the MRI images were acquired using a 1.5 T MRI scanner (SIGNA Explorer, GE
Healthcare, Waukesha, WI, USA) with a 16-channel body array coil. To reduce peristaltic
artifacts, all the subjects fasted for 6 h and were given intravenous hyoscine butylbromide
(Buscopan, Boehringer Ingelheim, Ingelheim am Rhein, Germany) before MRI examinations.
Standardized MRI protocol, including conventional T2W, T1W, dynamic contrast-enhanced
MRI (DCE-MRI), DWI (b = 0, 400, 800) and synthetic MRI, are summarized in Table 1.

The image post-processing was performed on a 64-bit Advantage Workstation (GE
Healthcare, Waukesha, WI, USA), which generated the parametric maps (T1, T2, PD and
ADC), as well as synthetic contrast-weighted images automatically. The mean of the
T1/T2/PD/ADC maps were calculated inside the region-of-interest (ROIs) for all slices
that contained the tumor.
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Table 1. MRI Protocols for conventional MRI and synthetic MRI. 

 T1WI T2WI DWI DCE-MRI Synthetic MRI 
Sequence Fast spin echo PROPELLER EPI DISCO QRAPMASTER 

Plane Axial Sagittal Coronal Axial Axial Axial Axial 
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(msec) 
603 8466 9943 9292 6831 6.6 4516 

Echo time (msec) 7.8 125.4 125.6 115.4 70.6 3.1 19.3/86.8 
FOV (cm) 35 × 35 24 × 24 26 × 26 24 × 24 35 × 35 24 × 24 35 × 35 

Matrix Size 320 × 192 256 × 256 288 × 288 320 × 320 256 × 256 256 × 192 256 × 256 
Slice Thickness (mm) 5.0 4.0 5.0 4.0 5.0 4.0 5.0 

Bandwidth (kHz) 35.7 62.5 62.5 83.3 250 83.3 20.8 
Number of excitations 2 3 1.5 2 2/4/8 1.18 1 

MRI, magnetic resonance imaging; T1WI, T1 weighted imaging; T2WI, T2 weighted imaging; 
DWI, diffusion-weighted imaging; DCE-MRI, dynamic contrast-enhanced magnetic resonance 
imaging; PROPELLER, periodically rotated overlapping parallel lines with enhanced reconstruc-
tion; EPI, echo-planar imaging; DISCO, differential subsampling with cartesian ordering; QRAP-
MASTER, quantification of relaxation times and proton density by multi-echo acquisition of a sat-
uration-recovery using turbo spin-echo readout; FOV, field of view. 

The image post-processing was performed on a 64-bit Advantage Workstation (GE 
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Figure 1. Flowchart of patient recruitment.

Table 1. MRI Protocols for conventional MRI and synthetic MRI.

T1WI T2WI DWI DCE-MRI Synthetic MRI

Sequence Fast spin echo PROPELLER EPI DISCO QRAPMASTER
Plane Axial Sagittal Coronal Axial Axial Axial Axial

Repetition time (msec) 603 8466 9943 9292 6831 6.6 4516
Echo time (msec) 7.8 125.4 125.6 115.4 70.6 3.1 19.3/86.8

FOV (cm) 35 × 35 24 × 24 26 × 26 24 × 24 35 × 35 24 × 24 35 × 35
Matrix Size 320 × 192 256 × 256 288 × 288 320 × 320 256 × 256 256 × 192 256 × 256

Slice Thickness (mm) 5.0 4.0 5.0 4.0 5.0 4.0 5.0
Bandwidth (kHz) 35.7 62.5 62.5 83.3 250 83.3 20.8

Number of excitations 2 3 1.5 2 2/4/8 1.18 1

MRI, magnetic resonance imaging; T1WI, T1 weighted imaging; T2WI, T2 weighted imaging; DWI, diffusion-
weighted imaging; DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; PROPELLER, periodically
rotated overlapping parallel lines with enhanced reconstruction; EPI, echo-planar imaging; DISCO, differential
subsampling with cartesian ordering; QRAPMASTER, quantification of relaxation times and proton density by
multi-echo acquisition of a saturation-recovery using turbo spin-echo readout; FOV, field of view.

2.3. MRI Interpretation

All MRI images were reviewed by two radiologists (1st radiologist with 4 years’
experience, and 2nd board-certified radiologist with >10 years’ experience in pelvic MRI).
All slices with EC on synthetic T2W images was selected for ROI delineation. Similarly,
the same was performed on DWI. The delineation was performed using the ITK-SNAP
software (version 3.8.0). The T1, T2, PD and ADC values calculated within the ROIs were
averaged from the two radiologists’ results and recorded for further statistical analysis. The
ROI delineations between the two radiologists were visually compared, and if there was
discrepancy in ROI delineations, this would be resolved in consensus before the values were
averaged. The intraclass correlation coefficient (ICC) was calculated for each quantitative
parameter to evaluate the interobserver agreement. Representative synthetic T2WI, DWI
with b = 800, and parametric maps are shown in Figures 2 and 3.
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Figure 2. A 59-year-old woman with well-differentiated G1, FIGO stage IA endometrioid adenocar-
cinoma. The tumor had superficial myometrial invasion but without cervical stromal involvement
or lymphovascular invasion. (a) Synthetic T2-weighted image; (b) T1 map; (c) T2 map; (d) PD map;
(e) diffusion-weighted image with b = 800; (f) ADC map. The ROI was delineated on Synthetic
T2WI and DWI. The mean value of all voxels within the ROIs: T1 = 1210.0 msec; T2 = 134.4 msec;
PD = 86.1 pu; ADC = 1.201 × 10−3 mm2/s. PD, proton density; ADC, apparent diffusion coefficient.
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weighted image with b = 800; (f) ADC map. The ROI was delineated on Synthetic T2WI and DWI. 
The mean value of all voxels within the ROIs: T1 = 1225.7 msec; T2 = 104.8 msec; PD = 85.7 pu; ADC 
= 0.913 × 10−3 mm2/s. 

2.4. Histopathologic Assessment 
All patients underwent hysterectomy with or without bilateral salpingo-oophorec-

tomy. The surgical specimens were evaluated by an experienced pathologist specialized 
in gynecologic malignancy (>20 years’ experience). All cases were discussed at the local 
multi-disciplinary meeting. 

2.5. Statistical Analysis 
The statistical analyses were performed using R code (version 4.0.5) in R Studio. Age 

was represented as mean ± standard deviation, while the measured values (T1, T2, PD 

Figure 3. A 66-year-old woman with well-differentiated G2, FIGO stage II endometrioid adenocarci-
noma. The tumor had superficial myometrial invasion, cervical stromal invasion and lymphovascular
invasion. (a) Synthetic T2-weighted image; (b) T1 map; (c) T2 map; (d) PD map; (e) diffusion-
weighted image with b = 800; (f) ADC map. The ROI was delineated on Synthetic T2WI and DWI.
The mean value of all voxels within the ROIs: T1 = 1225.7 msec; T2 = 104.8 msec; PD = 85.7 pu;
ADC = 0.913 × 10−3 mm2/s.

2.4. Histopathologic Assessment

All patients underwent hysterectomy with or without bilateral salpingo-oophorectomy.
The surgical specimens were evaluated by an experienced pathologist specialized in gy-
necologic malignancy (>20 years’ experience). All cases were discussed at the local multi-
disciplinary meeting.
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2.5. Statistical Analysis

The statistical analyses were performed using R code (version 4.0.5) in R Studio. Age
was represented as mean ± standard deviation, while the measured values (T1, T2, PD and
ADC) were represented as median (95% CI). Histopathologic features were dichotomized
(MI: no MI vs. MI; tumor grade: grade 1 (G1) vs. grade 2–3 (G2–3); CSI/LVSI: absent
vs. present), while EC with MI were further dichotomized to superficial and deep MI.
The Mann–Whitney U (MWU) test was used to test the differences between the median
values of the two categories. A logistic regression model was built using MR metrics with
significant differences (i.e., p-value < 0.05) for each histopathologic feature. The receiver
operating characteristic (ROC) curve and the area under the ROC curve (AUC) were used
to evaluate the classification performance of single-variable or multivariable models. Micro-
averaged ROC and AUC were used to evaluate the overall performance of classifiers built
for each histopathologic feature [16].

3. Results
3.1. Clinical Characteristics

One hundred and nine patients with EC (age 57.5 ± 9.6) were analyzed. The clinical
characteristics are summarized in Table 2. The majority of cases had endometrioid ade-
nocarcinoma (92.7%). For MI, 16.5% were without myometrial invasion, 61.5% were with
superficial myometrial invasion and 22.0% with deep myometrial invasion. For tumor
grades, 48.6% of tumors were classified as G1, 30.3% as G2 and 21.1% as G3. For FIGO
stages, 75.2% of tumors were classified as stage I, 5.5% as stage II, 16.5% as stage III and
2.8% as stage IV. CSI and LVSI were absent in 89.0% and 82.2% of cases, respectively.

Table 2. Clinical characteristics of patients with endometrial cancer.

Clinical Characteristics Value Percentage

Numbers in total 109
Age 57.5 ± 9.6

FIGO stages (n) 109
I 82 75.2%
II 6 5.5%
III 18 16.5%
IV 3 2.8%

Histologic subtypes (n) 109
Endometrioid adenocarcinoma 101 92.7%

Serous/Clear cell carcinoma 3 2.8%
Others * 5 4.6%
MI (n) 109
no MI 18 16.5%

MI < 50% 67 61.5%
MI ≥ 50% 24 22.0%
Grade (n) 109

G1 53 48.6%
G2 33 30.3%
G3 23 21.1%

CSI (n) 109
absent 97 89.0%
present 12 11.0%
LVSI (n) 107 †

absent 88 82.2%
present 19 17.8%

* Including carcinosarcoma, and mixed endometrioid and serous carcinoma. † There are two cases with indetermi-
nate LVSI. FIGO, International Federation of Gynecology and Obstetrics; MI, myometrial invasion; CSI, cervical
stromal invasion; LVSI, lymphovascular invasion.
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3.2. Interobserver Agreement of Quantitative Parameters

The ICCs for T1, T2, PD and ADC values between two radiologists were 0.961, 0.930,
0.904 and 0.960, indicating excellent interobserver agreements.

3.3. Association of MRI Metrics and Histopathologic Features

The differences of median T1, T2, PD and ADC values between different histopatho-
logic features were summarized in Table 3. The T2, PD and ADC values of patients with
MI were significantly lower than those without MI (p = 0.007, 0.006 and 0.043, respec-
tively; Table 3 and Figure 4). There was no significant difference in T1, T2, PD or ADC
values between patients with superficial MI and deep MI (p = 0.889, 0.739, 0.482 and 0.811,
respectively; Table 3).

Table 3. Differences of T1, T2, PD and ADC values between the different histopathologic subgroups
of endometrial carcinoma.

Histopathologic Factor Subgroups T1 (msec) T2 (msec) PD (pu) ADC (10−3 mm2/s)

MI no MI 1264.1 (1123.4–1426.5) 121.1 (108.3–139.9) 87.2 (84.4–88.0) 1.179 (0.941–1.274)
<50% 1211.9 (1187.1–1246.6) 105.8 (102.1–109.5) 85.2 (84.4–85.6) 1.000 (0.950–1.095)
≥50% 1223.5 (1118.6–1277.1) 105.4 (97.0–115.4) 84.6 (83.9–85.6) 1.046 (0.948–1.094)

p (no MI vs. MI) 0.431 0.007 0.006 0.043
p (<50% vs. ≥50%) 0.889 0.739 0.482 0.811

Grade G1 1202.0 (1141.7–1284.4) 105.8 (98.3–111.9) 85.6 (84.9–86.3) 1.113 (1.015–1.184)
G2–3 1235.7 (1209.3–1256.7) 109.1 (105.2–112.4) 84.6 (84.1–85.3) 0.975 (0.932–1.043)

p 0.187 0.552 0.057 0.005
CSI absent 1216.0 (1200.6–1251.5) 108.4 (104.5–110.5) 85.3 (84.5–85.8) 1.049 (0.973–1.116)

present 1211.4 (1094.4–1323.5) 104.3 (97.6–116.9) 84.9 (83.5–86.4) 1.020 (0.947–1.113)
p 0.653 0.542 0.663 0.605

LVSI absent 1210.6 (1187.1–1255.4) 108.3 (103.8–110.3) 85.3 (84.4–85.8) 1.068 (0.991–1.127)
present 1238.8 (1152.0–1277.1) 107.7 (100.0–115.4) 85.2 (83.9–85.9) 0.947 (0.882–1.067)

p 0.893 0.994 0.964 0.020

Measured T1, T2, PD and ADC values are represented as median (95% confidence interval). Bold p values represent
statistical significance. PD, proton density; ADC, apparent diffusion coefficient; MI, myometrial invasion; CSI,
cervical stromal invasion; LVSI, lymphovascular invasion.
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Figure 4. Boxplots of findings with representative significant differences (p < 0.05) of T2 (a), PD (b)
and ADC (c) in patients with or without MI.

Patients with a G2–3 tumor had significantly lower ADC values compared to those
with a G1 tumor (p = 0.005, Table 3 and Figure 5). There was no difference in T1, T2 or PD
values between G1 and G2–3 tumors.
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Figure 5. Boxplots of findings with representative significant differences (p < 0.05) of ADC in tumor
grade (a) and LVSI (b).

Patients with LVSI had significantly lower ADC values compared to those without
LVSI (p = 0.020, Table 3 and Figure 5).

No difference was observed in T1, T2, PD or ADC values in EC with and without CSI.
Classification models were built for MI, tumor grades and LVSI (MI~T2 + PD + ADC;

Grade~ADC; LVSI~ADC). The ROC curves of three classification models and the micro-
averaged ROC curve were shown in Figure 6 (MI: AUC = 0.71; Grade: AUC = 0.66; LVSI:
AUC = 0.67; Micro-average: AUC = 0.83).

Diagnostics 2022, 12, x FOR PEER REVIEW 9 of 12 
 

 

 
Figure 6. Receiver operating characteristic (ROC) curves for three classification models (MI, Grade 
and LVSI) and their micro-average. 

4. Discussion 
In this study, MR tissue properties measured by synthetic MRI through a single ac-

quisition, including T1, T2 and PD values, as well as ADC measured by DWI, were eval-
uated in different histopathologic characteristics of EC. Our results showed that low T2, 
PD and ADC values were associated with more aggressive histopathologic features of EC 
with MI, higher tumor grades and LVSI. 

In patients without MI, conservative management can be considered, especially for 
younger patients who wish to preserve fertility; for example, in patients under age 40 di-
agnosed with G1 endometrioid adenocarcinoma without evidence of MI and metastatic 
tumors, progestin therapy can be considered [2]. The association between MRI derived 
quantitative metrics and the depth of myometrial invasion offers additional information 
in pre-surgical assessment. However, similar to Rechichi et al. and Deng et al., we found 
no difference of ADC values between EC with deep and superficial MI [5,17]. 

In tumor grading, ADC values of G3 tumors were reported lower than that of G1 or 
G2 tumors [18–20]. Nevertheless, contradictory results were found in other studies in that 
ADC could not grade tumors in EC [4,17,21,22]. Herein, we found significantly lower 
ADC values of G2–3 tumors, in concordance with a previous study that had a cohort of 
317 patients with EC [23]. In addition, the ADC values in EC with LVSI was significantly 
lower than those without, demonstrating the role of ADC in determining tumor aggres-
siveness. 

In the prostate, T1 and T2 values of stromal hyperplasia were significantly higher 
than malignancy. In addition, prostate cancer and the non-cancerous peripheral zone 
could be differentiated by T1 and T2 values [24]. Gao et al. found that T2 values were 
useful in differentiating molecular subtypes of breast cancer [25]. In non-malignant con-
ditions, T1, T2 and PD values were used to evaluate the severity of disc degeneration and 
Alzheimer’s disease [26,27]. Although synthetic MRI and quantitative T1 and T2 analyses 
have been used to assess various pathologic conditions, these have not been explored in 

Figure 6. Receiver operating characteristic (ROC) curves for three classification models (MI, Grade
and LVSI) and their micro-average.



Diagnostics 2022, 12, 2956 9 of 11

4. Discussion

In this study, MR tissue properties measured by synthetic MRI through a single
acquisition, including T1, T2 and PD values, as well as ADC measured by DWI, were
evaluated in different histopathologic characteristics of EC. Our results showed that low
T2, PD and ADC values were associated with more aggressive histopathologic features of
EC with MI, higher tumor grades and LVSI.

In patients without MI, conservative management can be considered, especially for
younger patients who wish to preserve fertility; for example, in patients under age 40
diagnosed with G1 endometrioid adenocarcinoma without evidence of MI and metastatic
tumors, progestin therapy can be considered [2]. The association between MRI derived
quantitative metrics and the depth of myometrial invasion offers additional information in
pre-surgical assessment. However, similar to Rechichi et al. and Deng et al., we found no
difference of ADC values between EC with deep and superficial MI [5,17].

In tumor grading, ADC values of G3 tumors were reported lower than that of G1
or G2 tumors [18–20]. Nevertheless, contradictory results were found in other studies
in that ADC could not grade tumors in EC [4,17,21,22]. Herein, we found significantly
lower ADC values of G2–3 tumors, in concordance with a previous study that had a
cohort of 317 patients with EC [23]. In addition, the ADC values in EC with LVSI was
significantly lower than those without, demonstrating the role of ADC in determining
tumor aggressiveness.

In the prostate, T1 and T2 values of stromal hyperplasia were significantly higher than
malignancy. In addition, prostate cancer and the non-cancerous peripheral zone could be
differentiated by T1 and T2 values [24]. Gao et al. found that T2 values were useful in
differentiating molecular subtypes of breast cancer [25]. In non-malignant conditions, T1,
T2 and PD values were used to evaluate the severity of disc degeneration and Alzheimer’s
disease [26,27]. Although synthetic MRI and quantitative T1 and T2 analyses have been
used to assess various pathologic conditions, these have not been explored in EC. In the
current study, T2, PD and ADC values were associated with MI, tumor grades and LVSI in
EC, but not with CSI. Ye et al. found that high-risk EC was associated with lower perfusion
metrics on dynamic contrast-enhanced MRI [28]. We speculate that less neovascularization
in EC with more aggressive features might result in lower T2 and PD values, similar to
observation in breast cancer [29]. A possible reason for the lack of association with CSI
could be that a much larger sample size would be required to detect the small difference
with 5% type I error and 80% power in a Mann–Whitney U test [30].

There were several limitations in this study. First, synthetic MRI was only acquired
on the axial plane; hence, the generated weighted images could not be used in the qual-
itative evaluation, in which the oblique axial plane perpendicular to the long axis of
the endometrial cavity is essential to allow accurate assessment of myometrial invasion.
Second, the sample size was small, and subgroups were imbalanced, which might result in
statistical bias and an insignificant difference between groups. Third, the T1, T2, and PD
values derived from synthetic MRI were not compared with conventional MRI quantitative
mappings, but the reliability of synthetic MRI has been validated on previous phantom
and in vivo studies [12,13,27]. Fourth, although the histologic subtype is an important
prognostic factor in EC, we were unable to perform further analysis as a vast majority of
the cohort was affected by endometrioid adenocarcinoma, with only few who had other
non-endometrioid subtypes. Fifth, EC tumor heterogeneity was not considered in this
study, which might have affected the analysis. Further analysis with radiomics may offer
insight. Finally, the study was based on data from one institution, which needs to be tested
in independent datasets from other institutions.

In conclusion, low T2, PD derived from synthetic MRI, and ADC extracted from DWI
were associated with aggressive histopathologic features of EC, specifically in MI, higher
tumor grades and LVSI with excellent combined classification performance.



Diagnostics 2022, 12, 2956 10 of 11

Author Contributions: Conceptualization, Y.W. and E.Y.P.L.; methodology, Y.W., P.C., P.P.C.I. and
C.-Y.L.; software, C.-Y.L., W.L. and C.-W.L.; validation, M.H. and E.Y.P.L.; formal analysis, Y.W.; inves-
tigation, Y.W.; resources, P.P.C.I. and E.Y.P.L.; data curation, Y.W. and E.Y.P.L.; writing—original draft
preparation, Y.W.; writing—review and editing, Y.W., M.H., P.C., P.P.C.I., C.-Y.L., W.L.,
C.-W.L. and E.Y.P.L.; visualization, Y.W.; supervision, E.Y.P.L.; project administration, E.Y.P.L.; funding
acquisition, E.Y.P.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of the University of Hong Kong/Hospital
Authority Hong Kong West Cluster (IRB UW 20-826).

Informed Consent Statement: Informed written consent was obtained from all subjects involved in
the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to ethical reasons.

Conflicts of Interest: Chien-Yuan Lin, Weiyin Liu and Chia-Wei Lee are employees of GE Healthcare,
which provided the use of the propriety software in this study. Other authors declare no conflict
of interest.

References
1. Morice, P.; Leary, A.; Creutzberg, C.; Abu-Rustum, N.; Darai, E. Endometrial cancer. Lancet 2016, 387, 1094–1108. [CrossRef]

[PubMed]
2. Saleh, M.; Virarkar, M.; Bhosale, P.; El Sherif, S.; Javadi, S.; Faria, S.C. Endometrial Cancer, the Current International Federation of

Gynecology and Obstetrics Staging System, and the Role of Imaging. J. Comput. Assist. Tomogr. 2020, 44, 714–729. [CrossRef]
[PubMed]

3. Gadducci, A.; Cavazzana, A.; Cosio, S.; Cristofano, C.D.; Tana, R.; Fanucchi, A.; Teti, G.; Cristofani, R.; Genazzani, A.R. Lymph-
vascular space involvement and outer one-third myometrial invasion are strong predictors of distant haematogeneous failures in
patients with stage I-II endometrioid-type endometrial cancer. Anticancer Res. 2009, 29, 1715–1720. [PubMed]

4. Bharwani, N.; Miquel, M.E.; Sahdev, A.; Narayanan, P.; Malietzis, G.; Reznek, R.H.; Rockall, A.G. Diffusion-weighted imaging in
the assessment of tumour grade in endometrial cancer. Br. J. Radiol. 2011, 84, 997–1004. [CrossRef]

5. Deng, L.; Wang, Q.P.; Yan, R.; Duan, X.Y.; Bai, L.; Yu, N.; Guo, Y.M.; Yang, Q.X. The utility of measuring the apparent diffusion
coefficient for peritumoral zone in assessing infiltration depth of endometrial cancer. Cancer Imaging 2018, 18, 23. [CrossRef]
[PubMed]

6. Yankeelov, T.E.; Pickens, D.R.; Price, R.R. Quantitative MRI in Cancer; CRC Press: Boca Raton, FL, USA, 2012; p. 338.
7. Jiang, J.; Cui, L.; Xiao, Y.; Zhou, X.; Fu, Y.; Xu, G.; Shao, W.; Chen, W.; Hu, S.; Hu, C.; et al. B(1) -Corrected T1 Mapping in Lung

Cancer: Repeatability, Reproducibility, and Identification of Histological Types. J. Magn. Reson. Imaging 2021, 54, 1529–1540.
[CrossRef] [PubMed]

8. Mai, J.; Abubrig, M.; Lehmann, T.; Hilbert, T.; Weiland, E.; Grimm, M.O.; Teichgräber, U.; Franiel, T. T2 Mapping in Prostate
Cancer. Investig. Radiol. 2019, 54, 146–152. [CrossRef]

9. Mills, A.F.; Sakai, O.; Anderson, S.W.; Jara, H. Principles of Quantitative MR Imaging with Illustrated Review of Applicable
Modular Pulse Diagrams. Radiographics 2017, 37, 2083–2105. [CrossRef]

10. Warntjes, J.B.; Leinhard, O.D.; West, J.; Lundberg, P. Rapid magnetic resonance quantification on the brain: Optimization for
clinical usage. Magn. Reason. Med. 2008, 60, 320–329. [CrossRef]

11. Tanenbaum, L.N.; Tsiouris, A.J.; Johnson, A.N.; Naidich, T.P.; DeLano, M.C.; Melhem, E.R.; Quarterman, P.; Parameswaran, S.X.;
Shankaranarayanan, A.; Goyen, M.; et al. Synthetic MRI for Clinical Neuroimaging: Results of the Magnetic Resonance Image
Compilation (MAGiC) Prospective, Multicenter, Multireader Trial. AJNR Am. J. Neuroradiol. 2017, 38, 1103–1110. [CrossRef]

12. Kumar, N.M.; Fritz, B.; Stern, S.E.; Warntjes, J.B.M.; Lisa Chuah, Y.M.; Fritz, J. Synthetic MRI of the Knee: Phantom Validation and
Comparison with Conventional MRI. Radiology 2018, 289, 465–477. [CrossRef]

13. Li, C.W.; Hsu, A.L.; Huang, C.C.; Yang, S.H.; Lin, C.Y.; Shieh, C.C.; Chan, W.P. Reliability of Synthetic Brain MRI for Assessment
of Ischemic Stroke with Phantom Validation of a Relaxation Time Determination Method. J. Clin. Med. 2020, 9, 1857. [CrossRef]

14. Hagiwara, A.; Hori, M.; Yokoyama, K.; Takemura, M.Y.; Andica, C.; Tabata, T.; Kamagata, K.; Suzuki, M.; Kumamaru, K.K.;
Nakazawa, M.; et al. Synthetic MRI in the Detection of Multiple Sclerosis Plaques. AJNR Am. J. Neuroradiol. 2017, 38, 257–263.
[CrossRef]

15. Gao, W.; Zhang, S.; Guo, J.; Wei, X.; Li, X.; Diao, Y.; Huang, W.; Yao, Y.; Shang, A.; Zhang, Y.; et al. Investigation of Synthetic
Relaxometry and Diffusion Measures in the Differentiation of Benign and Malignant Breast Lesions as Compared to BI-RADS. J.
Magn. Reason. Imaging 2021, 53, 1118–1127. [CrossRef]

16. Tsoumakas, G.; Katakis, I.; Vlahavas, I. Mining Multi-Label Data; Springer: Boston, MA, USA, 2010; pp. 667–685.

http://doi.org/10.1016/S0140-6736(15)00130-0
http://www.ncbi.nlm.nih.gov/pubmed/26354523
http://doi.org/10.1097/RCT.0000000000001025
http://www.ncbi.nlm.nih.gov/pubmed/32842057
http://www.ncbi.nlm.nih.gov/pubmed/19443392
http://doi.org/10.1259/bjr/14980811
http://doi.org/10.1186/s40644-018-0156-6
http://www.ncbi.nlm.nih.gov/pubmed/29970170
http://doi.org/10.1002/jmri.27844
http://www.ncbi.nlm.nih.gov/pubmed/34291852
http://doi.org/10.1097/RLI.0000000000000520
http://doi.org/10.1148/rg.2017160099
http://doi.org/10.1002/mrm.21635
http://doi.org/10.3174/ajnr.A5227
http://doi.org/10.1148/radiol.2018173007
http://doi.org/10.3390/jcm9061857
http://doi.org/10.3174/ajnr.A5012
http://doi.org/10.1002/jmri.27435


Diagnostics 2022, 12, 2956 11 of 11

17. Rechichi, G.; Galimberti, S.; Signorelli, M.; Franzesi, C.T.; Perego, P.; Valsecchi, M.G.; Sironi, S. Endometrial cancer: Correlation of
apparent diffusion coefficient with tumor grade, depth of myometrial invasion, and presence of lymph node metastases. AJR Am.
J. Roentgenol. 2011, 197, 256–262. [CrossRef]

18. Nougaret, S.; Reinhold, C.; Alsharif, S.S.; Addley, H.; Arceneau, J.; Molinari, N.; Guiu, B.; Sala, E. Endometrial Cancer: Combined
MR Volumetry and Diffusion-weighted Imaging for Assessment of Myometrial and Lymphovascular Invasion and Tumor Grade.
Radiology 2015, 276, 797–808. [CrossRef]

19. Tamai, K.; Koyama, T.; Saga, T.; Umeoka, S.; Mikami, Y.; Fujii, S.; Togashi, K. Diffusion-weighted MR imaging of uterine
endometrial cancer. J. Magn. Reason. Imaging 2007, 26, 682–687. [CrossRef]

20. Tanaka, T.; Terai, Y.; Fujiwara, S.; Tanaka, Y.; Sasaki, H.; Tsunetoh, S.; Yamamoto, K.; Yamada, T.; Narumi, Y.; Ohmichi, M.
Preoperative diffusion-weighted magnetic resonance imaging and intraoperative frozen sections for predicting the tumor grade
in endometrioid endometrial cancer. Oncotarget 2018, 9, 36575–36584. [CrossRef]

21. Bonatti, M.; Pedrinolla, B.; Cybulski, A.J.; Lombardo, F.; Negri, G.; Messini, S.; Tagliaferri, T.; Manfredi, R.; Bonatti, G. Prediction
of histological grade of endometrial cancer by means of MRI. Eur. J. Radiol. 2018, 103, 44–50. [CrossRef]

22. Kishimoto, K.; Tajima, S.; Maeda, I.; Takagi, M.; Ueno, T.; Suzuki, N.; Nakajima, Y. Endometrial cancer: Correlation of apparent
diffusion coefficient (ADC) with tumor cellularity and tumor grade. Acta Radiol. 2016, 57, 1021–1028. [CrossRef]

23. Ma, X.; Shen, M.; He, Y.; Ma, F.; Liu, J.; Zhang, G.; Qiang, J. The role of volumetric ADC histogram analysis in preoperatively
evaluating the tumour subtype and grade of endometrial cancer. Eur. J. Radiol. 2021, 140, 109745. [CrossRef] [PubMed]

24. Cui, Y.; Han, S.; Liu, M.; Wu, P.Y.; Zhang, W.; Zhang, J.; Li, C.; Chen, M. Diagnosis and Grading of Prostate Cancer by Relaxation
Maps from Synthetic MRI. J. Magn. Reason. Imaging 2020, 52, 552–564. [CrossRef] [PubMed]

25. Gao, W.; Yang, Q.; Li, X.; Chen, X.; Wei, X.; Diao, Y.; Zhang, Y.; Chen, C.; Guo, B.; Wang, Y.; et al. Synthetic MRI with quantitative
mappings for identifying receptor status, proliferation rate, and molecular subtypes of breast cancer. Eur. J. Radiol. 2022, 148, 110168.
[CrossRef] [PubMed]

26. Lou, B.; Jiang, Y.; Li, C.; Wu, P.Y.; Li, S.; Qin, B.; Chen, H.; Wang, R.; Wu, B.; Chen, M. Quantitative Analysis of Synthetic Magnetic
Resonance Imaging in Alzheimer’s Disease. Front. Aging Neurosci. 2021, 13, 638731. [CrossRef] [PubMed]

27. Jiang, Y.; Yu, L.; Luo, X.; Lin, Y.; He, B.; Wu, B.; Qu, J.; Wu, T.; Pu-Yeh, W.; Zhang, C.; et al. Quantitative synthetic MRI for
evaluation of the lumbar intervertebral disk degeneration in patients with chronic low back pain. Eur. J. Radiol. 2020, 124, 108858.
[CrossRef] [PubMed]

28. Ye, Z.; Ning, G.; Li, X.; Koh, T.S.; Chen, H.; Bai, W.; Qu, H. Endometrial carcinoma: Use of tracer kinetic modeling of dynamic
contrast-enhanced MRI for preoperative risk assessment. Cancer Imaging 2022, 22, 14. [CrossRef] [PubMed]

29. Kazama, T.; Takahara, T.; Kwee, T.C.; Nakamura, N.; Kumaki, N.; Niikura, N.; Niwa, T.; Hashimoto, J. Quantitative Values from
Synthetic MRI Correlate with Breast Cancer Subtypes. Life 2022, 12, 1307. [CrossRef] [PubMed]

30. Zhao, Y.D.; Rahardja, D.; Qu, Y. Sample size calculation for the Wilcoxon-Mann-Whitney test adjusting for ties. Stat. Med. 2008,
27, 462–468. [CrossRef] [PubMed]

http://doi.org/10.2214/AJR.10.5584
http://doi.org/10.1148/radiol.15141212
http://doi.org/10.1002/jmri.20997
http://doi.org/10.18632/oncotarget.26366
http://doi.org/10.1016/j.ejrad.2018.04.008
http://doi.org/10.1177/0284185115612249
http://doi.org/10.1016/j.ejrad.2021.109745
http://www.ncbi.nlm.nih.gov/pubmed/33962254
http://doi.org/10.1002/jmri.27075
http://www.ncbi.nlm.nih.gov/pubmed/32027071
http://doi.org/10.1016/j.ejrad.2022.110168
http://www.ncbi.nlm.nih.gov/pubmed/35078137
http://doi.org/10.3389/fnagi.2021.638731
http://www.ncbi.nlm.nih.gov/pubmed/33912023
http://doi.org/10.1016/j.ejrad.2020.108858
http://www.ncbi.nlm.nih.gov/pubmed/32035370
http://doi.org/10.1186/s40644-022-00452-8
http://www.ncbi.nlm.nih.gov/pubmed/35264244
http://doi.org/10.3390/life12091307
http://www.ncbi.nlm.nih.gov/pubmed/36143344
http://doi.org/10.1002/sim.2912
http://www.ncbi.nlm.nih.gov/pubmed/17487941

	Introduction 
	Materials and Methods 
	Study Subjects Recruitment 
	Image Acquisition and Post-Processing 
	MRI Interpretation 
	Histopathologic Assessment 
	Statistical Analysis 

	Results 
	Clinical Characteristics 
	Interobserver Agreement of Quantitative Parameters 
	Association of MRI Metrics and Histopathologic Features 

	Discussion 
	References

