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Purpose: We aim to compare the radiomic features and parameters on 2-deoxy-2-
[fluorine-18] fluoro-D-glucose (18F-FDG) positron emission tomography/computed
tomography (PET/CT) between patients with endometrial cancer with Lynch syndrome
and those with endometrial cancer without Lynch syndrome. We also hope to explore the
biologic significance of selected radiomic features.

Materials and Methods: We conducted a retrospective cohort study, first using the 18F-
FDG PET/CT images and clinical data from 100 patients with endometrial cancer to construct
a training group (70 patients) and a test group (30 patients). The metabolic parameters and
radiomic features of each tumor were compared between patients with and without Lynch
syndrome. An independent cohort of 23 patients with solid tumors was used to evaluate the
value of selected radiomic features in predicting the expression of the programmed cell death
1 (PD1), using 18F-FDG PET/CT images and RNA-seq genomic data.

Results: There was no statistically significant difference in the standardized uptake values
on PET between patients with endometrial cancer with Lynch syndrome and those with
endometrial cancer without Lynch syndrome. However, there were significant differences
between the 2 groups in metabolic tumor volume and total lesion glycolysis (p < 0.005).
There was a difference in the radiomic feature of gray level co-occurrence matrix entropy
(GLCMEntropy; p < 0.001) between the groups: the area under the curve was 0.94 in the
training group (sensitivity, 82.86%; specificity, 97.14%) and 0.893 in the test group
(sensitivity, 80%; specificity, 93.33%). In the independent cohort of 23 patients,
differences in GLCMEntropy were related to the expression of PD1 (rs =0.577; p < 0.001).

Conclusions: In patients with endometrial cancer, higher metabolic tumor volumes, total
lesion glycolysis values, and GLCMEntropy values on 18F-FDG PET/CT could suggest a
higher risk for Lynch syndrome. The radiomic feature of GLCMEntropy for tumors is a
potential predictor of PD1 expression.
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INTRODUCTION

Endometrial cancer ranks sixth in global incidence for malignant
tumors, with nearly 400 000 new cases diagnosed each year (1).
Treatment with hysterectomy and bilateral salpingo-oophorectomy
is the standard of care. Hormone therapy, radiotherapy, and
immunotherapy may be used, depending on the individual
patient’s wish to preserve her uterus or her potential for fertility
(2, 3). First discovered in 1895, Lynch syndrome is known to be
closely related to colorectal cancer and endometrial cancer, and
accounts for 2% to 6% of the latter (4, 5). Lynch syndrome creates
pathology through a mutation in the mismatch repair gene (MMR)
(6), andwomenwith Lynch syndrome have a 25% to 60% likelihood
of developing endometrial cancer in their lifetime (7). In patients
with Lynch’s syndrome, there are differences in treatment methods,
immune infiltration and PD1 expression (8–10), survival rate (11,
12) and risk in other cancers, especially colon cancer (13).

The diagnosis of Lynch syndrome is not as easy to make as that
of endometrial cancer. The Amsterdam II criteria are relatively
strict, and molecular diagnosis is not something that every patient
with endometrial cancer can afford. Therefore, many patients with
endometrial cancer and Lynch syndrome may not be detected
because of a lack of family history or molecular diagnostic results.
This has a negative effect on treatment, prevention of other Lynch-
associated tumors, and genetic counseling.

Radiomics, also known as computational medical imaging,
involves sketching, segmentation, extraction, and quantification
of medical images into quantitative data points. The basic
assumption is that high-dimensional imaging data not only
reflects the macrocharacteristics of the tissue, but also its cellular
and molecular characteristics. The objective is to produce image-
driven biomarkers as a tool for a deeper understanding of cancer
biology that will better assist clinical decision making. Radiomics
can be used as a supplement to biopsy for noninvasive evaluation
of spatial heterogeneity and the microenvironment of tumors. If
endometrial cancer is identified by its metabolic parameters or
radiomic features on positron emission tomography (PET), this
can serve as a rough screening tool or as a predictor for directed
molecular diagnostic testing. Even if molecular testing is not
available, it is of great significance for patients with endometrial
cancer who have the PET parameters or radiomic features of Lynch
syndrome to be able to monitor their gastrointestinal health and
participate in active tumor screening. Researchers have recently
found that there are differences in immune cell infiltration and
PD1 receptor expression between patients with Lynch syndrome-
associated endometrial cancer and those with nonsyndromic
endometrial cancer (8–10). To further explore the significance of
selected radiomic features, we designed a cohort study to assess the
relation between these features and PD1 expression.
MATERIALS AND METHODS

Patients
This retrospective study was approved by the review committee
of our institution and was adherent to the principles and
Frontiers in Oncology | www.frontiersin.org 2
requirements of the Declaration of Helsinki. We defined
Cohort 1 as 100 patients with endometrial cancer, confirmed
by pathology, who underwent surgery at our hospital between
January 2008 and October 2019. In cohort 1, there were
no significant differences in age, pathological type, stage
and other conditions between the patients with Lynch
syndrome and those without Lynch syndrome, so as to ensure
that no other factors could affect the experimental results. The
presence or absence of Lynch syndrome was confirmed
by the results of pathology and genetic testing. The criteria
for study inclusion were: endometrial cancer confirmed
by postoperative pathology after hysterectomy, without
neoadjuvant chemotherapy or radiotherapy and without
other tumors or gynecologic disease; 2-deoxy-2-[fluorine-18]
fluoro-D-glucose (18F-FDG) PET/computed tomography (CT)
performed within 3 weeks before surgery with negative 18F-FDG
uptake; access to the complete medical record with genetic
testing (including Lynch syndrome) and pathologic reports.
We also established Cohort 2, comprising 23 patients with
solid tumors (14). The clinical and transcriptional data for
Cohort 2 were obtained from the Cancer Genome Access
Program (https://portal.gdc.cancer.gov/) (15), and their 18F-
FDG PET/CT images were obtained from the Cancer Imaging
Archive (http://www.cancerimagingarchive.net/) (16). The
transcriptome analysis data included gene-level transcriptional
estimates reported as log 2(x + 1) transformed RESM
standardized counts. We used the PDCD1 mRNA expression
level as a proxy for PD1 receptor expression (17).

18F-FDG PET/CT Acquisition and
Features Extraction
Patients were fasting from food and water for more than 6 hours,
and their blood sugar level was controlled below 7 mmol/L.
One hour after intravenous injection of 18F-FDG (GEMINItrace
II; GE Healthcare, Milwaukee, WI) at 0.08 to 0.16 mci/kg,
PET/CT was performed from the head to the middle of the
femur (GE Discovery PET/CT Elite; GE Healthcare, Milwaukee,
WI). A 3-dimensional PET model was used, with a matrix of
192 × 192 and an exposure time of 2 min/bed position. Low-dose
spiral CT was performed at 120 to 140 kV and 80 ma. After CT
attenuation correction, PET images were reconstructed using
the algorithm of time-of-flight and point-spread-function,
including 2 iterations and 24 subsets.

We used the Advantage Workstation 4.6, equipped with PET
Volume Computed Assisted Reading software (PET VCAR; GE
Healthcare, Milwaukee, WI) to measure PET metabolic
parameters. Two nuclear medicine doctors with more than 15
years of experience independently evaluated and measured the
radiologic information using a blinded method. In case of
disagreement, another senior doctor was consulted to render a
final decision. The software calculated PET parameters using the
iterative adaptive algorithm (18), which automatically
determines the thresholds for delineating the tumor edge and
regions of interest.

Artificial Intelligent Kit software (A.K. 2017; GE Healthcare,
Milwaukee, WI) was used for image processing, including
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preprocessing to homogenize the PET image, and for
extracting radiomic features from the PET images according to
the artificial sketching area. A total of 254 first-order or higher
radiomic features (Appendix 1) were extracted for analysis,
including gray-level frequency distribution from histogram
analysis, the gray-level size zone matrix, the gray-level
runlength matrix, and the gray-level co-occurrence matrix
(GLCM). Statistical models were applied to these radiomic
features to establish a predictive model for the presence of
Lynch syndrome. Cohort 1 was randomly divided into a
training group (70 patients) and a test group (30 patients) to
verify and test the ability of radiomic features to distinguish
endometrial cancer related to Lynch syndrome from
nonsyndromic endometrial cancer (Appendix 2).

Statistical Analysis
SPSS statistical software (version 21.0; IBM) and MedCalc
Statistical Software version 15.2.2 (MedCalc Software bvba,
Ostend, Belgium; http://www.medcalc.org; 2015) were used for
all analyses. The chi-squared test was used to compare
differences in clinical characteristics between patients with the
2 types of endometrial cancer. The Mann-Whitney U test was
used to test for non-normally distributed data; normal
distribution was tested for using the Kolmogorov-Smirnov test
or the Shapiro-Wilk test. Receiver operating characteristic
(ROC) analysis was used to test the diagnostic performance of
different parameters. We used the Youden index to determine
the best cutoff values for radiomic feature. At the same time,
calibration curve and decision curve analysis (DCA) were used
for evaluating the model. The Spearman correlation coefficient
was used to describe the degree of direct correlation of
2 variables.
RESULTS

In cohort 1, there were 100 eligible patients from January 2008 to
October 2019. In cohort 2, there were 23 patients with solid
tumors. (Table 1)
Frontiers in Oncology | www.frontiersin.org 3
PET/CT Parameters and Radiomics
in Cohort 1
The PET parameters were compared between patients with
endometrial carcinoma associated with Lynch syndrome and
those with endometrial carcinoma without Lynch syndrome
(Table 2). The ROC curve for endometrial cancer with or
without Lynch syndrome measured by PET/CT parameters
shows the predictive value of different PET parameters
(Figure 1). For metabolic tumor volume (MTV), the best cutoff
threshold was 15.82, the area under the curve was 0.695, sensitivity
was 60%, and specificity was 78%. For total lesion glycolysis
(TLG), the best cutoff threshold was 278.04, the area under the
curve was 0.682, sensitivity was 38%, and specificity was 92%.
TABLE 1 | Clinical characteristics of patients.

Clinical features Value

cohort 1
No. of patients 100
Mean age (95% CI) 56.56(55.06 - 58.06) years
FIGO stage:
I 68(68%)
II 23 (23%)
III 9 (9%)
Differentiation grade:
Well differentiated 29(29%)
Moderately differentiated 45(45%)
Poorly differentiated 26(26%)
Histotype:
Endometrioid 82(82%)
Mixed 6(6%)
Others 12(12%)
Cervical stromal invasion depth:
< 1/2 61(61%)
≥1/2 39(39%)
cohort 2
No. of patients 23
Type:
Squamous cell carcinoma of head and neck 5(22%)
Carcinoma of the lungs (Adenocarcinoma) 4 (17%)
Carcinoma of the lungs (Squamous cell carcinoma) 9 (39%)
Endometrial carcinoma 5(22%)
May 2021 | V
FIGO, International Federation of Gynecology and Obstetrics.
TABLE 2 | The difference of PET/CT parameters and radiomics in cohort 1.

With Lynch Without Lynch P test

N 50 50
SUVmax (g/cm

3) 17.92(14.25,21.99) 16.26(13.46,19.88) 0.099 U-test
SUVmean (g/cm

3) 9.80 (7.78,11.59) 8.99 (5.97,10.95) 0.182 U-test
SUVpeak(g/cm

3) 14.42(11.63,18.3) 12.49(9.16,15.88) 0.026 U-test
MTV (cm3) 17.88 (7.24,32.77) 11.91 (4.59,15.63) <0.005 U-test
TLG (g) 143.55(67.48,359.85) 99.96(32.01,163.16) <0.005 U-test
GLCMEntropy_angle0 10.84(10.09,11.65) 9.29(9.07,9.54) <0.001 U-test
GLCMEntropy_angle45 10.86(9.97,11.56) 9.13(8.78,9.32) <0.001 U-test
GLCMEntropy_angle90 10.84(10.09,11.59) 9.24(8.99,9.52) <0.001 U-test
GLCMEntropy_angle135 10.71(9.98,11.54) 9.2 (8.77,9.46) <0.001 U-test
GLCMEntropy* 10.74(10.01,11.59) 9.2 (8.91,9.45) <0.001 U-test
olume 11 | Article 5
Normal distribution data: means ± standard deviations; t-test.
Non-normal distribution data: medians and interquartile ranges; U-test.
*GLCMEntropy= (GLCMEntropy_angle0 + GLCMEntropy_angle45 + GLCMEntropy_angle90 +GLCMEntropy_angle135)/4.
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Of the first- and higher-order radiomic features, only GLCM
entropy (GLCMEntropy) from different angles showed a
significant difference between the 2 types of endometrial cancer
(Table 2; p < 0.001). Using the data extracted from the image, we
followed the basic idea of the logistic regression to form the ROC
curve and the final expression.

p(y) =
1

1 + 1
e3:171   x−30:977

(1� 1)

We established a probability formula (1-1), using radiomic
features, for predicting the presence of Lynch syndrome in
patients with endometrial cancer:

Here, P(y) is the probability of Lynch syndrome in patients
with endometrial carcinoma, and X is the value of
GLCMEntropy in the lesion area on dimensionless PET imaging.

The ROC curve for patients with endometrial cancer with or
without Lynch syndrome measured by radiomic features
demonstrated the resolution of different PET parameters in the
training group (Figure 2) and the test group (Figure 3). The
AUC value in the training group was 0.94, and the AUC value in
the test group was 0.893. In DCA, we could find GLCMEntropy
performs better than MTV and TLG (Figure 4). In calibration
curve (Figure 5), training group and the test group both perform
well by Hosmer and Lemeshow test (p > 0.05)

Radiomics (GLCMEntropy) in Cohort 2
In 23 patients with solid tumors, the median (SE) value of
GLCMEntropy was 10.381 ± 0.340 and of PDCD1 expression
was 1.667 ± 0.341. The correlation coefficient between
GLCMEntropy and PDCD1 expression was 0.577 (p < 0.001).
For the purposes of this presentation, we define herein the low
group as those with values less than the median and the high
group as those with values equal to or higher than the median
(Figure 6). We found that PDCD1 expression was 2.346 ± 0.570
in the high GLCMEntropy group, and 1.045 ± 0.320 in the low
group (p = 0.06). Conversely, GLCMEntropy was 11.179 ± 0.505
Frontiers in Oncology | www.frontiersin.org 4
in the high-expression PDCD1 group, and 9.511 ± 0.285 in the
low-expression group (p = 0.023). The ROC curve for high and
low PDCD1 expression showed potential for predicting PDCD1
expression using the GLCMEntropy value (Figure 7). The area
under the curve was 0.841, the best cutoff threshold was 9.761,
sensitivity was 91.7%, and specificity was 63.6% (p = 0.006).
DISCUSSION

To the best of our knowledge, this work may be the first time to
find the significance of PET/CT metabolic parameters and
radiomics in the diagnosis of Lynch syndrome in patients with
endometrial cancer. Endometrial cancer can be diagnosed using
biopsy or postoperative pathology, among other conventional
pathologic means, but the diagnosis of Lynch syndrome is not so
easy to make. Family history and molecular analysis are the main
FIGURE 1 | Determination of ROC curve of endometrial cancer with and
without Lynch syndrome by PET/CT parameters.
FIGURE 2 | The ROC curve of training group.
FIGURE 3 | The ROC curve of test group.
May 2021 | Volume 11 | Article 595430
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diagnostic methods used. Compared with CT and magnetic
resonance imaging, PET is more sensitive for detecting
metastases of endometrial cancer (19) and is often used
preoperatively for this purpose. For patients with endometrial
cancer, the analysis of PET parameters or radiomic features is
focused on detecting lymph node metastasis (20), prognostic
value (21) and tissue indentification (18). To our knowledge, this
is the first study to evaluate whether FDG PET/CT can be used to
identify Lynch syndrome in patients with endometrial cancer.
Frontiers in Oncology | www.frontiersin.org 5
Radiomic features are able to predict tumor immune
infiltration (14, 22) and PD1 expression (23–25), and some
studies have shown that they can reflect the efficacy of
immunotherapy (26). In this study, we found that endometrial
tumors in patients with and without Lynch syndrome have
dramatic differences in PD1 expression, and we were able to
verify this finding at the gene level. Therefore, we believe that
radiomic features have the potential to become a predictor of
molecular expression or immunotyping; these conclusions are in
line with those of previous studies (22–25).

In Cohort 1, the MTV value was higher in patients with
endometrial cancer who had Lynch syndrome. Cosgrove et al
(11) found that the tumor volume (pathologic volume) in
patients with MMR-deficient endometrial cancer is larger than
in those without this deficiency; these results are consistent with
ours. It has been reported that the proportion of MMR defects is
higher in tumors of larger volume in patients with endometrial
cancer (27, 28), a finding that is consistent with the increased
MTV we observed in patients with Lynch syndrome. Volumetric
parameters, including MTV and TLG, can demonstrate
metabolic activity for the total tumor volume. One study (29)
found that the absence of MMR is closely related to increased
levels of aldolase B protein (one of the catalytic enzymes for
glycolysis) and mRNA. Increased values for TLG may be related
to the higher malignancy potential of endometrial cancer in
patients with Lynch syndrome. Cohort studies (11, 12) have
demonstrated that recurrence-free survival in patients with
endometrial cancer and Lynch syndrome is significantly
reduced compared with those without Lynch syndrome, while
other studies found that MTV and TLG can be used as
prognostic predictors (21). The levels of MTV and TLG can, to
some extent, determine whether patients with endometrial
cancer are likely to have Lynch syndrome.

Entropy refers to the regularity of an object: the more ordered,
the smaller the entropy. GLCMEntropy represents the degree of
heterogeneity, or complexity of texture, in the image in 2
dimensions, which can represent the heterogeneity of the tumor
(30). Radiomic study has found that GLCMEntropy is able to
describe and evaluate tumor heterogeneity in nasopharyngeal
FIGURE 5 | Calibration curve in training group and test group.
FIGURE 4 | Decision curve analysis between MTV, TLG and GLCMEntropy.
May 2021 | Volume 11 | Article 595430
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carcinoma (31), breast cancer (32) and esophageal cancer (33).We
found that GLCMEntropy is different in patients with and without
Lynch syndrome, indicating that the tumor heterogeneity of
endometrial cancer in patients with Lynch syndrome is greater
than that seen in patients without Lynch syndrome. This may be
related to a mutation of MMR genes (e.g., MLH1, MSH2, MSH6,
PMS2); the differing mutation rates of these genes result in a
variety of variations and molecular phenotypes in various tumor
cells (34). We also know that differences in methylation levels of
the MLH1 promoter in different parts of the tumor also lead to
tumor heterogeneity (35). It has also been shown that immune cell
Frontiers in Oncology | www.frontiersin.org 6
infiltration in the endometrial tumors of patients with Lynch
syndrome is higher than that seen in endometrial tumors of
patients without Lynch syndrome (8–10); the degree of immune
infiltration is closely related to the heterogeneity of the tumor (36).

In Cohort 1 and Cohort 2, we explore the relation between
radiomic features and PD1 expression at the protein-expression
level and the gene level. The 2 types of endometrial carcinoma
included in Cohort 1 could represent PD1-enriched cancer tissue
and PD1-deficient cancer tissue (8, 37). The radiomic feature of
GLCMEntropy reveals a significant difference in PD1-enriched
cancer tissue and PD1-deficient cancer tissue, regardless of the
angle used. Using the data from Cohort 2, we found that the
radiomic feature of GLCMEntropy and the PDCD1 mRNA
levels are strongly correlated. Previous group models have
relied on multiparameter and machine-learning methods (38),
but a single, robust parameter that is independent of the drawing
method has more practical application value: GLCMEntropy is
such a parameter (33, 39).

Our study does have some limitations. In Cohort 1, the
pathologic sections were not stained to observe immune
infiltration. The number of patients analyzed in Cohort 2 is
small, which affects the persuasiveness of the results; we expect to
obtain a larger sample size in a future prospective study. Finally,
radiomics is a new area of study and requires greater
standardization and rigorous guidelines as this field of
research develops.
CONCLUSIONS

Patients with endometrial cancer who have higher MTV and TLG
values are more likely to have Lynch syndrome. A higher value for
the radiomic feature of GLCMEntropy, obtained from PET/CT
images, indicates that there is a higher risk for Lynch syndrome.
FIGURE 7 | Determination of ROC curve of PDCD1 expression by radiomics.
FIGURE 6 | Box diagrams between radiomics and PDCD1 expression. * representing outliers.
May 2021 | Volume 11 | Article 595430
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The radiomic feature of GLCMEntropy is a potential predictor of
PD1 receptor expression, which is valuable for predicting and
evaluating the response to immunotherapy.
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