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Objective: To explore the value of dual-energy computed tomography (DECT) radiomics
of the regional largest short-axis lymph nodes for evaluating lymph node metastasis in
patients with rectal cancer.

Materials and Methods: One hundred forty-one patients with rectal cancer (58 in LNM+
group, 83 in LNM- group) who underwent preoperative total abdominal DECT were divided
into a training group and testing group (7:3 ratio). After post-processing DECT venous phase
images, 120kVp-like images and iodine (water) images were obtained. The highest-risk lymph
nodes were identified, and their long-axis and short-axis diameter and DECT quantitative
parameters were measured manually by two experienced radiologists who were blind to the
postoperative pathological results. Four DECT parameters were analyzed: arterial phase (AP)
normalized iodine concentration, AP normalized effective atomic number, the venous phase
(VP) normalized iodine concentration, and the venous phase normalized effective atomic
number. The carcinoembryonic antigen (CEA) levels were recorded one week before surgery.
Radiomics features of the largest lymph nodes were extracted, standardized, and reduced
before modeling. Radomics signatures of 120kVp-like images (Rad-signature120kVp) and
iodine map (Rad-signatureImap) were built based on Logistic Regression via Least Absolute
Shrinkage and Selection Operator (LASSO).

Results: Eight hundred thirty-three features were extracted from 120kVp-like and iodine
images, respectively. In testing group, the radiomics features based on 120kVp-like
images showed the best diagnostic performance (AUC=0.922) compared to other
predictors [CT morphological indicators (short-axis diameter (AUC=0.779, IDI=0.262)
and long-axis diameter alone (AUC=0.714, IDI=0.329)), CEA alone (AUC=0.540,
IDI=0.414), and normalized DECT parameters alone (AUC=0.504-0.718, IDI=0.290-
0.476)](P<0.05 in Delong test). Contrary, DECT iodine map-based radiomic signatures
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showed similar performance in predicting lymph node metastasis (AUC=0.866). The
decision curve showed that the 120kVp-like-based radiomics signature has the highest
net income.

Conclusion: Predictive model based on DECT and the largest short-axis diameter lymph
nodes has the highest diagnostic value in predicting lymph node metastasis in patients
with rectal cancer.
Keywords: rectal cancer (RC), lymph node metastasis, radiomics, dual-energy scanned projection, machine
learning, clinical prediction rule
INTRODUCTION

Colorectal cancer is the most common gastrointestinal tumor
and the third most diagnosed cancer in men and women. It has
the second-highest mortality rate after lung cancer (1). Rectal
cancer accounts for more than one-third of colon cancer cases
(2). The occurrence of lymph node (LN) metastasis in patients
with rectal cancer is highly correlated with poor clinical
prognosis and tumor recurrence (2). Yet, different lymph node
staging obtained by preoperative imaging evaluation may lead to
different clinical decisions and, consequently, different treatment
options (3). For example, surgery is usually recommended for
patients with N0 (no regional LN metastasis), while preoperative
neoadjuvant therapy is often used for those with N1 (1–3
regional LNs metastasis) or N2 (4 or more LNs metastasis).

So far, various traditional imaging modalities, including
ultrasound, computed tomography (DECT), magnetic
resonance (MR) imaging, and positron emission tomography
(PET), have been applied to analyze the lymph node metastasis
in patients with rectal cancer; yet, none of them have satisfactory
diagnostic performance. Moreover, the diagnosis of LN status
relies on their size and the reader’s subjective judgment (4, 5).
Recently, Gao et al. assessed the methodological and reporting
quality of systematic reviews that evaluated the diagnostic value
of four different imaging modalities (CT, endorectal
ultrasonography (ERUS), endoscopic ultrasound (EUS), and
MRI) for LN involvement in patients with rectal cancer. He
concluded that no modality was particularly accurate (6). For
example, preoperative high-resolution MR shows high soft-tissue
resolution and can improve the accuracy of preoperative staging
of rectal cancer; yet, its accuracy in detecting N staging is lower
than 60% (7, 8). Moreover, no standard criteria for LN evaluation
have been proposed so far. For example, some studies
emphasized the importance of LN morphological predictors
(8), while others disagreed with this data (9).

DECT is an emerging imaging technology (10) used to obtain
mixed-energy images, single-energy images, or separate base
material images through instantaneous switching of the tube or
dual-tube. This feature enables selective quantification of different
image materials with different electron density characteristics and
atomic numbers, creating material-specific image datasets. The
iodine map of DECT, which represents the iodine content in
tumor tissues, has been considered a powerful tool for tumor
diagnosis and characterization (11). Iodine maps and spectral CT
2

have been useful in assessing rectal cancer by displaying more
lesions with higher sensitivity (12) and distinguishing lesions from
intestinal contents (13). In terms of LN, previous studies have
suggested that quantitative parameters such as normalized iodine
concentration (NIC) and effective atomic number (Zeff) can be used
to evaluate the LN status of rectal cancer (14). However, these
studies only measured the average value of the whole lymph node
on DECT while ignoring a large amount of heterogeneous texture
and morphological information.

Radiomics is a relatively new quantitative approach to
medical imaging. It uses characterization algorithms to extract
quantitative features from medical images, such as shape
features, intensity-based statistical features, texture features and
so on (15, 16). Some studies have suggested that radiomic
analysis of rectal tumor images might improve the prognostic
evaluation of the tumor and the patients’ characterization. For
example, Huang et al.(17) found that radiomic score (rad-score)
of primary lesions combined with clinical feature nomogram
based on readers’ subjective evaluation of nodules can improve
the accuracy of detecting LN metastasis in patients with
colorectal cancer. Yet, the final performance of the model was
poor (AUC=0.778). In addition, the study did not examine the
regional lymph nodes.

Based on the data reported above, we summarized three main
deficiencies in the imaging evaluation of lymph nodes in rectal
cancer: (1) the diagnostic criteria and methods for assessing LN,
which have not yet reached a consensus. There is no clear
threshold for lymph node size and other indicators for
reference. (2) The repeatability of some ambiguous subjective
signs has not been yet verified, which reduces the accuracy of the
diagnosis. (3) Lack of quantitative and heterogeneous analysis of
lymph nodes, especially on images with high spatial resolution
and thin slices, such as DECT. Thus, in this study, we further
explored the value of DECT radiomics of the regional lymph
nodes for evaluating lymph node metastasis in patients with
rectal cancer.
MATERIALS AND METHODS

Patients
Patients diagnosed with rectal cancer by colonoscopy who
underwent a spectral CT (a kind of DECT) scan for
preoperative evaluation between June 2017 to May 2021 were
June 2022 | Volume 12 | Article 846840
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included in this study. The inclusion criteria were: 1. no history
of another type of cancer; 2. patients without prior radiotherapy
and/or chemotherapy; 3. rectal cancer pathologically confirmed
after surgery; 4. total mesorectal resection; suspicious lymph
nodes were dissected; 5. lymph node metastasis was determined
based on the final pathology report of the surgical specimen.
Exclusion criteria were: 1. poor CT image quality; 2. patients with
no regional lymph nodes available for analysis; 3. incomplete
pathological or baseline-related information (Figure 1).

Finally, 141 patients (101 males, 40 females; median age 67,
IQR: 58-73; range: 32-87 years old) were included in the study.
The T tumor stage was recorded according to the guideline of
NCCN (18). The carcinoembryonic antigen (CEA) index level
was recorded one week before surgery. LNM+ patients were
defined as those having one or more lymph node metastasis
(identified by the pathologists); otherwise, patients were
classified as LNM-. According to the examination time of
DECT, the patients were assigned to the training and testing
groups using a ratio of 7:3. Splitting patients by examination time
is called temporal validation, which is recommended by many
experts (19, 20).
Frontiers in Oncology | www.frontiersin.org 3
The institutional review board approved this prospective
study, and all patients signed an informed consent form.

CT Reconstruction and Post-Processing
All patients underwent head-first scanning in the supine
position. Before the exam, patients fasted for 6 hours without
undergoing bowel cleansing preparation. Patients were asked to
hold their breath during the scanning. DECT (Revolution CT,
GE Healthcare, USA) with Gemstone Spectral Imaging (GSI)
mode was used to perform a plain scan and enhanced scan
(from the diaphragm to the lower edge of the pubic symphysis).
The non-ionic contrast agent ioversol (350 mg/ml, Jiangsu
Hengrui Pharmaceutical Co., Ltd., China; 1.5ml/Kg, injection
rate: 3.0 or 3.5ml/s) was applied for enhancement by the
nursing staff. Then, 30ml of normal saline was injected
intravenously at the same rate. The spectral scanning
parameters were: the tube voltage was instantaneously
switched between 140kVp and 80kVp, the tube current was
set to the automatic tube current, and the maximum reference
tube current was 600mA; the tube rotation speed was 0.5 sec/r;
the pitch was set to 1.984:1. The 120kVp-like image in the
FIGURE 1 | Patient selection flowchart.
June 2022 | Volume 12 | Article 846840
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venous phase was automatically reconstructed according to the
kVp-like kernel function after scanning, and the thickness was
1.25mm. The CT data were reconstructed using 50% adaptive
statistical iterative reconstruction (ASIR, GE Healthcare) and
then transferred to an advanced workstation (AW4.7, GE
Healthcare) for analysis and post-processing.

Raw data were loaded to the GSI Viewer software application,
after which an iodine (water) map was obtained. Iodine
concentration was 100mg/cm3. Since the 120kvp-like and
iodine maps were reconstructed from the same raw data, the
layer thickness, spacing, and spatial position information were
the same (no registration was required).

Selection of the Largest Regional
Lymph Node
On the 120kVp-like venous phase image, lymph nodes inside
and outside the mesorectum along the superior rectal artery were
examined. The areas included the mesorectum and the anterior
sacrum. The largest lymph node was defined as the lymph node
with the longest short-axis diameter for the superior rectal artery
and the lateral mesangial inner iliac lymph nodes. If there were
multiple large lymph nodes with similar diameters (the
difference is ≤1mm), the following classification criteria were
applied: 1. lymph nodes that are heterogeneously enhanced,
including necrosis or mucinous texture; 2. lymph nodes that
are round rather than oval; 3. lymph nodes that are closer to the
lesion; 4. lymph nodes that are located above but not below
the lesion.

The above annotation process was not repeated for arterial
phase images or iodine maps, but the lymph node determined by
the venous phase was searched and matched to the
corresponding position.

All lymph nodes were analyzed by two experienced
radiologists (Zhou Q. and Zou J.M. with more than 10 years
of experience in abdominal imaging diagnosis) who were
blind to the postoperative pathological results. A third
radiologist (Zhang L.R., with more than 20 years of
experience in abdominal imaging diagnosis) was invited if
there were any disagreements. The two readers manually
measured the long and short-axis diameter of the selected
lymph node using the workstation on the 120 kVp-like axial
images, and the average of the measured values of the two
was recorded.

Quantitative Parameters of DECT for
Evaluating Largest Regional Lymph Nodes
This method was performed as previously described (21). The
whole measurement process was carried out in the GSI VIEWER
of the workstation. Two readers (Zhou Q. and Zou J.M.) manually
drew ROI on the cross-sectional image to cover the entire lymph
node as much as possible, excluding the surrounding mesangial
tissue. ROI was also placed on the descending aorta at the
bifurcation of the right renal artery. The iodine concentration
(IC) and effective atomic number (Zeff) of the largest lymph nodes
and aorta in the arterial and portal phases were obtained. The
normalized iodine concentration (NIC) value is the iodine uptake
Frontiers in Oncology | www.frontiersin.org 4
value of the lymph nodes divided by the iodine uptake value of the
aorta.

NICLN = ICLN=ICaorta

The normalized Zeff is the effective atomic number of the
lymph node divided by the effective atomic number of the aorta.

NZeffLN = ZeffLN=Zeffaorta

Four DECT quantitative parameters included: AP NIC, AP
normalized Zeff, VP NIC, and VP normalized Zeff. The above
parameters were analyzed by averaging the measured values of
the two readers.

Radiomics Feature Extraction
All segmentation was performed on 3D Slicer v. 4.8.1. A reader
(Zou J.M.) outlined all the slices of the largest lymph node on the
venous iodine map. Thirty cases were randomly selected, and
two radiologists (Zou J.M. and Zhou Q.) redrew their ROIs one
month later for the repeatability test of features. The obtained
mask was also suitable for 120kVp-like images in the venous
phase. (Figure 2) Using pyradiomics for feature extraction based
on 3D ROIs, 833 features were extracted from 120kVp-like and
iodine images. The specific features are shown in Table 1.
Intraclass correlation coefficient (ICC) was used for analyzing
the consistency at intraobserver and interobserver; the features of
r value greater than 0.7 were analyzed in the follow-up.

Selection of Radiomics Features and
Establishment of the Models
This part was completed on the software FAE v3.7.0 (20). All
models were built based on the same training group, and all
features were standardized to a standard normal distribution
using Z-score to reduce the difference in the range of feature
values. Pearson correlation coefficients (PCC) were used to
reduce the dimensionality of features. When the coefficient was
>0.86, one of them was randomly removed for dimensionality
reduction. Then recursive feature elimination (REF) was used to
filter features; Logistic Regression via Lasso was used as a
classifier for modeling. To avoid overfitting, each feature
requires at least 10-15 patients to participate in the radiomic
signature (22, 23). The maximum number of features was limited
to 10 because the number of patients in the training group was
99. Then 10-fold cross-validation was used to select the best
model based on the means of AUCs. Finally, a radiomic model of
the regional largest lymph node (Rad-signature120kVp) based on
venous phase images of 120kVp-like and a radiomics model of
regional largest lymph node based on venous phase iodine maps
(Rad-signatureImap), were established. The flow chart of the
whole research scheme is shown in Figure 3.

Statistical Analysis
For continuous variables, the Kolmogorov-Smirnov was used to
compare the cumulative distributions of the data sets. The
mean ± standard deviation was used to express normal
distribution, and the T-test was used to compare the
differences between groups with normal distribution; the
June 2022 | Volume 12 | Article 846840
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median and quartile were used for the values that did not meet
the normal distribution, and the Mann-Whitney U test was used
to compare the differences between these groups.

The Chi-square test or Fisher’s exact test was used for
categorical variables. The receiver operator characteristic
Frontiers in Oncology | www.frontiersin.org 5
(ROC) curves were drawn for each model or indicator, and the
area under the Curve (AUC) was used to measure diagnostic
performance. The Delong test was used to compare the
differences in ROC curves. The point with the largest Youden
index in each ROC curve was selected as the optimal threshold of
the model. The Youden index, sensitivity, specificity, and
accuracy were calculated. The integrated discrimination
improvement (IDI) value of two radiomics signature to other
predictors were computed. Finally, a decision curve was used for
different models or predictors in the testing group to analyze
their clinical applicability.

The radiomic signatures and the long-axis and short-axis
diameter of the lymph node were used, and the Spearman
correlation analysis to evaluate the correlation between the
established radiomic signatures and the lymph node size index.
Statistical analyses were performed using SPSS software 26.0,
MedCalc 20.0, and R software 3.6.1. A P-value<0.05 was
considered to be statistically significant.
RESULTS

Patient Characteristics
A total of 141 patients with rectal cancer were included in this
study. The characteristics of the patients in the training cohort
and testing cohort are shown in Table 2. There were 99 patients
in the training group and 42 in the testing group. There were 58
patients (41.13%) in the LNM+ group and 83 (58.87%) in the
TABLE 1 | The list of the radiomics features.

Feature category Feature number

original
shape 14
first order 18
GLCM 22
GLRLM 16
GLSZM 16
NGTDM 5
GLDM 14

wavelet
LLH 91
LHL 91
LHH 91
HHL 91
HLL 91
HLH 91
HHH 91
LLL 91

TOTAL 833
GLCM, gray-level co-occurrence matrix; GLRLM, gray-level run-length matrix; GLSZM,
gray-level size zone matrix; NGTDM, neighbourhood gray-tone difference matrix; GLDM,
gray level dependence matrix; L, lowpass filters; H, highpass filters.
In bold: "TOTAL" is just the sum of feature numbers.
A B C

D E F

FIGURE 2 | (A) After searching for lymph nodes in the mesorectum (red) and extramesenteric (blue) areas, the largest lymph nodes (white box) were delineated
along its edge (blue line) in the axial iodine map (B) to form a 3D-ROI (D). The ROI could be used for 120kVp-like images without registration (E). The pseudocolor
map of the largest lymph nodes in the iodine map (C) and 120kVp-like image (F) show apparent internal heterogeneity.
June 2022 | Volume 12 | Article 846840
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LNM- group. Clinical characteristics (gender, age, long-axis
diameter, and short-axis diameter of the largest regional lymph
node, pathological T stage, CEA, and lymph node metastasis)
were not statistically different between the training group and the
testing group (all P>0.05); while the long-axis diameter, short-
axis diameter, and T stage of the lymph node were statistically
different between the LNM+ group and the LNM- group (all
P<0.05), in both training and the testing groups. Moreover, CEA
was statistically different between patients with different N stages
in the training group (Table 3).
Frontiers in Oncology | www.frontiersin.org 6
The Efficiency of Long-Axis and Short-Axis Diameter
and CEA in Predicting LN Metastasis
The median value of the long-axis diameter of the largest lymph
nodes was 7.57 (IQR: 5.88-9.73), while the median value for
short-axis diameter was 5.62 (IQR: 4.63-7.66). For LNM-
patients, the median value of a long-axis diameter was 7.00
(IQR: 5.52-8.89) and 4.99 (IQR: 4.02-6.28) for the short-axis
diameter; for patients with LNM+, the median value of the long-
axis diameter was 8.79 (IQR: 6.81-11.60), and the median value
of the short-axis diameter was 7.05 (IQR: 5.27-10.10)(Table 4,
TABLE 2 | Study sample demographics and clinical characteristics.

Characteristics Training group (n=99) Testing group (n=42) P

Sex, No. (%) 0.208
male 74 (74.7%) 27 (64.3%)
female 25 (25.3%) 15 (35.7%)
Age (IQR) 67 (57–73) 67.5 (58-72.25) 0.787
Long diameter, mm (IQR) 7.85 (6.06-9.88) 7.03 (5.69-9.45) 0.668
Short diameter, mm (IQR) 5.68 (4.64-8.02) 5.56 (4.39-7.19) 0.573
T stage 0.971
1 10 (10.1%) 5 (11.9%)
2 27 (27.3%) 10 (23.8%)
3 53 (53.5%) 23 (54.8%)
4 9 (9.1%) 4 (9.5%)

CEA, ng/ml (IQR) 3.91 (2.18-7.17) 3.47 (1.92-7.85) 0.690
LNM, No. (%) 0.918
positive 41 (41.4%) 17 (40.5%)
nagetive 58 (58.6%) 25 (59.5%)
June 2022 | Volume 12 | Article 8
IQR, interquartile range.
FIGURE 3 | A study workflow. Imaging processing began by selecting the largest lymph nodes; finally, four categories of methods were evaluated.
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Figures 4A, B); the difference in the long-axis diameter and
short-axis diameter between patients with LNM- and LNM+ was
statistically significant (P<0.001).

In the overall cohort, the short-axis diameter of the largest
lymph node has a higher AUC in predicting lymph node
metastasis than the long-axis diameter (0.755 [95%CI:0.676-
0.824] vs. 0.691 [95%CI:0.608-0.766]; P=0.004). When the
short-axis diameter threshold was 6.45mm, the sum of
sensitivity and specificity was the highest (62.1%and 80.7%,
respectively), and the corresponding accuracy was 73.0%.
Furthermore, when the long-axis diameter threshold was 8.19
mm, the sum of sensitivity and specificity was the highest (60.3%
and 71.1%, respectively), and the corresponding accuracy rate
was 66.7% (Table 4).

The median value of CEA was 3.73 (IQR: 2.17-7.58); the median
value of CEA in group LNM- was 3.26 (IQR: 1.94-6.04), and the
median value of CEA in group LNM+ was 4.42 (IQR: 3.08-10.83)
(Table 4, Figure 4C), and the difference was significant (P=0.006).
The AUC of CEA in predicting lymph node metastasis was 0.631
[95%CI:0.538-0.723] in all patients. When the threshold was 3.0, the
accuracy was the highest (the sensitivity was 77.6% and the
specificity was 45.8%), and the corresponding accuracy was
58.9%; when the threshold was 5 (abnormal clinical value), the
sensitivity was 46.6%, the specificity was 68.7%, and the
corresponding accuracy was 57.5%.
Diagnostic Efficacy of DECT Quantitative
Parameters for Regional Lymph
Nodes in Predicting
The distributions, AUCs, cut-offs, sensitivities, and specificities
of 4 DECT quantitative parameters in the overall population
are shown in Table 4. The ROC curves of the four DECT
quantitative parameters are shown in Figure 4. The AUC
of VP NIC was significantly higher than AP normalized Zeff

(P=0.0286) and VP normalized Zeff (P=0.0059). There
Frontiers in Oncology | www.frontiersin.org 7
was no statistical difference between VP NIC and AP
NIC (P=0.2506).

Radiomics Models and Their
Diagnostic Power in Predicting
Lymph Node Metastasis
After the intra-observer and inter-observer ICC tests, 424 and
542 features of the largest lymph nodes in the 120kVp-like image
and the iodine map, respectively, were extracted. The results of
cross-validation with different feature numbers are shown in
Supplementary Figure 1. Rad-signature120kVp is composed of 10
features (violin plots of 10 features are shown in Supplementary
Figure 2; coefficients of features are shown in Supplementary
Table 1). The AUC of signatures in the training group and the
testing group were 0.916 [95%CI: 0.861-0.963] and 0.922 [95%
CI: 0.825-0.990], respectively (Figure 5).

Rad-signatureImap is composed of 8 features (Supplementary
Figure 2 and Supplementary Table 2). The AUC of signature in
the training group was 0.949 [95%CI: 0.901-0.980], and the AUC
in the testing group was 0.866 [95%CI: 0.742-0.961]. The feature
contribution and ROC curve of the iodine map radiomics
signature are shown in Figure 6. The cut-offs with the highest
Youden index, sensitivities, specificities and IDI values of two
radiomics signatures in the testing group are listed in Table 5.
The r values of the Spearman correlation analysis between Rad-
signature120kvp and the short-axis diameter and long-axis
diameter are 0.534 and 0.487, respectively, suggesting a
moderate correlation (23) between Rad-signature120kvp and the
morphological indicators of node size.
Comparison of Different Models
and Indicators in Predicting
Lymph Node Metastasis
The area under the curve of the six models in the testing group
was compared, and Delong test results are shown in Table 6.
TABLE 3 | Study sample demographics and clinical characteristics of patients with LNM+ and LNM- rectal cancer.

Characteristics Training group P Testing group P

LNM+ LNM- LNM+ LNM-

Sex, No. (%) 0.525
male 32 (78%) 42 (72.4%) 13 (76.5%) 11 (44%) 0.174
female 9 (22%) 16 (27.6%) 4 (23.5%) 14 (56%)
Age (IQR) 66

(59.5-73)
68

(55.75-73.25)
0.991 68.53 ± 9.04 64.52 ± 9.55 0.176

Long-axis diameter, mm(IQR) 8.84
(6.73-11.7)

7.15
(5.53-8.98)

0.002 8.74
(6.87-13.1)

6.88
(5.44-8.02)

0.02

Short-axis diameter, mm(IQR) 7.29
(5.25-10.28)

5.06
(4.21-6.29)

<0.001 6.8
(5.28-9.88)

4.97
(3.89-6.08)

0.002

T stage, No. (%) 0.005 <0.001
1 0 (0%) 10 (17.2%) 0 (0%) 5 (20%)
2 8 (19.5%) 19 (32.8%) 0 (0%) 10 (40%)
3 27 (65.9%) 26 (44.8%) 13 (76.5%) 10 (40%)
4 6 (14.6%) 3 (5.2%) 4 (23.5%) 0 (0%)

CEA, ng/ml(IQR) 4.53
(3.42-11.08)

3.31
(1.93-5.51)

0.003 3.69
(1.94-9.51)

3.2
(1.88-7.86)

0.663
June 2022 | Volume 12 | Article
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Rad-signature120kVp achieved the highest AUC (AUC=0.922) in
prediction lymph node metastasis compared with other
predictors [short-axis diameter (AUC=0.779, IDI=0.262) and
long-axis diameter alone (AUC=0.714, IDI=0.329); CEA
(AUC=0.540, IDI=0.414), and normalized DECT parameters
(AUC=0.504~0.718, IDI=0.290-0.476)](P<0.05 in Delong tests).
The ROC curve of 6 models is shown in Figure 7.

In order to evaluate the clinical practicability, a decision curve
of six indicators or signatures has also been drawn (Figure 8).
When the threshold probability was between 0 and 0.9, Rad-
signature120kvp had a higher net profit than other indicators and
was only slightly lower than the Rad-signatureImap when the
threshold probability was 0.7.
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DISCUSSION

This study explored the value of dual-energy computed
tomography (DECT) radiomics of the regional largest lymph
node for evaluating lymph node metastasis in patients with rectal
cancer. We discovered that DECT radiomics of the regional
largest short-axis lymph node could improve the prediction of
lymph node metastasis in patients with rectal cancer.

The method used to determine patients’ lymph node
metastasis status was based on the regional largest short-axis
diameter lymph nodes. Adopting this method was based on the
following: 1. In clinical practice, size is still the primary criterion
for judging the status of LN (4, 8, 24). Other measures include the
TABLE 4 | Comparison of morphology predictors, CEA and DECT quantitative parameters on distributions, AUCs, cut-offs, sensitivities and specificities.

Predictor Overall LNM- LNM+ P AUC CUT-OFF Sensitivity Specificity

long-axis diameter, mm 7.57
(5.88-9.73)

7.00
(5.52-8.89)

8.79
(6.81-11.60)

<0.001 0.691
(0.608-0.766)

6.45 62.1 80.7

short-axis diameter, mm 4.99
(4.02-6.28)

4.99
(4.02-6.28)

7.05
(5.27-10.10)

<0.001 0.755
(0.676-0.824)

8.19 60.3 71.1

APNIC 0.1786
(0.1425-0.2323)

0.1889
(0.1530-0.2448)

0.1710
(0.1374-0.2128)

0.053 0.596
(0.510-0.678)

0.1760 60.4 60.3

VPNIC 0.6622
(0.5535-0.7604)

0.6937
(0.6036-0.7800)

0.6288
(0.4715-0.7303)

0.002 0.655
(0.536-0.702)

0.5545 84.3 41.4

APNZeff 0.7512
(0.7247-0.7843)

0.7563
(0.7233-0.7858)

0.7494
(0.7280-0.7777)

0.56 0.596
(0.443-0.613)

0.7537 53 58.6

VPNZeff 0.9458
(0.9195-0.9656)

0.9530
(0.9311-0.9676)

0.9421
(0.9057-0.9595)

0.014 0.622
(0.536-0.702)

0.9551 48.2 70.7

CEA, ng/ml 3.90
(2.17-7.58)

3.35
(1.94-6.04)

4.42
(2.94-10.83)

0.008 0.631
(0.538-0.723)

3.36 70.7 50.6
June 2022 |
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Data are reported as medians with interquartile ranges. P values comes fromMann-Whitney U test. AUCs are reported with 95% confidence interval. The selection of cut-off was based on
the maximum Youden index. APNIC: arterial phase normalized iodine concentration; VPNIC: venous phase normalized iodine concentration; APNZeff: arterial phase normalized effective
atomic number; VPNZeff: venous phase normalized effective atomic number.
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FIGURE 4 | Violin plot of a short-axis diameter (A), a long-axis diameter (B), and CEA (C). All of them were significantly different between LNM+ and LNM- groups.
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shape (circle) (4) and heterogeneity (8). Combined with the
above criteria, the “largest short-axis diameter lymph node” was
defined as the highest risk lymph node in the region. 2. Rectal
cancer’s lymph node metastasis area is relatively fixed. Langman
Frontiers in Oncology | www.frontiersin.org 9
et al. (25) showed that most rectal cancer metastatic lymph nodes
are located in the mesorectum close to the tumor and along the
superior rectal artery. Therefore, the area defined in this study
was sufficient to include metastatic lymph nodes. 3. Another
FIGURE 5 | Receiver operating characteristic (ROC) curve of 4 different normalized DECT parameters used to discriminate LNM (+) from LNM (-) in the overall
cohort. APNIC, arterial phase normalized iodine concentration; VPNIC, venous phase normalized iodine concentration; APNZeff, arterial phase normalized effective
atomic number; VPNZeff, venous phase normalized effective atomic number.
A CB

D FE

FIGURE 6 | The contribution of 10 features in the signature of 120kVp-like images (A) and the signature of iodine map (D). Receiver operating characteristic (ROC)
curves to discriminate LNM (+) from LNM (-) for the 120kvp-like radiomics model (B) and iodine map (E) radiomics model in the training and testing cohort. Violin
plots of Rad-signature120kvp (C) and Rad-signatureImap (F) to discriminate LNM (+) from LNM (-).
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reason was based on previous study data, which suggested that
mapping LNs on CT may be challenging (21, 26). More lymph
nodes can be seen in the specimen than on CT (26, 27). In
addition, the inclusion of all lymph nodes for research has
increased the number of target nodes but the uncertainty of
image-specimen-pathology correspondence. We also noted that
many studies adopted a method similar to ours (21, 28–30),
which confirmed its feasibility. The excellent final performance
of the established model also ensures the effectiveness of
this method.
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In this study, the predictive model based on a 120kVp-like
image showed the highest diagnostic value in predicting lymph
node metastasis in patients with rectal cancer. We also found that
using an iodine map does not increase the extra performance
compared to the 120kVp-like image reproduced by DECT. CT
images combined with radiomics of the primary lesion to predict
the status of lymph nodes in colorectal cancer have been reported
before, showing an AUC of 0.778 (17, 30). Yet, these studies used
radiomics features of primary tumors combined with clinical
features (CEA levels), and CT reported the LN status. Therefore,
we believe that the objective quantitative radiomics information
of the lymph node itself should not be ignored.
TABLE 6 | P-values of DeLong test for AUC of 6 different signatures or indicators.

Rad signature120kvp Rad signatureI map Short diameter Long diameter VP NIC CEA

Rad-signature120kvp (AUC=0.922) – 0.2299 0.0473* 0.013* 0.0359* 0.0001*
Rad-signatureImap (AUC=0.866) 0.2299 – 0.2063 0.0333* 0.1167 0.0018*
Short-axis diameter (AUC=0.779) 0.0473* 0.2063 – 0.1682 0.1719 0.0098*
Long-axis diameter (AUC=0.714) 0.013* 0.0333* 0.1682 – 0.9731 0.1049
VP NIC (AUC=0.718) 0.0359* 0.1167 0.5739 0.9731 – 0.1719
CEA (AUC=0.540) 0.0001* 0.0018* 0.0098* 0.1049 0.5739 –
June 2022 | Volum
e 12 | Article
*P-value<0.05; VP NIC, venous phase normalized iodine concentration.
TABLE 5 | The cut-offs, sensitivities, specificities and IDI index of two radiomics signatures in the testing group.

Rad-signature120kvp Rad-signatureImap

cut-off 0.1851 0.5122
Sensitivity (%) 100.0 [95CI%:80.5-100.0] 70.59 [95CI%:44.0-89.7]
Specificity (%) 80.0 [95CI%:59.3-93.2] 88.00 [95CI%:68.8-97.5]
IDI to SD 0.262 0.133
IDI to LD 0.329 0.199
IDI to VPNIC 0.29 0.161
IDI to CEA 0.414 0.285
The selection of cut-off was based on the maximum Youden index. Only the IDI index to DECT quantitative parameter with the highest AUC (VPNIC) was calculated. SD, short-axis
diameter; LD, long-axis diameter; VPNIC, venous phase normalized iodine concentration.
FIGURE 7 | Receiver operating characteristic (ROC) curve of 6 different
signatures or indicators in the testing cohort. The 120kVp-like radiomics
signature had the highest area under Curve (AUC). Only the curve of the
DECT quantitative parameter with the highest AUC (VPNIC) was drawn to
improve readability. VPNIC: venous phase normalized iodine concentration.
FIGURE 8 | Decision curve of 6 different signatures or indicators in the
testing cohort. The 120kVp-like radiomics signature had the highest area
under Curve (AUC) in the majority range of risk thresholds. Only the curve of
DECT quantitative parameter with the highest AUC was drawn to improve
readability. VPNIC: venous phase normalized iodine concentration.
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After the preprocessing and selection, 10 and 8 features of the
largest lymphnodes in thecommonportalphase imageand the iodine
map, respectively, were reserved. Flatness was the onlymorphological
feature contained in the two imaging radiomics signatures. It
represents the ratio of the long-axis length to the shortest-axis
length (31); the closer it is to the spherical shape, the closer it is to 1.
In other words, “round” lymph nodes tend to be malignant, which is
consistent with previous studies (32) and guidelines (4).

Intensity-based statistical features shared by the iodine map
and the 120kVp-like signatures included Skewness and Kurtosis.
Moreover, each of the two signatures has a different histogram
feature. Minimum was found in the 120kVp-like signature and
10Percentile (P10) in the iodine map signature. In fact, the
meaning of the two is similar. P10 is more robust to grey level
outliers than the minimum grey level (31). Skewness and
Kurtosis may represent low-enhancement areas in the lymph
nodes. Necrosis is the most common type of metastatic lymph
node, and the low-enhancement areas in the lymph nodes
indicate necrotic components in the lymph nodes. The feature
Minimum and 10Percentile may indicate that the infiltration of
surrounding fat may increase the density of low-density fat in the
ROI. It is worth mentioning that some of the DECT quantitative
parameters, such as NIC, are essentially Intensity-based
statistical feature Mean based on the iodine map.

Texture features were also found to be relevant. Observing the
meaning of these texture features and related conditions, the
heterogeneity of metastatic lymph nodes was higher, which is
also in line with our conventional cognition. Rectal benign
lymph nodes include follicle, sinusoidal and mixed types, while
metastatic lymph nodes include two major types of partial and
complete tumor invasion and four subtypes of cellular
proliferation, fibrosis, necrosis, and cyst formation (33). Thus,
the heterogeneity analysis of lymph nodes is crucial. Establishing
a correlation between conventional imaging findings and
metastatic infiltration is challenging (25, 34), which is why size
is always the main assessment parameter. The radiomics features
quantify these heterogeneous manifestations to a certain extent;
these features are usually not recognized and distinguished by the
naked eye (16). The study found that texture features, shape, and
histogram features overlap between the signature of the iodine
map and the 120kVp-like image. Some features are slightly
different but similar in meaning. It is generally believed that
radiomics features lack repeatability, especially from different CT
modalities. Nevertheless, these features remain stable in different
reconstructed images. Therefore, these features should be further
explored and validated. On the other hand, no feature directly
reflects the size of the lymph node. Correlation analysis indicated
that the r-value of the radiomic score and size parameter is
around 0.5, which means that the radiomic signature still has a
moderate correlation with the size of the lymph node.

The sensitivity and specificity of the maximum short-axis
diameter of regional lymph nodes in this study were similar to
those of CT reported by META analysis (34) and comparative
analysis (6) but also higher than those of long-axis diameter and
CEA. This shows that in the absence of radiomics or other
analysis methods, short-axis diameter is still one of the most
effective criteria for judging lymph node involvement of rectal
Frontiers in Oncology | www.frontiersin.org 11
cancer in clinical practice. It should be noted that, in this study,
we measured the long-axis diameter of the highest-risk lymph
node, which does not represent the longest diameter of all
regional lymph nodes. Therefore, the diagnostic efficiency of
the actual maximum longest diameter of lymph nodes in the
region may be lower. In addition, because some benign lymph
nodes tend to show slender type, not included by our criteria, it
significantly reduces the specificity of diagnosis.

The value of DECT quantitative parameters assessing rectal
cancer’s benign and malignant lymph nodes has attracted
attention in recent years. However, the results from previous
studies are not consistent (8, 21, 35). Nevertheless, no consensus
on the diagnostic efficacy of DECT quantitative parameters in
lymph node diagnosis has been proposed. Our results suggested an
AUC of 0.7 when using DECT quantitative parameters alone,
which is similar to data reported by Al-Najami et al. (36) but lower
than others’ reports (21, 24). Based on the above results, we think
that some studies may overestimate the diagnostic performance of
DECT parameters. The result also confirms that the efficiency of
the iodine map signature is not better than that of the 120kVp-like
venous phase signature. The essence of these quantitative
parameters reflects the enhanced regional iodine concentration.
Metastatic lymph nodes of rectal cancer show relatively low iodine
concentration due to necrosis and tumor infiltration. These
concentrations can also be quantified by ordinary portal phase
CT images. Yet, the factors that lead to the iodine uptake of lymph
nodes may vary, such as circulatory status and lymph node blood
supply. Therefore, simply measuring a lymph node’s average
iodine concentration or atomic number without considering the
morphological characteristics or heterogeneity of nodes does not
provide sufficient diagnostic value.

Serum CEA (carcinoembryonic antigen) is one of the most
important and commonly used tumor markers for rectal
cancer (35). CEA is overexpressed in more than 70% of
rectal cancer and can guide tumor detection and treatment
(37). In this study, the accuracy of CEA to predict the N stage
was only 57% when the abnormal value standard was 5ng/ml
(Clinical threshold); however, the specificity of the diagnosis
of lymph node metastasis was higher than the sensitivity,
which was similar to data reported by Moertel et al. (38). This
data indicates that lymph node metastasis can be suspected
when CEA is greater than 5ng/ml, and regional lymph nodes
should be more carefully evaluated. Yet, our data suggest that
CEA alone may not be the best indicator of lymph node
metastasis and could be jointly used with other indicators, as
reported by some previous studies (17, 37).

This study still has some limitations: 1. this is a single-center
study with relatively small sample size. 2. Subjects of this study
are patients who have undergone surgery without neoadjuvant
therapy: yet, assessing the nature of lymph nodes after
neoadjuvant therapy has always been a challenging process. 3.
This study did not consider some semantic features used in
clinical practice such as “texture”, “border”, and “shape” for
comparison. 4. This study did not discuss the combined value of
some indicators and radiomics signatures. 5. The patient’s overall
lymph node metastasis status is judged based on the highest-risk
lymph nodes. There is no one-to-one correspondence between
June 2022 | Volume 12 | Article 846840
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the pathology and the lymph nodes on the image. The model
cannot distinguish the N1 or N2 stage from LNM. Previous
reports showed that metastatic lymph nodes could be found in
images (39), but if these small lymph nodes are the only
metastatic lymph nodes of the patient, it is impossible to make
a correct diagnosis using pure imaging methods. 6. Finally, the
reproducibility of radiomics features has always been questioned.
Further research is needed to establish a more robust model.

To sum up, a predictive radiomics model based on a 120kVp-
like image and the largest short-axis diameter lymph node showed
the highest diagnostic value in predicting lymph node metastasis in
patients with rectal cancer and may become an effective biomarker
for assessing the patient’s lymph node status in these patients.
Contrary, DECT quantitative parameters and iodine maps do not
provide enough information to determine the nature of lymph
nodes in rectal cancer. In the absence of radiomics methods, the
diagnosis should be based on an assessment of the short-axis
diameter of the lymph node and subjective assessment (e.g.,
whether LN is round and heterogeneous).
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