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Background: There is no unified scope for regional lymph node (LN) dissection in patients with pancreatic 
ductal adenocarcinoma (PDAC). Incomplete regional LN dissection can lead to postoperative recurrence, 
while blind expansion of the scope of regional LN dissection significantly increases the perioperative risk 
without significantly prolonging overall survival. We aimed to establish a noninvasive visualization tool based 
on dual-layer detector spectral computed tomography (DLCT) to predict the probability of regional LN 
metastasis in patients with PDAC.
Methods: A total of 163 regional LNs were reviewed and divided into a metastatic cohort (n=58 LNs) 
and nonmetastatic cohort (n=105 LNs). The DLCT quantitative parameters and the nodal ratio of the 
longest axis to the shortest axis (L/S) of the regional LNs were compared between the two cohorts. The 
DLCT quantitative parameters included the iodine concentration in the arterial phase (APIC), normalized 
iodine concentration in the arterial phase (APNIC), effective atomic number in the arterial phase (APZeff), 
normalized effective atomic number in the arterial phase (APNZeff), slope of the spectral attenuation 
curves in the arterial phase (APλHU), iodine concentration in the portal venous phase (PVPIC), normalized 
iodine concentration in the portal venous phase (PVPNIC), effective atomic number in the portal venous 
phase (PVPZeff), normalized effective atomic number in the portal venous phase (PVPNZeff), and slope 
of the spectral attenuation curves in the portal venous phase (PVPλHU). Logistic regression analysis based 
on area under the curve (AUC) was used to analyze the diagnostic performance of significant DLCT 
quantitative parameters, L/S, and the models combining significant DLCT quantitative parameters and  
L/S. A nomogram based on the models with highest diagnostic performance was developed as a predictor. 
The goodness of fit and clinical applicability of the nomogram were assessed through calibration curve and 
decision curve analysis (DCA).
Results: The combined model of APNIC + L/S (APNIC + L/S) had the highest diagnostic performance 
among all models, yielding an AUC, sensitivity, and specificity of 0.878 [95% confidence interval (CI): 
0.825–0.931], 0.707, and 0.886, respectively. The calibration curve indicated that the APNIC-L/S nomogram 
had good agreement between the predicted probability and the actual probability. Meanwhile, the decision 
curve indicated that the APNIC-L/S nomogram could produce a greater net benefit than could the all- or-
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Introduction

Pancreatic ductal adenocarcinoma (PDAC), with is 
associated with an extremely poor prognosis, is expected 
to be the second most common cause of cancer death 
worldwide by 2030 (1,2). Most patients with PDAC have 
lymph node metastasis (LNM) or distant metastasis at the 
time of diagnosis, and the 5-year survival rate is only about 
11 % (3). Surgical resection is still the only remediable 
treatment strategy for patients with resectable and 
borderline resectable PDAC (4). LNM is considered to be 
one of the independent factors influencing the prognosis of 
PDAC. On the one hand, incomplete regional lymph node 
(LN) dissection leads to postoperative recurrence (5). On 
the other hand, blindly expanding the scope of regional LN 
dissection can significantly increase the perioperative risk 
via the extension of the operation time, the requirement 
of intraoperative blood transfusion, and an elevated risk 
of postoperative complications of patients, all without 
significantly prolonging overall survival (6,7). The National 
Comprehensive Cancer Network guidelines recommended 
preoperative neoadjuvant therapy for patients with LNM, 
as this can significantly improve survival after surgical 
resection (8,9). Therefore, accurate preoperative evaluation 
of LNM in patients with PDAC may be critical to providing 
individualized treatment options.

The main method for the preoperative evaluation of 
LNM in PDAC is endoscopic ultrasound, which is an 
invasive examination that may produce false negatives due 
to the experience level of the ultrasound diagnostician and 
the heterogeneity of the lesion (10). Positron emission 
tomography-computed tomography (PET-CT) has 
obvious advantages in evaluating the LNM of PDAC; 
however, it is not recommended as a routine examination 
for PDAC, and its cost is relatively high, thus limiting its 
widespread application in clinic (11). Although magnetic 
resonance imaging provides a degree of accuracy in the 

identification of metastatic LNs in PDAC (12), several 
factors restrict its application for determining LN status, 
including spatial resolution problems, motion artifacts, and 
dose-dependent oversaturation artifacts (13). Multiphase 
contrast-enhanced CT is the preferred examination method 
for the preoperative N staging of PDAC, as it is helpful in 
evaluating the tumor range, relationship with surrounding 
blood vessels and organs, and metastasis (14). However, 
subjectivity is unavoidable when radiologists evaluate 
the LNM through visual observation, and the sensitivity 
and accuracy are insufficient to meet the needs of clinical 
diagnosis. As the existing imaging modalities each possess 
certain drawbacks in diagnosing metastatic LN in patients 
with PDAC, a more precise and quantitative diagnostic tool 
is urgently needed to identify metastatic LNs. 

Dual-layer detector spectral CT (DLCT) can provide 
high- and low-energy X-ray conversion through a dual-layer 
detector to prevent the mutual interference between different 
energy rays and guarantee the accuracy of data. The series 
of energy spectrum images obtained after postprocessing 
can offer a greater abundance of image features than can 
conventional CT in contributing to an accurate qualitative 
and quantitative analysis of substances. Owing to DLCT’s 
particular advantages, emerging DLCT quantitative 
parameters have been developed and gradually applied for 
predicting the routine clinical diagnosis of LNM in various 
cancers including head and neck squamous cell carcinoma, 
gastric cancer, and rectal cancer, among others (15-18). The 
nodal ratio of the longest axis to the shortest axis (L/S) has 
been recommended as a quantification index of metastatic 
LN morphology (19), as it is more reliable than is the simple 
short- or long-axis diameter and provides significantly 
improved sensitivity (20). However, only a few studies have 
examined the association between DLCT quantitative 
parameters combined with L/S and LNM in PDAC.

For this study, we hypothesized that DLCT quantitative 
parameters can aid in identifying the metastatic LNs of 

no-intervention strategy, with threshold probabilities ranging from 0.0 to 0.75.
Conclusions: As a valid and visual noninvasive prediction tool, the APNIC-L/S nomogram demonstrated 
favorable predictive efficacy for identifying metastatic LNs in patients with PDAC.
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patients with PDAC. To test this, we aimed to build a 
nomogram combining quantitative parameters and L/S that 
could identify those patients with PDAC and metastatic 
regional LN(s). We present this article in accordance with 
the TRIPOD reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-23-1624/rc).

Methods 

Patient and regional LN selection

This study was approved by the Institutional Review Board 
of the Chongqing General Hospital (No. KY S2022-075-01)  
and was conducted in accordance with the Declaration of 
Helsinki (as revised in 2013). The requirement for informed 
consent was waived due to the retrospective nature the study 
design. We retrospectively evaluated patients with PDAC 
who underwent surgical resection with LN dissection at 
Chongqing General Hospital from September 2021 to 
December 2022 (n=125). The inclusion criteria for patients 
were as follows: (I) PDAC was pathologically confirmed, (II) 
regional LNs were dissected and pathologically examined, 
and (III) patients underwent contrast-enhanced DLCT 
examination within two weeks before surgery. Meanwhile, 
the exclusion criteria for patients were as follows: (I) 
administration of preoperative neoadjuvant chemotherapy 
(n=36); (II) quality of image insufficiently high for 
satisfactory analysis (n=3); (III) complications with other 
primary malignancies (n=7); and (IV) absence of any clinical, 
pathological, surgical, or imaging data (n=12). Finally,  
67 patients with PDAC were included, among whom 
38 were men (61.89±10.59 years) and 29 were women 
(62.90±9.57 years).

The Japanese Pancreas Society nodal classification of the 
regional LN stations of the pancreas was used to determine 
the location of the regional LNs both in radiology and 
pathology (21). The inclusion criterion for regional LNs 
was all LNs pathologically confirmed as metastatic or as all 
nonmetastatic in a given regional LN station. Meanwhile, 
regional LN stations composed of both pathologically 
confirmed metastatic and nonmetastatic LNs were excluded.

A total of 163 regional LNs with histological examination 
were divided into a metastatic LN cohort (n=58) and a 
nonmetastatic LN cohort (n=105).

DLCT protocol

Contrast-enhanced abdominal scans were performed using 

a DLCT device (IQon spectral CT, Philips Healthcare, 
Amsterdam, the Netherlands). All DLCT scans were 
performed by scanners using a standard protocol, the details 
of which are described in the Appendix 1.

Matching of the LN stations in the targeted region and 
quantitative parameter measurements

(I) The matching of the imaging regional LN stations to 
the pathological ones was completed by two radiologists, 
with the aim of determining if the targeted regional 
LN stations were composed of all metastatic or all 
nonmetastatic LNs. (II) The measurements of the 
DLCT quantitative parameters and L/S were executed 
by another two radiologists who were only aware of the 
targeted regional LN station and not the metastatic status 
of the targeted regional LN. The DLCT quantitative 
parameters included iodine concentration in the arterial 
phase (APIC), normalized iodine concentration in the 
arterial phase (APNIC), effective atomic number in the 
arterial phase (APZeff), normalized effective atomic 
number in the arterial phase (APNZeff), the slope of 
the spectral attenuation curves in the arterial phase 
(APλHU), iodine concentration in the portal venous phase 
(PVPIC), normalized iodine concentration in the portal 
venous phase (PVPNIC), effective atomic number in 
the portal venous phase (PVPZeff), normalized effective 
atomic number in the portal venous phase (PVPNZeff), 
and the slope of the spectral attenuation curves in the 
portal venous phase (PVPλHU). Details are described in 
Appendix 1.

Statistical analysis

All statistical analysis were performed using R software 
(The R Foundation for Statistical Computing; http://www.
R-project.org), SPSS software version 26.0, IBM Corp., 
Armonk, NY, USA), and MedCalc version 18.2.1 (MedCalc 
Software, Ostend, Belgium). The Shapiro-Wilk test was 
used to determine the normality of the data. The data are 
presented as the mean ± standard deviation for normally 
distributed data and as the median (25th, 75th percentiles) for 
nonnormally distributed data.

Interobserver reliability for the matching of targeted 
region LN stations was calculated using the kappa statistic. 
The intraclass correlation coefficient (ICC) was used to 
measure the interobserver agreement of the evaluation 
of quantitative parameters. The DLCT quantitative 
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parameters and L/S were assessed via the two-sample 
t-test or the Mann-Whitney test. A two-sided P value 
<0.05 indicated statistical significance. The diagnostic 
performance of the significant quantitative variables was 
assessed with the receiver operating characteristic (ROC) 
curve with 95% confidence interval (CI). The Delong test 
was applied to evaluate the area under the curve (AUC) 
of the models, and the cutoff value was determined via 
the Youden index. The sensitivity and specificity of each 
significant quantitative parameter were calculated. The 
same approach was applied to appraise the models that 
combined the significant DLCT quantitative parameters 
and L/S, with the model with the best performance being 
incorporated in a nomogram. A calibration curve was 
used to evaluate the goodness of fit of the nomogram, and 
decision curve analysis (DCA) was performed to determine 
its clinical utility.

Results 

Comparison of DLCT quantitative parameters and L/S 

The quantitative parameters of DLCT and the L/S in the 
metastatic and nonmetastatic LN cohorts are summarized 
in Table 1. Except for APNZeff, PVPIC, PVPZeff, and 

PVPλHU, none of the parameters fit a normal distribution. 
According to the univariate analysis, the values of APIC, 
APNIC, APZeff, APNZeff, APλHU, PVPIC, PVPZeff, 
PVPλHU, and L/S were significantly different between 
the metastatic and nonmetastatic regional LN cohorts 
(P<0.001). The κ value for the matching of the targeted 
regional LN stations was 0.853 (P=0.69), and for all 
quantitative parameters in the interobserver agreement 
analysis, the ICC was >0.8. The details are provided in 
Table S1.

Diagnostic efficacy of DLCT quantitative parameters and 
L/S 

The AUC, sensitivity, and specificity of the quantitative 
parameters of DLCT and L/S are displayed in Table 2. The 
APIC had the highest diagnostic performance (AUC =0.852; 
95% CI: 0.795–0.910), with a sensitivity and specificity of 
0.603 and 0.867, respectively. The AUC of L/S was 0.741 
(95% CI: 0.659–0.823) under a cutoff value of 1.96, and the 
sensitivity and specificity for identifying metastatic regional 
LNs were 0.571 and 0.800, respectively. The ROCs of the 
quantitative parameters of DLCT and L/S are displayed in 
Figure 1.

Table 1 Univariate analysis in the metastatic and nonmetastatic LNs cohorts

Variable Metastatic LNs cohort (n=58) Nonmetastatic LNs cohort (n=105) t/Z value P value

APIC 1.12 (0.80, 1.44) 1.71 (1.45, 2.04) −7.441 <0.001

APNIC 0.08 (0.06, 0.10) 0.13 (0.11, 0.17) −7.366 <0.001

APZeff 8.00 (7.78, 8.15) 8.26 (8.14, 8.34) −7.046 <0.001

APNZeff 0.67±0.03 0.70±0.04 −5.913 <0.001

APλHU 1.39 (1.00, 1.78) 2.12 (1.77, 2.52) −7.232 <0.001

PVPIC 2.01±0.58 2.41±0.57 −4.276 <0.001

PVPNIC 0.41 (0.31, 0.50) 0.44 (0.39, 0.51) −1.764 0.078

PVPZeff 8.39±0.27 8.57±0.25 −4.206 <0.001

PVPNZeff 0.88 (0.85, 0.90) 0.88 (0.86, 0.90) −0.057 0.954

PVPλHU 2.49±0.72 2.93±0.80 −3.460 0.001

L/S 1.50 (1.37, 1.80) 2.06 (1.62, 2.28) −5.096 <0.001

The data are presented as the mean ± standard deviation and the median (25th, 75th percentiles). LN, lymph node; APIC, iodine concentration 
in the arterial phase; APNIC, normalized iodine concentration in the arterial phase; APZeff, effective atomic number in the arterial phase; 
APNZeff, normalized effective atomic number in the arterial phase; APλHU, slope of the spectral attenuation curves in the arterial phase; 
PVPIC, iodine concentration in the portal venous phase; PVPNIC, normalized iodine concentration in the portal venous phase; PVPZeff, 
effective atomic number in the portal venous phase; PVPNZeff, normalized effective atomic number in the portal venous phase; PVPλHU, 
slope of the spectral attenuation curves in the portal venous phase; L/S, nodal ratio of the longest axis to the shortest axis.
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Table 2 Diagnostic efficacy of DLCT quantitative parameters and the L/S

DLCT parameter AUC (95% CI) Sensitivity Specificity Cutoff value

APIC 0.852 (0.795–0.910) 0.603 0.867 1.53

APNIC 0.849 (0.789–0.909) 0.586 0.876 0.11

APZeff 0.834 (0.773–0.894) 0.500 0.905 8.20

APNZeff 0.765 (0.689–0.841) 0.345 0.876 0.67

APλHU 0.843 (0.783–0.902) 0.569 0.867 1.98

PVPIC 0.673 (0.587–0.758) 0.362 0.876 1.65

PVPZeff 0.666 (0.580–0.751) 0.362 0.876 8.30

PVPλHU 0.659 (0.573–0.744) 0.259 0.933 2.23

L/S 0.741 (0.659–0.823) 0.517 0.800 1.96

DLCT, dual-layer detector spectral computed tomography; L/S, nodal ratio of the longest axis to the shortest axis; AUC, area under the 
curve; CI, confidence interval; APIC, iodine concentration in the arterial phase; APNIC, normalized iodine concentration in the arterial 
phase; APZeff, effective atomic number in the arterial phase; APNZeff, normalized effective atomic number in the arterial phase; APλHU, 
slope of the spectral attenuation curves in the arterial phase; PVPIC, iodine concentration in the portal venous phase; PVPZeff, effective 
atomic number in the portal venous phase; PVPλHU, slope of the spectral attenuation curves in the portal venous phase.

1.0

0.8

0.6

0.4

0.2

0.0

S
en

si
tiv

ity

0.0 0.2 0.4 0.6 0.8 1.0
1−Specificity

APIC (AUC =0.852)

APNIC (AUC =0.849)

APZeff (AUC =0.834)

APNZeff (AUC =0.765)

APλHU (AUC =0.843) 

PVPZeff ( AUC =0.666)

PVPλHU (AUC =0.659) 

L/S (AUC =0.741) 

Reference line

Figure 1 Receiver operating characteristic curves of the DLCT 
quantitative parameters and L/S for identifying the metastatic 
regional LNs of PDAC. APIC, iodine concentration in the arterial 
phase; AUC, area under the curve; APNIC, normalized iodine 
concentration in the arterial phase; APZeff, effective atomic 
number in the arterial phase; APNZeff, normalized effective 
atomic number in the arterial phase; APλHU, slope of the 
spectral attenuation curves in the arterial phase; PVPIC, iodine 
concentration in the portal venous phase; PVPZeff, effective 
atomic number in the portal venous phase; PVPλHU, slope of the 
spectral attenuation curves in the portal venous phase; L/S, nodal 
ratio of the longest axis to the shortest axis; DLCT, dual-layer 
detector spectral computed tomography; LN, lymph node; PDAC, 
pancreatic ductal adenocarcinoma. 

Diagnostic value of the combination of DLCT quantitative 
parameters and L/S

The AUC, sensitivity, and specificity of the significant 
DLCT quantitative parameters each combined with  
L/S are displayed in Table 3. The AUCs of these combined 
models were superior to that of any quantitative parameter 
alone. The P values of the DeLong test for the AUCs of 
the DLCT quantitative parameters and L/S as well as those 
of each DLCT quantitative parameter combined with  
L/S are displayed in Table S2 and Table S3. The APNIC 
+ L/S model (APNIC-L/S) had the highest diagnostic 
performance, with an AUC, sensitivity, and specificity of 
0.878 (95% CI: 0.825–0.931), 0.707, and 0.886, respectively. 
The ROCs of the combined models that incorporated each 
of the significant DLCT quantitative parameters with L/S 
are displayed in Figure 2.

Development and performance of the APNIC-L/S 
nomogram

The APNIC-L/S nomogram was constructed through 
a combination of the APNIC and L/S multiplied by 
their respective weighted coefficients. The ROC of the  
APNIC-L/S nomogram is displayed in Figure 3. The formula 
was as follows: APNIC-L/S nomogram =6.245–34.687 × 
APNIC – 1.707 × L/S. The APNIC-L/S nomogram for 
the identification of metastatic regional LNs of PDAC 
was established according to the APNIC and L/S model  
(Figure 4).  The calibration curve of the nomogram 
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Table 3 Diagnostic performance of the combined models with DLCT quantitative parameters and the L/S

Combined model AUC (95% CI) Sensitivity Specificity Cutoff value

APIC + L/S 0.876 (0.822–0.930) 0.690 0.886 0.40

APNIC + L/S 0.878 (0.825–0.931) 0.707 0.886 0.45

APZeff +L/S 0.866 (0.809–0.923) 0.638 0.886 0.32

APNZeff + L/S 0.815 (0.743–0.886) 0.586 0.876 0.46

APλHU + L/S 0.867 (0.810–0.924) 0.690 0.886 0.40

PVPIC + L/S 0.770 (0.696–0.843) 0.397 0.848 0.28

PVPZeff + L/S 0.772 (0.699–0.845) 0.431 0.857 0.27

PVPλHU + L/S 0.763 (0.687–0.838) 0.483 0.848 0.36

DLCT, dual-layer detector spectral computed tomography; L/S, nodal ratio of the longest axis to the shortest axis; AUC, area under the 
curve; CI, confidence interval; APIC, iodine concentration in the arterial phase; APNIC, normalized iodine concentration in the arterial 
phase; APZeff, effective atomic number in the arterial phase; APNZeff, normalized effective atomic number in the arterial phase; APλHU, 
slope of the spectral attenuation curves in the arterial phase; PVPIC, iodine concentration in the portal venous phase; PVPZeff, effective 
atomic number in the portal venous phase; PVPλHU, slope of the spectral attenuation curves in the portal venous phase.
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Figure 2 Receiver operating characteristic curves of the combined 
models with each of the DLCT quantitative parameters and  
L/S for identifying the regional metastatic LNs of PDAC. APIC, 
iodine concentration in the arterial phase; L/S, nodal ratio of 
the longest axis to the shortest axis; AUC, area under the curve; 
APNIC, normalized iodine concentration in the arterial phase; 
APZeff, effective atomic number in the arterial phase; APNZeff, 
normalized effective atomic number in the arterial phase; APλHU, 
slope of the spectral attenuation curves in the arterial phase; 
PVPIC, iodine concentration in the portal venous phase; PVPZeff, 
effective atomic number in the portal venous phase; PVPλHU, 
slope of the spectral attenuation curves in the portal venous phase; 
DLCT, dual-layer detector spectral computed tomography; LN, 
lymph node; PDAC pancreatic ductal adenocarcinoma.
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Figure 3 Receiver operating characteristic curves of the APNIC, 
the L/S, and APNIC + L/S for identifying the metastatic regional 
LNs of PDAC. APNIC, normalized iodine concentration in the 
arterial phase; L/S, nodal ratio of the longest axis to the shortest 
axis; AUC, area under the curve; LN, lymph node; PDAC, 
pancreatic ductal adenocarcinoma.

demonstrated that the prediction result was in good 
agreement with the actual observation (Figure 5). Moreover, 
DCA revealed that the nomogram could result in a 
greater net benefit than could the all-or-none intervention 
strategy, with threshold probabilities ranging from 0.0 to 
0.75 (Figure 6). The DLCT images from the metastatic 
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Figure 6 Decision curve analysis of the APNIC-L/S nomogram. 
The X-axis and the Y-axis represent the high-risk threshold and 
corresponding net benefit, respectively. The gray line indicates the 
assumption that all regional LNs are metastatic. The black line 
represents the assumption that all regional LNs are nonmetastatic. 
APNIC, normalized iodine concentration in the arterial phase; L/S, 
nodal ratio of the longest axis to the shortest axis; LN, lymph node.

Figure 5 The calibration curve for the APNIC-L/S nomogram. 
APNIC, normalized iodine concentration in the arterial phase; L/S, 
nodal ratio of the longest axis to the shortest axis.

Figure 4 The APNIC-L/S nomogram for assessing the metastatic regional LNs of PDAC. The method for calculating the risk of metastatic 
regional LNs of PDAC is as follows. (I) Points for each variable are assigned according to corresponding values of the “Points” axis. (II) “Total 
points” is obtained by summing up the points of all predictors. (III) A vertical line can be drawn down from “Total points” to obtain the risk 
of metastatic LNs. APNIC, normalized iodine concentration in the arterial phase; L/S, nodal ratio of the longest axis to the shortest axis; 
LN, lymph node; PDAC, pancreatic ductal adenocarcinoma.

and nonmetastatic regional LN instances are displayed in  
Figures 7,8, respectively.

Discussion

In this study, a nomogram combining quantitative DLCT 
quantitative parameters and a morphological quantitative 
indicator for the identification of metastatic regional LNs 
of PDAC was established and showed good evaluation 
performance. This finding suggests that DLCT quantitative 
parameters can be a useful supplement to extant imaging 
examinations for identifying the metastatic regional LNs 

of PDAC. In addition, the APNIC-L/S nomogram is 
easy to use, as it only requires calculating the quantitative 
parameter APNIC and combining it with the L/S, which is 
suitable for inexperienced first-line clinicians.

In our study, the quantitative parameters of DLCT 
including APIC, APNIC, APZeff, APNZeff, APλHU, 
PVPIC, PVPZeff, PVPλHU, and L/S could independently 
identify metastatic regional LNs in patients with PDAC. 
Among these quantitative parameters, the APIC showed 
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Figure 7 DLCT of a metastatic regional LN in a 56-year-old woman with PDAC. Iodine maps (A,E), effective atomic number (B,F), 
40-keV VMI (C,G), 100-keV VMI (D,H), and spectral curve (I,J), with the obtained quantitative parameter values being given for the 
delineated region of interest (green color). APIC, iodine concentration in the arterial phase; APNIC, normalized iodine concentration in the 
arterial phase; APZeff, effective atomic number in the arterial phase; APNZeff, normalized effective atomic number in the arterial phase; AP, 
arterial phase; HU, Hounsfield unit; PVPIC, iodine concentration in the portal venous phase; PVPNIC, normalized iodine concentration 
in the portal venous phase; PVPZeff, effective atomic number in the portal venous phase; PVPNZeff, normalized effective atomic number 
in the portal venous phase; PVP, portal venous phase; APλHU, slope of the spectral attenuation curves in the arterial phase; PVPλHU, slope 
of the spectral attenuation curves in the portal venous phase; DLCT, dual-layer detector spectral computed tomography; LN, lymph node; 
PDAC, pancreatic ductal adenocarcinoma; VMI, virtual monoenergetic image.

the highest diagnostic efficacy, with an AUC of 0.852. Our 
findings also revealed that the APIC, APNIC, APZeff, 
APNZeff, APλHU, PVPIC, PVPZeff, and PVPλHU of 
metastatic regional LNs were significantly lower than 
those of nonmetastatic ones. A similar result was confirmed 
by Liu et al. who reported that the mean arterial phase 
NIC in metastatic LNs was significantly lower than that 
of nonmetastatic LNs (17). The decline of iodine uptake 
function may be explained by normal T lymphocytes, B 
lymphocytes, and other immune cells being replaced after 
tumor cell invasion, which changes the internal structure 
of LNs and the X-ray absorption coefficient (22). In 
addition, tumors with a high degree of malignancy have 
the characteristics of short doubling, rapid growth, and 

a significantly increased abundance of new naive blood 
vessels, which increases the likelihood of necrosis (23,24). In 
this study, both the APNZeff and APλHU of the metastatic 
regional LNs were significantly lower than those of the 
nonmetastatic regional LNs, indicating that the effective 
atomic number map and spectral curves could similarly 
help reveal the pathological features of the lesions, which 
is in line with the findings from experiments reported by  
Song et al. (25).

The diameters of LNs are measured at almost 70 keV 
in the virtual monoenergetic map because its attenuation 
value is highly similar to that of conventional 120-kVp 
CT images, which are familiar to most radiologists. It has 
been proven that a low-energy image has better subjective 
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Figure 8 DLCT of a nonmetastatic regional LN in a 71-year-old man with PDAC. Iodine maps (A,E), effective atomic number (B,F), 
40-keV VMI (C,G), 100-keV VMI (D,H), and spectral curve (I,J), with the obtained quantitative parameter values being given for the 
delineated region of interest (green color). APIC, iodine concentration in the arterial phase; APNIC, normalized iodine concentration in the 
arterial phase; APZeff, effective atomic number in the arterial phase; APNZeff, normalized effective atomic number in the arterial phase; AP, 
arterial phase; HU, Hounsfield unit; PVPIC, iodine concentration in the portal venous phase; PVPNIC, normalized iodine concentration 
in the portal venous phase; PVPZeff, effective atomic number in the portal venous phase; PVPNZeff, normalized effective atomic number 
in the portal venous phase; PVP, portal venous phase; APλHU, slope of the spectral attenuation curves in the arterial phase; PVPλHU, slope 
of the spectral attenuation curves in the portal venous phase; DLCT, dual-layer detector spectral computed tomography; LN, lymph node; 
PDAC, pancreatic ductal adenocarcinoma; VMI, virtual monoenergetic image.

and objective image quality than does conventional CT 
one, with the best energy level and phase being the 40 keV  
and the portal venous phase (PVP), respectively (26); we 
therefore chose this energy level and phase to measure 
the size of LNs, which achieved a high diagnostic efficacy 
(AUC =0.741). The ratio of the maximal longitudinal to 
the maximal axial diameter has been recommended as 
a method for quantifying the shape and the metastatic 
status of LNs (19). The cutoff value of 1.96 in our study 
was quite close to the accepted criterion: a ratio of the 
long axis to the short axis of 2 (27). However, in previous 
studies, most quantitative indicators of the morphological 
characteristics of LNs included short-axis diameter (28,29). 
Consistent with our findings, Liu et al. reported that using 

the axial ratio can significantly improve the sensitivity and 
positive predictive value of LN diagnosis as compared 
with using the short-axis diameter, which supports the 
axial ratio as a reliable indicator for morphological  
evaluation (20). 

Our study also found that as compared to the use of 
single DLCT quantitative parameters used alone or the 
single axial-diameter ratio, the combination of DLCT 
quantitative parameters and morphological features 
improved the performance for detecting the metastatic 
regional LNs of the PDAC. The highest diagnostic 
accuracy was achieved when the APNIC was combined 
with L/S, which produced an AUC of 0.878 (95% CI: 
0.825–0.931), and the sensitivity and specificity were both 
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the highest among the evaluated models. It is worth noting 
that although the combination of L/S and APNIC achieved 
the highest diagnostic efficacy, the sensitivity was still 
only 0.707. However, the sensitivities of the other models 
constructed with the combined quantitative parameters of 
DLCT for predicting LNM tend to range from 0.741 to 
0.789 (17,30,31). Gao et al. revealed that the quantitative 
parameters of DLCT combined with morphological 
information can better reveal the pathological characteristics 
of metastatic LNs and reflect their internal heterogeneity, 
demonstrating the added value of combining spectral 
quantitative parameters (32). On this basis, we constructed 
a nomogram combining the quantitative DLCT parameter 
APNIC with the morphological feature L/S, which may 
assist first-line clinicians in distinguishing PDAC metastatic 
regional LNs and allow them to make individualized 
clinical decisions. Finally, this nomogram showed good 
agreement with the actual pathological results, as shown 
by the calibration curves. Additionally, this APNIC-L/S 
nomogram would result in a net benefit in the prediction of 
metastatic and nonmetastatic risk outcomes, with threshold 
probabilities ranging between 0.0 and 0.75.

Despite its promising results, several limitations to 
our study should be noted. Firstly, although we set strict 
inclusion and exclusion standards, patient selection bias 
remained due to the retrospective design. Secondly, as 
data were only collected from a single center, one-to-
one correspondence between patient and regional LN 
could not be achieved due to the small sample size, and it 
was not possible to incorporate clinical indicators such as 
carbohydrate antigen 199 for evaluation. Thirdly, although 
the one-to-one radiology–pathology comparison of regional 
LNs in PDAC was not achieved, those stations contained 
both metastatic and nonmetastatic regional LNs were 
excluded from the study, which ensured that the metastatic 
status of regional LNs in the target station was consistent. 
Finally, this is a preliminary exploratory study on the 
application of the quantitative parameters of DLCT to the 
metastatic regional LNs of PDAC, and external validation 
of the APNIC-L/S nomogram will broaden the generality 
of this model.

Conclusions

This study constructed an APNIC-L/S radiological 
nomogram consisting of a DLCT quantitative parameter, 
APNIC, and a morphological quantitative indicator,  
L/S, which may help to identify metastatic regional LNs 

in PDAC. This nomogram can help front-line physicians 
to accurately assess the metastatic status of regional LNs 
and inform individualized clinical decisions in patients with 
PDAC.
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