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Dual‑energy computed tomography 
in a multiparametric regression model 
for diagnosing lymph node metastases 
in pancreatic ductal adenocarcinoma
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Shuiqing Zhuo1*    

Abstract 

Objective  To investigate the diagnostic value of dual-energy computed tomography (DECT) quantitative parameters 
in the identification of regional lymph node metastasis in pancreatic ductal adenocarcinoma (PDAC).

Methods  This retrospective diagnostic study assessed 145 patients with pathologically confirmed pancreatic ductal 
adenocarcinoma from August 2016–October 2020. Quantitative parameters for targeted lymph nodes were meas-
ured using DECT, and all parameters were compared between benign and metastatic lymph nodes to determine their 
diagnostic value. A logistic regression model was constructed; the receiver operator characteristics curve was plot-
ted; the area under the curve (AUC) was calculated to evaluate the diagnostic efficacy of each energy DECT param-
eter; and the DeLong test was used to compare AUC differences. Model evaluation was used for correlation analysis 
of each DECT parameter.

Results  Statistical differences in benign and metastatic lymph nodes were found for several parameters. Venous 
phase iodine density had the highest diagnostic efficacy as a single parameter, with AUC 0.949 [95% confidence inter-
val (CI):0.915–0.972, threshold: 3.95], sensitivity 79.80%, specificity 96.00%, and accuracy 87.44%. Regression models 
with multiple parameters had the highest diagnostic efficacy, with AUC 0.992 (95% CI: 0.967–0.999), sensitivity 95.96%, 
specificity 96%, and accuracy 94.97%, which was higher than that for a single DECT parameter, and the difference 
was statistically significant.

Conclusion  Among all DECT parameters for regional lymph node metastasis in PDAC, venous phase iodine density 
has the highest diagnostic efficacy as a single parameter, which is convenient for use in clinical settings, whereas 
a multiparametric regression model has higher diagnostic value compared with the single-parameter model.
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Introduction
Pancreatic ductal adenocarcinoma (PDAC) is a com-
mon gastrointestinal tumor that is highly malig-
nant. Because most patients are diagnosed at locally 
advanced intermediate or late stages, their prognosis is 
poor [1, 2]. With frequent recurrences and metastases, 
lymph node metastasis (LNM) is a significant prognos-
tic factor that affects the patient’s outcome [1, 3–5].

Currently, routine imaging techniques  cannot accu-
rately predict preoperative nodal status [6]. Abdom-
inal  ultrasound examination  does not  typically 
provide  a  definitive  diagnosis  for abdominal LNM 
because of the presence of intestinal gas. Positron emis-
sion tomography/computed tomography (PET-CT) 
studies are expensive and not widely available [7, 8], 
with sensitivity: 71.2%-81.8%, positive predictive value: 
68.1%, negative predictive value:79.1% [7, 9, 10]. Mag-
netic resonance imaging (MRI) offers  excellent  soft 
tissue  resolution; however, its spatial resolution is 
lower than that of CT, making it difficult to evalu-
ate LNM [11–13]. Conventional CT relies on differ-
ent tissue densities to distinguish different lesions [14, 
15], whereas dual-energy CT (DECT) can distinguish 
between lesions with the same density using multiple 
parameters. Numerous tumor can  be  correctly clas-
sified via nodal staging  using  quantitative  parameters 
from CT data. Most studies have established regression 
models with good diagnostic value [16–19].

However,  to date, it is not possible to clearly diag-
nose metastatic from non metastatic lymph nodes in 
PDAC. Furthermore, the diagnostic values of the DECT 
parameters for LNM in PDAC have not been compared 
in detail. The present study aimed to identify a DECT 
parameter with the highest diagnostic efficiency that is 
suitable for use in the clinical setting. Multiparametric 
DECT was used to diagnose LNM in PDAC, establish 
a diagnostic model, and compare the receiver opera-
tor characteristic curve (ROC) of each DECT param-
eter. These data allowed us to identify the single DECT 
parameter with the highest diagnostic efficiency, which 
is convenient for clinical use.

Materials and methods
Study population
This was a single-institution, retrospective, diagnostic, 
descriptive study. Cumulative data were collected from 
August 2016 to October 2020 at Sun Yat-sen University 
Cancer Center, Guangzhou, China, for 953 patients with 
PDAC who received CT scan or MR scan. The regional 
lymph nodes were matched with the pathological results, 
and the patients were divided into two groups: a meta-
static lymph node group (n = 99) and a benign lymph 
node group (n = 100). Based on the preoperative venous 
phase CT images, the critical inclusion criteria were: 1) 
pathologically confirmed PDAC and LNM and 2) DECT 
scanning within 1  month before surgical resection. 
Exclusion criteria were: 1) history of any systemic ther-
apy before surgical resection and 2) missing preoperative 
clinical and image data. The complete patient enrollment 
process is shown in Fig.  1. This study was approved by 
the institutional ethics committee of Sun Yat-sen Uni-
versity Cancer Center, Guangzhou, China (IRB number: 
B2019-012-01). Informed consent was waived based on 
the retrospective study design.

Imaging technique
All patients were scanned using a dual-source CT scan-
ner (SOMATOM Force, Siemens Healthcare) with the 
dual-energy mode. The acquisition parameters were 
detector collimation set at 192 × 0.6 mm, and 2) tube volt-
age and tube current set as follows: pitch 0.9, A/B tube 
current 250/125 mAs, and tube voltage 100 kV/Sn 150 
kV. The CARE Dose 4D automatic exposure control sys-
tem was turned on. The contrast agent iopromide 370 
(370 mg/mL iodine, Bayer, Mississauga, Ontario, Canada) 
was intravenously injected through the antecubital vein 
by a power injector (XD 8003 Ulrich) with a 20-gauge 
needle. Contrast agent application was controlled using 
the bolus-tracking technique in the  descending  aorta 
(signal attenuation threshold, 100 HU). Data acquisi-
tion was initiated after the threshold was reached in the 
abdominal aorta, with a mean delay of 7 seconds. After 20 
mL of saline solution was injected at flow rates of 4.0 mL/
second, 1.5 mL/kg of contrast agent was used, followed 
by 40 mL of saline solution at flow rates of 4.0 mL/second. 

Key Points 

• In order to ascertain the presence of regional lymph node metastasis in pancreatic ductal adenocarcinoma, a regres-
sion diagnostic model was constructed utilizing various dual-energy computed tomography parameters.

• The dual-energy CT multi-parameter regression model demonstrates a notable diagnostic efficacy in detecting 
lymph node metastasis of PDCA, thereby providing valuable assistance in clinical decision-making.
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After initiation of contrast agent injection, multiphasic 
scanning was started with a 30- to 35-second delay for 
the arterial phase, a 60- to 65-second delay for the portal 
phase, and a 180-second delay for the delayed phase.

Image postprocessing and measurement
All the CT images were transferred to an off-line work-
station (Siemens syngo.via VB20 software). Venous phase 
images were selected to reconstruct virtual monoener-
getic images. We developed and standardized ROI out-
lining criteria in our study. Manual outlining of the major 
part (about 60%) of the solid portion of the lymph node 
was performed. And we prevented drawing two small 
ROI to avoid potential low signal-noise rate. We also 
keep the ROI always in the solid portion of the LN to 
avoid partial volume effect. All measurements were per-
formed twice on two consecutive maximal slices in the 
selected lymph nodes, and their average values were cal-
culated. The slope of the spectral Hounsfield unit curve 
(in Hounsfield unit per kiloelectron-volt [HU per KV]) 
on virtual monochromatic imaging, defined as the differ-
ence between the CT value at 40 keV and that at 70 keV 
divided by the energy difference (30 keV), was calculated 
as follows:

The HU 40 keV and HU 70 keV values represent the CT 
values measured on 40 keV and 70  keV images, respec-
tively. Dual-energy parameters were measured by plac-
ing a region of interest such that it encompassed the 
solid portion of lymph nodes. The electron density (Rho), 
effective atomic number (Z), iodine concentration (IC), 
normalized iodine concentration (NIC), and the dual 
energy index (DEI) were obtained, and the differences 
were compared between the parameters for benign and 
metastatic lymph nodes. All measurements were per-
formed twice on two consecutive maximal slices in the 
selected lymph nodes, and their average values were 
calculated. For cases in which the location was unclear, 
a radiologist-defined region of interest was determined 
based on pathological or surgical records (Fig.  2). The 
radiologists did not know the pathologic findings of the 
lymph nodes when they measured the energy spectrum 
parameters for diagnosis.

Histopathologic evaluations
LN specimens were harvested by two pancreatic sur-
geon and the whole LN was fixed for HE staining 
with 5-um thin serial section. Surgical team members 

�HU = (HU 40 keV −HU 70 keV )/30

Fig. 1  Flowchart of all patients
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marked the resected specimen to dissect the lymph 
nodes. After the surgery, a microscope was used to show 
the regional LNM. Pathological results of included lymph 
nodes were used for gold standard by two pathologists 
with more than 6 years of experience. Pathology reports 
were obtained and reviewed for the patient sex and age 
and the tumor characteristics of location, size, differen-
tiation status, growth pattern, and tumor–node–metas-
tasis stage.

All regional lymph nodes in pancreatic ductal ade-
nocarcinoma were divided into many levels in our 

hospital to ensure that the LNs selected on CT images 
corresponded to the pathological results, and surgeons 
usually strived to resect lymph node stations numbers 5, 
6, 8a, 12, 13a, 13b, 14a, 14b, and so on (AJCC 8th edi-
tion). We collaborated with pathologists and surgeons. 
Before LNs dissection, target LNs were selected for spec-
tral parameter measurements. We have adopted the fol-
lowing methods to ensure that the lymph nodes selected 
on abdominal CT images corresponded to the pathologi-
cal results. We usually select lymph nodes in a specific 
station or region on preoperative CT. The size, shape, 
and three-dimensional location of the target LN in one 
node station were marked and recorded preoperatively 
on CT images by radiologists. We used coronal, axial, 
and sagittal CT images to help allocate LN. We meas-
ure its size on CT images and mark its relationship with 
blood vessels and nearby organ. During the surgery, the 
surgeon removes lymph node region by region and then 
labeled them. These targeted lymph nodes were put 
into some small clear bags with formalin solution sepa-
rately, and the pathologist performed the diagnosis of 
the marked lymph node according to the lymph node 
station and records. It was shown that how we identified 
LNs in histopathology, as Supplemental Fig. 1. For lymph 
node in one known station, the following two methods 
have been  further used in our study. First, according to 
the location (such as the subgroup, or nearby vessels), 
internal characteristics, shape and size of lymph nodes, 
doctors cooperate to match and correlate the size and 
morphological characteristics of the target lymph nodes 
under CT and microscope imaging. Second, if all lymph 
nodes in one region or station are malignant or benign, 
one node is selected for measurement- usually the largest 
one, for imaging-pathological correspondence.

Statistical analysis
Statistical  analyses  were  carried  out  using the statistical 
software SPSS, version 26.0 (SPSS) and MedCalc, ver-
sion 19.3 (MedCalc Software). Continuous variables were 
presented as mean ± standard deviation (SD). Outliers 
were detected using box plots. The mean of the duplicate 
measurements was used in statistical analysis for all sam-
ples. The independent sample  t-test or Mann–Whitney 
U test was used to compare continuous variables. The 
level of significance was set at p ≤ 0.05. The ROC curve, 
the areas under the ROC curve (AUC), 95% confidence 
interval (CI), sensitivity, specificity, Youden index, cutoff 
point, positive predictive value, and negative predictive 
value of single DECT parameter models and multipa-
rameter diagnostic models were obtained using Med-
Calc, version 19.3, software, and these parameter models 
and multiparameter diagnostic models were also used 
to assess performance. The AUCs were compared using 

Fig. 2  Measurement of dual-energy computed tomography 
(DECT) parameters in the same patients for different lymph nodes. 
The left column shows benign lymph nodes; the right column 
shows metastatic lymph nodes. Venous phase contrast-enhanced 
DECT images show the target lymph node with the following 
characteristics: iodine-based pseudo-colorized images for A 
a benign lymph node and B metastatic lymph node; representative 
effective atomic number images for C a benign lymph node and D 
a metastatic lymph node; representative venous phase CT images 
for E a benign lymph node and F a malignant lymph node; and graph 
of the spectral HU curves for G a benign lymph node, and H 
a malignant lymph node. CT, computed tomography; HU, Hounsfield 
unit



Page 5 of 11Li et al. Cancer Imaging           (2024) 24:38 	

the Z test. A value of p < 0.05 was considered statistically 
significant.

The DeLong test was used to compare AUCs. A p value 
of <0.05 was considered statistically significant. Binary 
logistic regression analysis using a forward stepwise (con-
ditional) method was performed. A regression model was 
established by combining multiple indicators with statis-
tically significant (p values < 0.05), and variables with p 
values > 0.1 in univariate logistic regression models were 
excluded from the multivariable logistic regression mod-
els. This approach was based on research by Hosmer and 
Lemeshow (1989) on a goodness-of-fit test for the model, 
with a p value > 0.05 considered a good fit.

All diagnostic indicators were used to analyze the dif-
ference of the diagnostic value between benign and 
metastatic lymph nodes. The diagnostic efficacy of IC, 
predictive probability, and other indicators for lymph 
nodes < 5 mm and > 5 mm were compared, and the 
diagnostic efficacy of these indicators was compared for 
benign and metastatic lymph nodes.

Results
A total of 145 patients, 60 women and 85 men aged 
30–81 years (mean age 59.17 ± 9.94 years), met the 
study inclusion criteria (Table 1). Of these, 58 had LNM 
and 87 did not, and the shortest axis was measured for 

99 metastatic and 100 benign lymph nodes, respec-
tively. The short diameter of lymph nodes was 0.22–
1.45 cm; this value was <5 mm in 52.3% and >5 mm in 
47.7% of the lymph nodes.

The comparison results of multiple parameters in the 
different lymph node groups are listed in Table  2. The 
p value of multiple DECT parameters was <0.05 for 
the benign and malignant lymph nodes, which is sta-
tistically significant. Figure 3 shows the comparison of 
the ROC curve between different quantitative DECT 
parameters for predicting LNM in PDAC. All single 
DECT parameter models have a defined significance 
for differentiating benign and metastatic lymph nodes 
in PDAC (Table 3). Among these, the IC model has the 
highest diagnostic efficiency with an AUC of 0.95 (95% 
CI, 0.915–0.972), diagnostic accuracy of 87.44% (174 
of 199), sensitivity of 79.8%, and specificity of 96.0% 
(Table 4, Fig. 4).

According to the results of binary logistic regression 
analysis, among all DECT parameters, the short diameter, 
SD_70 keV, NIC, Rho, and dual energy index (DEI) were 
included in the regression equation based on a value of p 
< 0.05 (Supplemental Table 1), whereas SD_40 keV, λ HU, 
IC, and Z were excluded from the regression equation 
because of a value of p > 0.05. The multivariable logistic 
regression model was built with DECT parameters for 

Table 1  Baseline characteristics of the patients

Data are number of patients; data in parentheses are percentage unless otherwise indicated

Abbreviation: LNM lymph node metastases CT computed tomography

Variable Benign Lymph Nodes (n=100) in 87 
patients

Metastatic Lymph Nodes (n=99) in 58 
patients

P-value

Demographics

  Age(y), mean±SD 59.59±9.961 58.55±9.963 0.541

Gender 0.5

  Female 38(43.68) 22(37.93)

  Male 49(56.32) 36(62.07)

Histologic grade 0.066

  Well differentiated 2(2.3) 1(1.7)

  Well to Moderately differentiated 5 0(0)

  Moderately to Poorly differentiated 38(43.68) 32(55.17)

  Moderately differentiated 33(37.93) 19(32.76)

  Poorly differentiated 4(4.60) 4(6.9)

  Other 5(5.71) 2(3.45)

  Lymph node size(cm), mean±SD 0.434±0.116 0.625±0.198 <0.0001

  T stage <0.0001

  cTa-cT2 62(71.26) 17(29.31)

  cT3-cT4 25(28.74) 41(70.69)

  Metastasis <0.0001

  cM1 8(9.2) 1(1.7)

  cM0 79(90.8) 57(98.3)
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predicting LNM using the following equation (threshold: 
0.66):

Multivariable logistic regression model: y = 6.7 × 
Short_diameter + 0.148 × venous phase SD_70 keV + 
0.142 × venous phase NIC + 0.095 × venous phase Rho 
+339.719 × venous phase DEI –27.838.

For this multivariable logistic regression model, AUC 
was 0.991 (95% CI, 0.975–0.997), diagnostic accuracy 
was 94.97% (189 of 199), sensitivity was 95.96%, and 

specificity was 96.0% (Table  4, Fig.  5). We have per-
formed subgroup analysis (Supplemental table  2) and 
we did not find any difference between LNs with typical 
feature and those without in terms of iodine density.

Pairwise comparison of ROC curves of the multi-
variable logistic regression models and IC model was 
performed using the DeLong test. Result showed a dif-
ference  between  areas  of ROC curves 0.0414 (95% CI, 
0.0177–0.0651; p = 0.0006 < 0.05), which is statistically 
significant (Fig. 6).

Table 2  Quantitative Dual-Energy Computed Tomography Parameters to Discriminate Between Benign and Metastatic Lymph Nodes

DEI dual energy index IC iodine concentration NIC normalized iodine concentration, Z effective atomic number
* Quantitative variables are presented as mean ± standard deviation

Parameter Benign Lymph Nodes (n=100) Metastatic Lymph Nodes (n=99) T P-value

Short diameter 0.4334±0.11567 0.6247±0.19808 -8.311 0.000

SD-40 keV 64.292±13.9639 88.880±20.6417 -9.836 0.000

SD-70 keV 28.321±6.1689 36.707±7.7729 -8.434 0.000

Venous phase IC 2.814±0.7105 4.583±0.7779 -16.751 0.000

Venous phase NIC (%) 39.258±10.6296 65.027±14.4810 -14.320 0.000

Venous phase Rho 26.272±10.9276 32.287±9.5861 -4.126 0.000

Venous phase Z 8.9275±0.30117 9.5190±0.27827 -14.312 0.000

Venous phase DEI 0.02072±0.005614 0.03428±0.006078 -16.298 0.000

Venous phase λHU 5.4585±1.28651 7.35818±1.31711 -10.554 0.000

Fig. 3  Comparison of receiver operating characteristic curves between different quantitative dual-energy computed tomography parameters 
for predicting lymph node metastasis in pancreatic ductal adenocarcinoma
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Discussion
The diagnostic efficiency of spectral parameters
In this study, DECT data in the venous phase were 
used to identify a number of quantitative parameters 
after postprocessing. The CT value of the 40 keV and 
70 keV images were obtained and calculated  to the 
slope of the energy spectrum curve from 40 keV to 70 keV 
as follows: λ HU = (HU 40 keV − HU 70 keV)/30 keV.

The DEI, Rho, Z, IC, and NIC were measured, and 
the following results were obtained. Multiple spec-
tral quantitative parameters were used to differentiate 
between benign and malignant regional lymph nodes 

in PDAC. The  results demonstrated that  the multipa-
rameter regression model had higher diagnostic value 
than any single spectral parameter in the differential 
diagnosis of LNM. By comparing the ROC curve of 
multiple DECT parameters, IC had the highest diag-
nostic efficiency for LNM in PDAC, with a remarkably 
high AUC of 94.9%, sensitivity of 79.8%, and specific-
ity of 96%. These studies showed  that NIC was not 

Table 4  Prediction of Lymph Node Status Results and Performance Comparison of Different Quantitative Dual-Energy Computed 
Tomography Parameters

* AUC​ area under the receiver operating characteristic curve, DEI dual energy index, NPV negative predictive value, PPV positive predictive value

Parameters AUC​ cut-off point 95%CI Threshold Sensitivity (%) Specificity (%) PPV(%) NPV (%) Accuracy (%)

Short diameter 0.8140 0.4971 0.751~0.870 0.52 70.71 79.00 69.70 80.00 74.87

SD-40 keV 0.8550 0.6068 0.798~0.902 70.80 85.86 75.00 75.76 81.00 78.39

SD-70 keV 0.8200 0.5387 0.756~0.874 29.85 86.90 67.00 69.70 77.00 73.37

Venous phase IC 0.9500 0.7580 0.915~0.972 3.95 79.80 96.00 88.89 86.00 87.44

Venous phase NIC (%) 0.9320 0.7383 0.888~0.961 54.00 82.83 91.00 83.84 85.00 84.42

Venous phase Rho 0.6620 0.2876 0.584~0.741 26.85 75.76 53.00 65.66 57.00 61.31

Venous phase Z 0.9220 0.6982 0.881~0.952 9.26 81.82 88.00 81.82 85.00 83.42

Venous phase DEI 0.9430 0.7394 0.905~0.966 0.02 93.94 80.00 82.83 85.00 83.92

Venous phase λHU 0.8540 0.5978 0.794~0.902 6.5483 77.78 82.00 78.79 77.00 77.89

Multivariable logistic 
regression Model

0.9910 0.9196 0.975~0.997 0.66 95.96 96.00 94.95 95.00 94.97

Fig. 4  Receiver operating characteristic curve of quantitative 
dual-energy computed tomography parameters in the iodine 
concentration model

Fig. 5  Receiver operating characteristic curve of the quantitative 
dual-energy computed tomography parameters model. The best 
threshold value for the predictive probability of binary logistic 
regression models of multiple parameters in differentiating 
between benign and metastatic lymph nodes was 0.66 cm. Area 
under the curve (AUC) was 0.991 (95% confidence interval, 0.975–
0.997). The parameter model showed good discrimination
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superior to IC in the diagnosis of LNM. Comparison 
of the ROC curve of IC and NIC revealed an AUC dif-
ference of 0.017, Z of 1.051, and p = 0.2932, which was 
much higher than p < 0.05, there was no statistically 
significant difference.

IC was strongly correlated with NIC, DEI, and Z, and 
compared with the other five study parameters, IC had 
better diagnostic performance. Therefore, for LNM in 
PDAC, it is more important to measure IC than other 
spectral parameters.

ROC curve comparison
In terms of model quality evaluation, ROC curve com-
parison was performed and a precision recall curve 
was drawn, which indicated that the multiparam-
eter energy spectrum model and IC had the highest 
diagnostic efficiency. To facilitate its clinical appli-
cation, IC in the venous phase can be used to deter-
mine whether lymph nodes are metastatic, and most 
metastatic lymph nodes can be identified without any 
complicated calculations, which is more convenient 
than parametric models. However, the multiparameter 
regression model may be more useful for some lymph 
nodes (even rare) with IC values that are not signifi-
cantly different from the threshold value.

Traditional judgment criteria for LN metastasis
The accuracy of ultrasound and magnetic resonance 
imaging in the diagnosis of PDAC is insufficient. In addi-
tion, it is inaccurate to judge LNM based on the short 
diameter [13].The present study showed that >50% of 
benign lymph nodes had a short diameter of >4 mm. 
Also used as judgment criteria are DWI, heterogeneous 
enhancement, necrotic foci in lymph nodes, and morpho-
logical features [12, 20]; however, for lymph nodes with 
short diameter of <10 mm, image resolution and slice 
thickness are more important for diagnosis. In the ear-
lier phases of nodal invasion, there is no obvious change 
in the node size, CT values, and the involvement of the 
lymph node capsule. At this time, it is difficult to use 
short diameter or density to assist diagnosis. In particu-
lar, based on the greater slice thickness and lower spatial 
resolution of conventional magnetic resonance imaging, 
it is difficult to clearly identify the signal changes exhib-
ited by smaller lymph nodes. More than 50% of meta-
static foci first appear in the marginal sinus of the lymph 
node [21]. Furthermore, in the early stages of LNM, it is 
challenging to determine the density and morphological 
changes of the whole lymph node. However, because the 
internal composition of lymph nodes has changed, even 
for the same density tissue, the spectral parameters may 
still reflect the difference of tissue composition and can 
be distinguished.

Different substances have different DEIs. This index can 
currently be used to distinguish more stable substances. 
Moreover, when the contrast agent is present, the DEI of 
the tissue increases in proportion to the concentration of 
the contrast agent.

Different substances usually have different dual energy 
index, and the dual energy index may increase as the con-
centration of the contrast agent in  vivo increases; since 
the in  vivo contrast agent is consistently variable for 
different tissues and times, the dual energy index may 
be variable. The poor diagnostic efficacy of DEI in the 
venous phase in this study may be attributed to these rea-
sons; also, the venous phase scanning time varies in dif-
ferent hospitals.

Radiology‑pathology correspondence for LN
To ensure that the lymph nodes selected on CT images 
correspond with the pathological results, the following 
three methods have been  used [22]. First, the imaging 
and pathological matching of lymph nodes can be per-
formed according to the location, internal characteris-
tics, shape and size of lymph nodes. The disadvantage of 
this correspondence method is that it is time-consuming 
and depends on the accuracy of lymph node labeling 
and grouping during surgical resection. Second, if all 

Fig. 6  Pairwise comparison of receiver operating 
characteristic curves using the DeLong test. Result showed 
the difference between areas of ROC curves 0.0414 (95% confidence 
interval, 0.0177–0.0651) and a Z statistic of 3.424 with p= 0.0006, 
which is statistically significant
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regional lymph nodes are malignant or benign, one node 
is selected for measurement. The disadvantage of this 
matching method is that if any of the lymph nodes are 
misdiagnosed or missed during pathological examina-
tion, it may lead to the erroneous imaging–pathological 
comparison. Third, for prospective studies, it is necessary 
for surgeons and pathologists to coordinate while mark-
ing on CT images preoperatively and perform patho-
logical examination after marking to enable conducting 
a lymph node image–pathology correspondence study. 
This method of lymph node correspondence has the 
highest efficiency and is conducive to accurate corre-
spondence; however, it is relatively difficult to implement.

In the present study, two adjacent maximum CT 
images of the same lymph node were measured, and the 
mean value and the specific location of the measurement 
were recorded to ensure the repeatability of the measure-
ment. Using SPSS software to detect outliers, only <1% 
of the values were found to be changed due to human 
error. Postoperative recurrence of pancreatic cancer is 
often manifested as regional LNM. With timely and accu-
rate diagnosis, it can be removed before the metastatic 
lymph node has progressed, which can reduce the severe 
pain caused by the invasion of the retroperitoneal nerve 
plexus and the resulting decline in the quality of life.

Limitation and conclusion
The limitation of this study is that it cannot achieve a 
one-to-one correspondence between imaging and pathol-
ogy of lymph nodes owing to its retrospective nature. The 
lack of external verification affected the statistical power 
to a certain extent. The morphological characteristics 
of lymph nodes were not determined, and the authors 
believe that in terms of lymph node morphology, lymph 
nodes with typical metastatic signs can usually be cor-
rectly diagnosed without spectral parameters.

In conclusion, the multiparameter spectral model had 
the highest diagnostic efficiency for LNM in PDAC, 
whether the lymph nodes were <5 mm or >5 mm. Venous 
phase iodine density has the highest diagnostic efficiency 
among single spectral parameters, and it can be used to 
accurately diagnose most regional lymph nodes in PDAC 
and is suitable for clinical application.

Abbreviations
AUC​	� The area under the curve
CT	� Computed tomography
CI	� Confidence interval
DECT	� Dual-energy computed tomography
DEI	� Dual energy index
HU	� Hounsfield unit
IC	� Iodine concentration
LNM	� Lymph node metastasis
MRI	� Magnetic resonance imaging
NIC	� Normalized iodine concentration
PDAC	� Pancreatic ductal adenocarcinoma

PET-CT	� Positron emission tomography/computed tomography
ROC	� The receiver operator characteristic curve
Rho	� The electron density
SD	� Standard deviation
Z	� Effective atomic number

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40644-​024-​00687-7.

Additional file 1: Supplemental Figure 1. How LNs were identified 
in histopathology A: lymph nodes removed in different stations after 
pancreatic cancer surgery. B: A single lymph node resected with fat, with 
long diameter about 25mm. C. A metastatic lymph node from pancreatic 
cancer under microscopy (H&E stain; original magnification×40). D. The 
same LN(H&E stain; original magnification×400). Supplemental Table 1. 
The DECT parameters were included in the regression equation. Supple-
mental Table 2. Subgroup analysis about difference between LNs with 
typical feature and those without in terms of iodine density.

Acknowledgements
We would like to express our thanks to Lian Luo liom siemens healthineers for 
her help in manuscipt revision and we thank Lveqin Huang providing techni-
cal comments.
We would like to express our thanks to the institutional ethics committee of 
Sun Yat-sen University Cancer Center for approved this study.

Guarantor
The scientific guarantor of this publication is Shuiqing Zhuo (corresponding 
author)

Statistics and Biometry
One of the authors has significant statistical expertise.

Study subjects or cohorts overlap
No study subjects or cohorts have been previously reported.

Methodology
• Retrospective
• Diagnostic or prognostic study
• Performed at one institution

Authors’ contributions
Sheng LI is mainly responsible for research design and writing, Dongping Jiang is 
responsible for collect information and data management and part writing. Their 
contributions to this study are consistent, so they are listed as co- first authors. 
Shuiqing Zhuo is responsible for research design and supervision and manage-
ment of research, and while Xuhui Zhou is responsible for review of data and put 
forward constructive suggestions for this study. Their contributions to this study 
are consistent, so they are listed as corresponding author.Linling Jiang, Shumei 
Yan and Guangying Ruan are mainly responsible for collect information and data 
management. Lizhi Liu is mainly responsible for Statistical analysis of data.

Funding
The authors state that this study was supported by Guangdong Esophageal 
Cancer Institute Science and Technology Program (No: Q202111).

Declarations

Ethics approval and consent to participate
Institutional Review Board approval was obtained.

Consent for publication
Written informed consent was not required for this study because this is retro-
spective study, This study was approved by the institutional ethics committee 
of Sun Yat-sen University Cancer Center, Guangzhou, China (IRB number: 
B2019-012-01).

https://doi.org/10.1186/s40644-024-00687-7
https://doi.org/10.1186/s40644-024-00687-7


Page 11 of 11Li et al. Cancer Imaging           (2024) 24:38 	

Competing interests
The authors declare that there is no conflict of interest.

Author details
1 Department of Radiology, Sun Yat‑sen University Cancer Center, State 
Key Laboratory of Oncology in South China, Guangdong Provincial Clini-
cal Research Center for Cancer, Guangzhou 510060, China. 2 Department 
of pathology, Sun Yat‑sen University Cancer Center, State Key Laboratory 
of Oncology in South China, Guangdong Provincial Clinical Research Center 
for Cancer, Guangzhou 510060, China. 3 Department of Radiology, the Eighth 
Affiliated Hospital, Sun Yat-sen University, Shenzhen 518036, China. 

Received: 8 December 2023   Accepted: 10 March 2024

References
	1.	 McGuigan A, Kelly P, Turkington RC, Jones C, Coleman HG, McCain RS. 

Pancreatic cancer: A review of clinical diagnosis, epidemiology, treatment 
and outcomes. World J Gastroentero. 2018;24(43):4846–61. https://​doi.​
org/​10.​3748/​wjg.​v24.​i43.​4846.

	2.	 Cai J, Chen H, Lu M, Zhang Y, Lu B, You L, et al. Advances in the epidemiol-
ogy of pancreatic cancer: Trends, risk factors, screening, and prognosis. 
Cancer Lett. 2021;520:1–11. https://​doi.​org/​10.​1016/j.​canlet.​2021.​06.​027.

	3.	 Paiella S, Sandini M, Gianotti L, Butturini G, Salvia R, Bassi C. The prognos-
tic impact of para-aortic lymph node metastasis in pancreatic cancer: A 
systematic review and meta-analysis. Ejso-Eur J Surg Onc. 2016;42(5):616–
24. https://​doi.​org/​10.​1016/j.​ejso.​2016.​02.​003.

	4.	 Imamura T, Yamamoto Y, Sugiura T, Okamura Y, Ito T, Ashida R, et al. 
Reconsidering the Optimal Regional Lymph Node Station According to 
Tumor Location for Pancreatic Cancer. Ann Surg Oncol. 2021;28(3):1602–
11. https://​doi.​org/​10.​1245/​s10434-​020-​09066-5.

	5.	 Okada K, Murakami Y, Kondo N, Uemura K, Nakagawa N, Seo S, et al. 
Prognostic Significance of Lymph Node Metastasis and Micrometastasis 
Along the Left Side of Superior Mesenteric Artery in Pancreatic Head 
Cancer. J Gastrointest Surg. 2019;23(10):2100–9. https://​doi.​org/​10.​1007/​
s11605-​019-​04359-x.

	6.	 Masuda T, Dann AM, Elliott IA, Baba H, Kim S, Sedarat A, et al. A Compre-
hensive Assessment of Accurate Lymph Node Staging and Preop-
erative Detection in Resected Pancreatic Cancer. J Gastrointest Surg. 
2018;22(2):295–302. https://​doi.​org/​10.​1007/​s11605-​017-​3607-7.

	7.	 Wang S, Shi H, Yang F, Teng X, Jiang B. The value of (18)F-FDG PET/CT and 
carbohydrate antigen 19–9 in predicting lymph node micrometastases of 
pancreatic cancer. Abdom Radiol. 2019;44(12):4057–62. https://​doi.​org/​
10.​1007/​s00261-​019-​02248-0.

	8.	 Kim HR, Seo M, Nah YW, Park HW, Park SH. Clinical impact of fluorine-
18-fluorodeoxyglucose positron emission tomography/computed 
tomography in patients with resectable pancreatic cancer: diagnosing 
lymph node metastasis and predicting survival. Nucl Med Commun. 
2018;39(7):691–8. https://​doi.​org/​10.​1097/​MNM.​00000​00000​000855.

	9.	 Zhang Z, Jia G, Pan G, Cao K, Yang Q, Meng H, et al. Comparison of the 
diagnostic efficacy of (68) Ga-FAPI-04 PET/MR and (18)F-FDG PET/CT in 
patients with pancreatic cancer. Eur J Nucl Med Mol I. 2022;49(8):2877–
88. https://​doi.​org/​10.​1007/​s00259-​022-​05729-5.

	10.	 Pang Y, Zhao L, Shang Q, Meng T, Zhao L, Feng L, et al. Positron emission 
tomography and computed tomography with [(68)Ga]Ga-fibroblast 
activation protein inhibitors improves tumor detection and staging in 
patients with pancreatic cancer. Eur J Nucl Med Mol I. 2022;49(4):1322–
37. https://​doi.​org/​10.​1007/​s00259-​021-​05576-w.

	11.	 Lee JH, Han SS, Hong EK, Cho HJ, Joo J, Park EY, et al. Predicting lymph 
node metastasis in pancreatobiliary cancer with magnetic resonance 
imaging: A prospective analysis. Eur J Radiol. 2019;116:1–7. https://​doi.​
org/​10.​1016/j.​ejrad.​2019.​04.​007.

	12.	 Harimoto N, Araki K, Hoshino K, Muranushi R, Hagiwara K, Ishii N, et al. 
Diffusion-Weighted MRI Predicts Lymph Node Metastasis and Tumor 
Aggressiveness in Resectable Pancreatic Neuroendocrine Tumors. World J 
Surg. 2020;44(12):4136–41. https://​doi.​org/​10.​1007/​s00268-​020-​05736-3.

	13.	 Loch FN, Asbach P, Haas M, Seeliger H, Beyer K, Schineis C, et al. Accuracy 
of various criteria for lymph node staging in ductal adenocarcinoma of 
the pancreatic head by computed tomography and magnetic resonance 

imaging. World J Surg Oncol. 2020;18(1):213. https://​doi.​org/​10.​1186/​
s12957-​020-​01951-3.

	14.	 Tseng DSJ, Pranger BK, van Leeuwen MS, Pennings JP, Brosens LA, 
Mohammad NH, et al. The Role of CT in Assessment of Extraregional 
Lymph Node Involvement in Pancreatic and Periampullary Cancer: A 
Diagnostic Accuracy Study. Radiol Imaging Cancer. 2021;3(2):e200014. 
https://​doi.​org/​10.​1148/​rycan.​20212​00014.

	15.	 Li K, Yao Q, Xiao J, Li M, Yang J, Hou W, et al. Contrast-enhanced CT 
radiomics for predicting lymph node metastasis in pancreatic ductal 
adenocarcinoma: a pilot study. Cancer Imaging. 2020;20(1):12. https://​doi.​
org/​10.​1186/​s40644-​020-​0288-3.

	16.	 Liu X, Ouyang D, Li H, Zhang R, Lv Y, Yang A, et al. Papillary thyroid cancer: 
dual-energy spectral CT quantitative parameters for preoperative diagno-
sis of metastasis to the cervical lymph nodes. Radiol. 2015;275(1):167–76. 
https://​doi.​org/​10.​1148/​radiol.​14140​481.

	17.	 Wu YY, Wei C, Wang CB, Li NY, Zhang P, Dong JN. Preoperative Prediction 
of Cervical Nodal Metastasis in Papillary Thyroid Carcinoma: Value of 
Quantitative Dual-Energy CT Parameters and Qualitative Morphologic 
Features. Am J Roentgenol. 2021;216(5):1335–43. https://​doi.​org/​10.​2214/​
AJR.​20.​23516.

	18.	 Cao Y, Zhang J, Bao H, Zhang G, Yan X, Wang Z, et al. Development of a 
Nomogram Combining Clinical Risk Factors and Dual-Energy Spectral CT 
Parameters for the Preoperative Prediction of Lymph Node Metastasis in 
Patients With Colorectal Cancer. Front Oncol. 2021;11:689176. https://​doi.​
org/​10.​3389/​fonc.​2021.​689176.

	19.	 Li J, Fang M, Wang R, Dong D, Tian J, Liang P, et al. Diagnostic accuracy of 
dual-energy CT-based nomograms to predict lymph node metastasis in 
gastric cancer. Eur Radiol. 2018;28(12):5241–9. https://​doi.​org/​10.​1007/​
s00330-​018-​5483-2.

	20.	 Takahashi D, Kojima M, Morisue R, Sugimoto M, Kobayashi S, Takahashi S, 
et al. Comparison of morphological features in lymph node metastasis 
between pancreatic neuroendocrine neoplasms and pancreatic ductal 
adenocarcinomas. Pancreatol. 2020;20(5):936–43. https://​doi.​org/​10.​
1016/j.​pan.​2020.​05.​013.

	21.	 Yanagita S, Natsugoe S, Uenosono Y, Arima H, Kozono T, Ehi K, et al. 
Morphological distribution of metastatic foci in sentinel lymph nodes 
with gastric cancer. Ann Surg Oncol. 2008;15(3):770–6. https://​doi.​org/​10.​
1245/​s10434-​007-​9713-0.

	22.	 Zhuo S, Sun J, Chang J, Liu L, Li S. Dual-source dual-energy thin-section 
CT combined with small field of view technique for small lymph 
node in thyroid cancer: a retrospective diagnostic study. Gland Surg. 
2021;10(4):1347–58.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.3748/wjg.v24.i43.4846
https://doi.org/10.3748/wjg.v24.i43.4846
https://doi.org/10.1016/j.canlet.2021.06.027
https://doi.org/10.1016/j.ejso.2016.02.003
https://doi.org/10.1245/s10434-020-09066-5
https://doi.org/10.1007/s11605-019-04359-x
https://doi.org/10.1007/s11605-019-04359-x
https://doi.org/10.1007/s11605-017-3607-7
https://doi.org/10.1007/s00261-019-02248-0
https://doi.org/10.1007/s00261-019-02248-0
https://doi.org/10.1097/MNM.0000000000000855
https://doi.org/10.1007/s00259-022-05729-5
https://doi.org/10.1007/s00259-021-05576-w
https://doi.org/10.1016/j.ejrad.2019.04.007
https://doi.org/10.1016/j.ejrad.2019.04.007
https://doi.org/10.1007/s00268-020-05736-3
https://doi.org/10.1186/s12957-020-01951-3
https://doi.org/10.1186/s12957-020-01951-3
https://doi.org/10.1148/rycan.2021200014
https://doi.org/10.1186/s40644-020-0288-3
https://doi.org/10.1186/s40644-020-0288-3
https://doi.org/10.1148/radiol.14140481
https://doi.org/10.2214/AJR.20.23516
https://doi.org/10.2214/AJR.20.23516
https://doi.org/10.3389/fonc.2021.689176
https://doi.org/10.3389/fonc.2021.689176
https://doi.org/10.1007/s00330-018-5483-2
https://doi.org/10.1007/s00330-018-5483-2
https://doi.org/10.1016/j.pan.2020.05.013
https://doi.org/10.1016/j.pan.2020.05.013
https://doi.org/10.1245/s10434-007-9713-0
https://doi.org/10.1245/s10434-007-9713-0

	Dual-energy computed tomography in a multiparametric regression model for diagnosing lymph node metastases in pancreatic ductal adenocarcinoma
	Abstract 
	Objective 
	Methods 
	Results 
	Conclusion 

	Key Points 
	Introduction
	Materials and methods
	Study population
	Imaging technique
	Image postprocessing and measurement
	Histopathologic evaluations
	Statistical analysis

	Results
	Discussion
	The diagnostic efficiency of spectral parameters
	ROC curve comparison
	Traditional judgment criteria for LN metastasis
	Radiology-pathology correspondence for LN

	Limitation and conclusion
	Acknowledgements
	References


