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Background: Colorectal cancer (CRC) is the third most common malignancy worldwide, and lymph node
metastasis is considered to be a risk factor for local recurrence and a poor prognosis in colorectal cancer.
However, there remains a lack of reliable and non-invasive biomarkers to identify the lymph node status of
CRC patients preoperatively. The purpose of this study was to explore the ability of dual-energy computed
tomography (DECT) to differentiate metastatic from non-metastatic lymph nodes in colorectal cancer.
Methods: Seventy-one patients with primary colorectal cancer underwent contrast-enhanced dual-energy
computed tomography imaging preoperatively. The colorectal specimen was scanned postoperatively, and
lymph nodes were matched to the pathology report. The following dual-energy computed tomography
quantitative parameters were analyzed: dual-energy curve slope value (Ay), standardized iodine
concentration (nAHU), iodine water ratio (nNIWR), electron density value (np.g), and effective atom-number
(nZ), based on metastatic and non-metastatic lymph node differentiation. Also, sensitivity and specificity
analyses were performed using receiver operating characteristic curves.

Results: In all patients, one hundred and fifty lymph nodes, including 66 non-metastatic and 84
metastatic lymph nodes, were matched using the radiological-pathological correlation. Metastatic nodes
had significantly greater iy, nAHU, and nIWR values than non-metastatic nodes in both the arterial and
venous phases (P<0.01). The area under curve (AUC), sensitivity, and specificity were 0.80, 80%, and 66%
for A; 0.86, 70%, and 95% for nAHUj and 0.88, 71%, and 95% for nIWR in the arterial phase. There was
no significant difference in electron density and effective Z values between metastatic and non-metastatic
lymph nodes.

Conclusions: DECT quantitative parameters may help differentiate between metastatic and normal lymph
nodes in patients with CRC.
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Introduction

Colorectal cancer (CRC) is the third most common
malignancy and the fourth leading cause of cancer-related
death in the Western world (1). Over the past 10 years,
1.2 million new CRC cases were recorded (2,3). Although
its incidence in China is lower than that in Western
countries, the prevalence of CRC has increased due
to lifestyle changes in recent years and has become a
substantial cancer burden in China, particularly in urban
areas (4). Lymph node metastasis is considered to be a risk
factor for local recurrence and a poor prognosis in CRC (5).
Numerous studies have revealed that the 5-year overall
survival rate was 80-90% for CRC patients without lymph
node metastasis, compared to 60-68% for those with nodal
metastasis (6-8). A higher local recurrent rate is found in
CRC patients with nodal metastasis than in patients with
negative nodes (9). Preoperative neoadjuvant therapy
has been recommended by the National Comprehensive
Cancer Network (NCCN) for patients with positive lymph
nodes, significantly reducing the risk of local recurrence
and improving the survival rate (10). Therefore, accurate
preoperative detection of lymphatic metastasis is essential
for selecting further treatment for these patients.

High-resolution magnetic resonance (MR) imaging
has been employed in an attempt to detect evidence of
lymph node metastasis in CRC (11). Also, functional MR
techniques have been used to evaluate the lymph node status
in CRC, such as diffusion-weighted imaging (DWI). Qiu
et al. applied intravoxel incoherent motion imaging (IVIM)
for differentiating metastatic from non-metastatic nodes
in patients with rectal carcinoma (12) and found IVIM
parameters may be helpful for differentiation. However,
due to the limited spatial resolution of IVIM images and
the discrepant b-value numbers distribution in different
studies (13), this method cannot be directly used to predict
nodal involvement in clinical practice.

Dual-energy CT (DECT) is an advanced CT technique
that evaluates tissues at different X-ray energies, enabling
spectral evaluation and material tissue characterization (14).
It can reconstruct material decomposition images and a
set of monochromatic images with photon energy ranging
from 40 to 140 keV to generate spectral Hounsfield (HU)
curves and obtain multiple quantitative parameters (15).
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We hypothesize that these parameters could preoperatively
distinguish malignant from benign lymph nodes in CRC.
Indeed, various studies have increasingly demonstrated the
potential advantages of DECT for the evaluation of lung
adenocarcinoma (16), lymph node metastasis in gastric
cancer (17), liver lesions (18-20), pancreatic tumor (21), and
the prediction of metastatic lymph nodes in head and neck
cancer (22). Nevertheless, the application of DECT in the
diagnosis of lymphatic metastases in CRC has rarely been
reported. The present study was designed to investigate
whether the parameters of biphasic contrast-enhanced
DECT are beneficial in the differentiation of metastatic
from non-metastatic lymph nodes in CRC.

Methods
Patients

This study was conducted following the Declaration of
Helsinki (as revised in 2013) and was approved by the
Medical Ethics Committee of the First Affiliated Hospital
of Jinan University. All patients signed an informed consent
after having the nature of the study fully explained to
them. Ninety consecutive patients with primary CRC were
enrolled from May 2015 to March 2019. The inclusion
criteria were as follows: (I) patients confirmed as CRC by
biopsy; (II) patients who did not receive radiotherapy or
chemotherapy before surgery; and (III) patients with no
allergic iodine history or symptoms of hyperthyroidism. Of
the 90 patients initially enrolled, 19 cases were excluded
due to the following reasons: (I) poor preparation of bowel
(n=7); (II) poor intestinal filling (n=5); (III) metal artifacts
caused by pelvic or lumbar surgery (n=3); and (IV) presence
of gas artifacts affecting observation (n=4). Ultimately,
71 cases were included in this study, including 41 males
and 30 females, aged 31-91 years, with a mean age of
(59.3+14.1) years. Patients underwent dual-phasic contrast-
enhanced DECT 1-3 days before surgery.

DECT scan

The day before the examination, patients were given a
light diet that does not easily produce gas and dregs. On
the morning of the DECT examination, patients received
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a cleansing enema in the ward until a watery stool was
discharged. 400-1,000 mL warm water (according to
patients' tolerance) was injected into the rectum before
scanning.

All examinations were performed using a single-source
CT system (Aquilion ONE; Canon Medical Systems,
Otawara, Tochigi, Japan), equipped with 320-detector
raw and covered 160 mm in the z-direction. This system
can rapidly switch tube voltage from 80 to 135 kV within
50 milliseconds and automatically adapt the corresponding
tube current. All patients were scanned in the supine
position and underwent a routine non-contrast CT scanning
with the following scanning parameters: tube voltage,
140 kV; tube current, 112-187 mA; matrix, 512x512;
field of view (FOV), 240 mm; rotation speed, 0.35 s/rot;
slice thickness, 0.5 mm; slice spacing, 0.5 mm; and
scanning scope ranging from the diaphragmatic dome to
the pubic symphysis. Dual-phasic contrast-enhanced scans
were then performed using the dual-energy mode. The
scan parameters were as follows: matrix, 512x512; FOV,
240 mm; rotation speed, 0.35 s/rot; and slice thickness,
0.5 mm; and volume scan mode. 55-86 mL (1.0 mL/kg) of a
non-ionic iodinated contrast agent (Ultravist300; Schering,
Berlin, Germany) was administered via the antecubital
vein at a flow rate of 3 mL/s by G22 needle (BD Inrima-
II™; Becton Dickinson and Company, Suzhou Industrial
Park, Jiangsu, China) through an automatic injector. Dual-
phasic scans were obtained at 40 s (arterial phase) and
70 s (venous phase) centering the tumor after the start of
the contrast injection, respectively. The third generation
AIDR 3D iterative algorithm developed by Canon was used,
and the effective dose was 5.39+0.48 mSv.

Histological examination

After surgical resection of the colorectal tumor, each
specimen was taken back to the Department of Radiology
and imaged again using the same conventional non-contrast
sequence in the coronal and transverse planes before
the specimen was fixed with formalin. After scanning,
the specimens were immediately fixed with 4% neutral
formaldehyde and delivered for pathological examination.
The image slices of the preoperative CT scan and the
postoperative specimens were compared to locate and
mark all correct topographical matching lymph nodes
with a diameter greater than 4 mm in a blinded fashion
by two radiologists (LQ and XRC, with 9 and 20 years of
abdominal imaging experience, respectively) in consensus.
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The morphological features of each lymph node were
recorded according to the CT characteristics, i.e., short-
axis diameter, shape, border, and density. Subsequently, the
specimens were delivered to the Department of Pathology
in order to improve the matching rate of lymph nodes
between the DECT images and pathological specimens,
where every marked lymph node was harvested by one
radiologist (LQ) and one pathologist (ZPW, with 10 years
of experience in pathological diagnosis), who were
blinded to the clinical and biochemical data of all patients.
Any mismatch between specimen CT images and the
histological findings were recorded and excluded from the
study. Finally, all good-matched lymph nodes were stained
with hematoxylin & eosin and placed under a microscope
(Olympus BX43; Tokyo, Japan) to observe histological
features by two pathologists (ZPW and GY], with 20 years
of experience in pathological diagnosis) to determine the
presence of tumor deposit.

Data analysis

The dual-phasic image volumes were loaded into the
DECT postprocessing software in the display console
(Canon Aquilion ONE, Canon Medical System). The
DECT software automatically generated 35-135 Kev CT
values to form a single-energy CT curve, dual-energy
iodine, base material, electron density, and atom number
images. A region of interest (ROI) of 12-78 mm’ was drawn
using a circular tool on each marked lymph node on the
reconstructed 69-keV monochromatic images (Figure I).
The ROI was chosen to cover the nodal parenchyma as much
as possible. The obvious suspicious necrotic region of fatty
hilum was avoided from the ROI to minimize the influence
of potential errors. Each lymph node was measured three
times, and a mean value was calculated. Another ROI was
placed on the right iliac artery at the corresponding layer as
a reference. All of the ROIs were automatically copied onto
all dual-energy iodine, base material, electron density, and
atom number images to calculate iodine concentration value
(AHU), iodine water ratio value IWR), electron density
value (p.g), and an atom number value (Z). Measurements
were performed in a blinded fashion by another two
independent radiologists.

Statistical analysis

The sample size was calculated using PASS software
version 15.0 (NCSS, Kaysville, Utah, USA). Under the
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Figure 1 Measurement of lymph nodes; (A) dual-energy CT curve; (B) 69-KeV monochromatic image. Measurement using the tools

contained in the system. ROI was selected on the lymph node and included the entire lymph node as much as possible. ROIs, regions of

interest.
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Figure 2 The method of Ay, calculation. The calculation method
for the slope of the ROI curve is shown. The pink line is a dual-
energy CT curve; the slope of the curve in the ROI is 8.91. Ay,

dual-energy curve slope value.
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receiver operator characteristic (ROC) curve (AUC), the
hypothesized area was 0.7 with 0.5 for null hypothesis
value. The rate of block failure was estimated to be 30%,
according to our previous pilot study. Setting the o level as
0.05 and the power as 90%, the minimum required sample
size was 82, with 41 malignant and 41 normal lymph nodes.
We decided to include more than 107 lymph nodes to
account for dropout.

The slope of the dual-energy curve was expressed
as Ay (23), which was calculated by Ayu=(35KeVyy —
69KeV,y,)/34KeV, where 35KeVyy and 69KeVy,; were the
CT values at 35 KeV and 69 KeV, respectively (Figure 2).
The AHU, IWR, p., and Z values of the lymph nodes
were normalized to values in the iliac artery to drive
the normalized values: nAHU=AHU ,/AHU,,,,,
nIWR=IWR ./ IWRmmy, NP=Pefreissue’ Peffarterys and nZ=7,../
Z rery» Measurements were carried out separately by
two observers, and the average values were obtained for
statistical analysis.

Statistical analyses were performed using SPSS20.0 (IBM,
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Figure 3 A 41-year-old man with colon cancer; (A) monochromatic obtained at 69 Kev energy level with the best signal-to-noise ratio: a
mass shallow was visible in the descending colon (yellow arrow), with multiple lymph nodes of different sizes; (B) dual-energy iodine image;
(C) representative images of hematoxylin and eosin (H&E) stains of normal lymph nodes (x40); (D,E) dual-energy curve: the dual energy
curve of the tumor (yellow line) almost overlaps that of metastatic lymph node (cyan line), with the same slope. The slope of non-metastatic
lymph nodes (pink line) was smaller than that of the metastatic lymph node; (F) representative images of the hematoxylin and eosin (H&E)

stains of metastatic lymph nodes of adenocarcinoma, demonstrating gland formation by malignant cells (x40). DECT parameters were used

to differentiate normal and metastatic lymph nodes.

Armonk) and Medcalc (MedCalc Software, Acacialaan 22,
B-8400) software. A difference with P<0.05 was considered
statistically significant. Measurement data following normal
distribution were expressed by ¥ = s. Bland-Altman plots
and the intraclass correlation coefficient (ICC) were used to
analyze the interobserver variability of gy, nAHU, nIWR,
np.s and nZ values: poor (less than 0.40), fair (0.40-0.59),
good (0.60-0.74), and excellent (0.75-1.00). The DECT
parameters for the non-metastatic and metastatic lymph
nodes were analyzed separately using the two-sample 7-test.
The short-axis diameter and the DECT parameters with
statistical significance were used to plot receiver operating
characteristic (ROC) curves, in which the optimal cut-off
values were obtained using the Maximum Youden's index
method.
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Results
Histopathological results and morphological features

All patients received laparoscopic surgical excision.
There were 43 patients with moderately differentiated
adenocarcinoma and 28 patients with poorly differentiated
adenocarcinoma in terms of the histological results. A
total of 399 peritumoral lymph nodes were harvested
via histopathology. Of these, 249 normal nodes (less
than 4 mm in diameter) were excluded due to mismatch.
Therefore, the remaining 150 lymph nodes around the
tumor were available for analysis, of which 84 lymph
nodes were malignant, and 66 were normal. Figure 3 shows
representative images of the normal and metastatic nodes.
There were more metastatic lymph nodes in those with
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Table 1 CT Features in 150 lymph nodes
CT imaging features Lymph nodes Metastatic Prevalence Non-metastatic Prevalence 2 P value
(n) nodes (n) (%) nodes (n) (%)

Size
4 mm=D<5 mm 17 7 41.18 10 58.82
5 mm<D<10 mm 108 56 51.85 52 48.15 11.53 <0.01
D>10 mm 25 21 84.00 4 16.00

Shape
Round 97 48 49.48 49 50.52 4.73 0.03
Elliptical 53 36 67.92 17 32.08

Border
Well-defined 120 66 55.00 54 45.00 0.24 0.62
ll-defined 30 18 60.00 12 40.00

Density"
Homogeneous 110 54 49.09 56 50.91 7.99 0.01
Heterogeneous 40 30 75.00 10 25.00

T staging
T, staging 117 58 49.57 59 50.43 8.92 <0.01
T, staging 33 26 78.79 7 21.21

Differentiation
Poorly 63 46 73.02 17 26.98 12.76 <0.01
Moderately 87 38 43.68 49 56.32

"Density on the reconstructed 69-keV monochromatic images of the arterial phase. D, the maximal short-axis diameter.

greater than 10 mm in short-axis diameter. Also, more
metastatic nodes were heterogeneous. Also, more metastatic
nodes were found in patients with T4 staging and poorly
differentiated CRC. Table 1 shows the distribution of all
normal and metastatic lymph nodes regarding the short-

axis, morphology, and pathology.

Interobserver agreement

Measurements by observers 1 and 2 for normal and
metastatic lymph nodes are summarized in Table 1.
Excellent interobserver agreement was seen between the
two observers in measuring all DECT parameters (Tible 2).
The Bland-Altman plots for nodal measurements are
displayed in Figure 4. In the Bland-Altman plots, the points
tended to be distributed around the mean difference line,
and most of the values were included within the range of
1.96 SD (Standard Deviation) of the difference.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Dual-energy characteristics of metastatic and non-
metastatic lymph nodes

The Mgy, nAHU, and nIWR values of metastatic nodes in
the arterial and venous phases were significantly greater
than those of non-metastatic nodes (P<0.01). However, np
and nZ did not show significant differences between the
metastatic and non-metastatic lymph nodes (7able 3).

The ROC curves of the DECT parametric values
(Myu, nAHU, and nIWR) and short-axis diameter in
differentiating normal from metastatic lymph nodes
are shown in Figure 5 and Table 4. The ROC curves
demonstrated that the AUC values of all DECT parameters
in the arterial phase were greater than those in the venous
phase. Also, the AUC of the nIWR, nAHU, and Ayy
statistically decreased. The nIWR had the highest AUC,
while Ay and short-axis diameter had the lowest. Compared
with the DECT parameters, the AUC value of the short
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Table 2 Consistency check results of two observers on each observation in the arterial and venous phases

My nAHu nIWR NPest nZ
Arterial phase
ICC 0.99 0.99 0.94 0.98 0.99
95% confidence interval 0.99-0.99 0.99-0.99 0.91-0.95 0.98-0.99 0.99-0.99
Venous phase
ICC 0.99 0.99 0.92 0.95 0.99
95% confidence interval 0.99-0.99 0.98-0.99 0.89-0.94 0.93-0.96 0.99-0.99

M, dual-energy curve slope value; nAHU, standardized iodine concentration; nIWR, iodine water ratio; np.4, electron density value; nZ,
effective atom-number; ICC, intraclass correlation coefficient.
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Figure 4 Bland-Altman plots for interobserver agreements of DECT parameters (Ayy, nAHU, nIWR, np.s and nZ) measurements in the
arterial phase (A) and venous phase (B). The X-axis is the average of the DECT parameters values of the two readers and the Y-axis is the
percentage difference in the DECT parameters values between the two readers. The solid line shows the mean difference, while the dashed
lines show the 95% limits of agreement. A, arterial phase; V, venous phase; OB, observer. The plot is useful in revealing the relationship
between the differences of the two interobservers.

Table 3 Dual-energy parameters of metastatic and non-metastatic lymph nodes in different phases

Arterial phase Venous phase
Non-metastatic Metastatic lymph Non-metastatic Metastatic lymph
lymph nodes nodes tvalue P value lymph nodes nodes tvalue P value
Miu 2.40+0.98 3.60+1.10 7.08 <0.01 2.58+0.94 3.72+1.21 6.27 <0.01
nAHu 0.19+0.03 0.36+0.11 9.45 <0.01 0.28+0.11 0.43+0.13 7.23 <0.01
nlWR 0.10+0.06 0.24+0.11 8.91 <0.01 0.28+0.10 0.41+0.08 8.93 <0.01
NPt 0.89+0.07 0.89+0.06 -0.58 0.56 0.89+0.06 0.89+0.07 0.49 0.62
nZ 0.94+0.04 0.95+0.03 -1.97 0.05 0.96+0.46 0.94+0.04 -1.50 0.14

My, dual-energy curve slope value; nAHU, standardized iodine concentration; nIWR, iodine water ratio; np., electron density value; nZ,
effective atom-number.
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Figure 5 Diagnostic efficiency of DECT parameters.ROC curves for dual-energy parameters (A, nAHu, and nIWR) in the differentiation
of metastatic and non-metastatic lymph nodes. (A) ROC curves in the arterial phase: nIWR value represents the highest diagnostic efficiency,
followed by nAHu and Ay, values; (B) ROC curves in the venous phase: nIWR value displays the highest diagnostic efficiency, followed by
M, and nAHu values. A, arterial phase; V, venous phase; AHU, dual-energy curve slope value; nAHU, standardized iodine concentration;

nIWR, iodine water ratio.

Table 4 The value of the short axis diameter and dual-energy parameters in the arterial and venous phases (Ayy, nAHU, and nIWR) for the
differentiation of metastatic and non-metastatic lymph nodes

Arterial phase Venous phase

Short axis

diameter M nAHU nIWR M nAHU nIWR
AUC 0.76 0.80 0.86 0.88 0.76 0.79 0.83
95% ClI for AUC 0.68-0.84 0.74-0.85 0.81-0.93 0.81-0.95 0.68-0.83 0.72-0.85 0.76-0.91
Maximum Youden index 0.46 0.46 0.65 0.68 0.38 0.45 0.52
Sensitivity (%) 82.14 80.30 69.7 71.21 56.06 53.03 65.15
Specificity (%) 63.64 65.48 95.24 95.24 82.14 91.67 94.05
Positive predictive value 75.58 64.63 92.00 92.31 71.50 83.33 89.58
Negative predictive value 70.31 80.88 80.00 81.63 70.41 70.30 77.45
Cut-off point 6.81 3.02 0.19 0.11 2.56 2.30 0.28

M, dual-energy curve slope value; nAHU, standardized iodine concentration; nIWR, iodine water ratio; Cl, confidence interval; AUC, area
under the curve.

ROC analysis was carried out to determine the threshold
for each parameter to optimize both the sensitivity and

diameter of lymph nodes was similar to that of Ayy;
however, it had the highest sensitivity and lowest specificity

for differentiation. A significant difference was noted for
differentiation between A, and nAHU or between Ay and
nIWR wvalues in the arterial phase (P<0.01, 7able 5). There
was also a statistical difference for differentiation between
AHU and nIWR values in the venous phase (P<0.01, Table 5).

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

specificity for differentiating normal from metastatic lymph
nodes in patients with CRC. When 0.11 was used as an
nIWR threshold value, the sensitivity and specificity were
71% and 95%, respectively. Using an nAHU value cutoff of
0.19, metastatic lymph nodes could be diagnosed with 70%
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Table 5 Comparison of the AUCs of the \HU, nAHU, and nIWR in the arterial and venous phases

Arterial phase

Venous phase

My VS NAHU MuVSNIWR  nAHUVSNIWR A VS nAHU My VS NIWR  nAHU VS nIWR
Difference of AUC 0.14 0.18 0.04 0.08 0.08 0.16
Standard error 0.05 0.05 0.04 0.05 0.05 0.05
95% confidence interval 0.04-0.23 0.08-0.27 -0.03-0.15 -0.02-0.18 -0.01-0.17 0.06-0.26
Z value 2.85 3.65 1.08 1.63 1.72 3.09
P value <0.01 <0.01 0.28 0.1 0.09 <0.01

My, dual-energy curve slope value; nAHU, standardized iodine concentration; nIWR, iodine water ratio; AUC, area under the curve.

sensitivity and 95% specificity. When 3.02 was used as the
My threshold value, the sensitivity and specificity were 80%
and 66%, respectively.

Discussion

Our study demonstrated that DECT parameters (nIWR,
nAHU, and Ay values in the arterial phase, especially
nIWR) had a higher accuracy for differentiating non-
metastatic from metastatic nodes in CRC suggesting that
DECT may be a promising technique for N staging in CRC.

In the present study, the nIWR, nAHU, and Ay, values
of metastatic lymph nodes were significantly greater than
those of non-metastatic lymph nodes. Iodine concentration
reflects the degree of contrast enhancement (24). An increase
of iodine content in metastatic lymph nodes could be due
to the increased tumor-related angiogenesis, blood volume,
or vascular permeability within the metastatic lymph
nodes (25). Some prior studies also found similar results in
the metastatic lymph nodes from gastric (26), rectal (27),
and cervical (28) cancers. In metastatic lymph nodes, the
histopathological changes of metastatic foci affect blood
volume and vascular osmotic pressure. There are more
blood vessels in metastatic lymph nodes than non-metastatic
lymph nodes (23), which results in more significant
enhancement. However, a study from Liu ez a/. (29)
reported different findings. They employed the maximal
short axis and iodine content to distinguish the metastatic
lymph nodes in colon cancer and found that the iodine
content in metastatic lymph nodes was lower than in non-
metastatic lymph nodes. Accordingly, they believed that
the number of vessels in the lymph nodes was reduced after
metastasis. However, other DECT parameters, such as
nIWR and Ay, were not discussed in their study.

Studies on electron density and effective atom number
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have rarely been reported in recent years. Tatsugami ez a/. (30)
reported that the effective atom number and electron
density value might help improve accuracy in radiotherapy
treatment planning. Liu er 4. (23) found that the nZ value
was significantly greater in metastatic lymph nodes than
in non-metastatic lymph nodes in patients with papillary
thyroid cancer. However, they did not mention electron
density in their study, which might be related to the
instrument and the dependent parameters. Nevertheless,
in the present study, it was found that the atom number
and electron density did not show significant differences in
the differentiation between metastatic and non-metastatic
lymph nodes, which might be associated with the difference
in the primary tumor, DECT scanner, or nodal size.

Interestingly, we found that the short-axis diameter of
lymph nodes showed the lowest AUC value, which was
similar to Ayy compared with the DECT parameters. Also,
its specificity for differentiation was the lowest, whereas its
sensitivity was the highest. This is in line with a previous
study from Liu er al. (29), who reported the short-axis
diameter of lymph nodes with the lowest specificity (46.8%)
and highest sensitivity (90.9%) for distinguishing metastatic
from non-metastatic lymph nodes. In our study, nIWR and
nAHU in the arterial phase exhibited moderate sensitivity
and the highest specificity compared with the short diameter
of lymph nodes and other DECT parameters, reflecting
their higher diagnostic accuracy for distinguishing between
benign and malignant lymph nodes. Thus, DECT could be
more promising for discriminating the lymph nodes status
in CRC.

Moreover, Liu et 4. (29) also revealed that the overall
accuracy was improved from 65.7% to 82.9% with the size
measurement alone when combining the normalized iodine
concentration of lymph nodes with the short axis diameter.
However, Fusco et al. (31) found that the linear combination
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of all morphological and/or of all functional features of
dynamic enhanced MR scanning did not increase the
accuracy in axillary metastatic lymph nodes discrimination
in primary breast cancer. We did not evaluate the
discriminative power of the combination of morphological
and functional features of DECT in assessing the lymph
nodes in CRC, which will be a direction for our future
research.

In the present study, through ROC curve analysis, it
was found that nIWR values were of significant value in
differentiating metastatic from non-metastatic lymph
nodes, followed by AHu and Ay arterial and venous
phases. These values in the arterial phase showed higher
diagnostic efficiency than those in the venous phase. nIWR,
nAHU, and Ay are related to the iodine content. After
administration of contrast materials, metastatic lymph nodes
demonstrated different iodine uptake from non-metastatic
lymph nodes. Thus, these values in the arterial and venous
phases could be useful for differentiation. This result is
also supported by the findings of Tatsugami et a/. (30).
However, Tatsugami et 4/. found that the AUC of the ROC
in the venous phase was greater than that in the arterial
phase. They believed that the enhancement in the venous
phase was caused by leakage of contrast agent into the
extravascular space due to the injury of vascular endothelial
cells. This meant that the venous phase was more conducive
to identifying metastatic lymph nodes, which differed from
our results. This discrepancy might be due to the different
CT instruments used. Our study performed DECT
scanning using a 320-detector-row dynamic volume CT
system, which has a z-coverage width of 160 mm and allows
for faster acquisition of the entire tumor in a single rotation
without bed movement (32). IWR, AHU, and Ay, represent
the change of iodine content calculated using three-material
decomposition, which our CT system could more easily
detect in the early stage of injection of the contrast agent.

The present study has the following limitations. Firstly,
lymph nodes less than 4 cm in diameter were not included
in this study to ensure a good one-to-one match among
the in vitro and in vivo CT images. Also, measurements of
smaller lymph nodes would be difficult due to the limited
spatial resolution. Secondly, in the current study, the ROI
was placed within each lymph node and covered the nodal
parenchyma as much as possible. However, some tumor
deposits are merely located in the subcapsular region of
the lymph node (33), and thus, some measurements based
on ROIs could have exhibited some bias. Thirdly, our
study was limited to the adenocarcinoma of CRC because
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more than 90% of CRCs are adenocarcinomas originating
from epithelial cells of the colorectal mucosa. Other
rare types of CRC, such as neuroendocrine, squamous
cell, adenosquamous, spindle cell, and undifferentiated
carcinomas, were not included.

In summary, quantitative DECT parameters including
dual-energy curve slope, iodine content, and iodine water
ratio demonstrated higher accuracy than electron density
value and effective atom-number to differentiate metastatic
and non-metastatic lymph nodes in CRC. The iodine
water ratio in the arterial phase could be more valuable for
identifying metastatic nodes in CRC.
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