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Background: Risk factors for colorectal cancer (CRC) affect the way patients are subsequently treated and
their prognosis. Dual-energy computerized tomography (DECT) is an advanced imaging technique that
enables the quantitative evaluation of lesions. This study aimed to evaluate the quality of DECT images
based on the Mono+ algorithm in CRC, and based on this, to assess the value of DECT in the diagnosis of
CRC risk factors.

Methods: This prospective study was performed from 2021 to 2023. A dual-phase DECT protocol was
established for consecutive patients with primary CRC. The signal-to-noise ratio (SNR), contrast-to-noise
ratio (CNR), overall image quality, lesion delineation, and image noise of the dual-phase DECT images
were assessed. Next, the optimal energy-level image was selected to analyze the iodine concentration (IC),
normalized iodine concentration (NIC), effective atomic number, electron density, dual-energy index
(DEI), and slope of the energy spectrum curve within the tumor for the high- and low-risk CRC groups. A
multifactor binary logistic regression analysis was used to construct a differential diagnostic regression model
for high- and low-risk CRC, receiver operating characteristic (ROC) curves were plotted, and the area under
the curve (AUC) was calculated to assess the diagnostic value of the model.

Results: A total of 74 patients were enrolled in this study, of whom 41 had high-risk factors and 33 had
low-risk factors. The SNR and CNR were best at 40 keV virtual monoenergetic imaging (VMI) based on the
Mono+ algorithm (VMI+) (SNR 8.79+1.27, P<0.001; CNR 14.89+1.77, P=0.027). The overall image quality
and lesion contours were best at 60 keV VMI+ and 40 keV VMI+, respectively (P=0.001). Among all the
DECT parameters, the arterial phase (AP)-IC, NIC, DEI, energy spectrum curve, and venous phase-NIC
differed significantly between the two groups. The AP-IC was the optimal DECT parameter for predicting
high- and low-risk CRC with AUC, sensitivity, specificity, and cut-off values of 0.96, 97.06%, 87.80%, and
2.94, respectively, and the 95% confidence interval (CI) of the AUC was 0.88-0.99. Integrating the clinical
factors and DECT parameters, the AUC, sensitivity, specificity, and predictive accuracy of the model were
0.99, 100.00%, 92.68%, and 94.67%, respectively, and the 95% CI of the AUC was 0.93-1.00.
Conclusions: The DECT parameters based on 40 keV noise-optimized VMI+ reconstruction images
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depicted the CRC tumors best, and the clinical DECT model may have significant implications for the

preoperative prediction of high-risk factors in CRC patients.
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Introduction

Colorectal cancer (CRC) accounts for approximately 10%
of diagnosed cancers and cancer-related deaths worldwide
each year, has the second highest mortality rate, with a
prognosis influenced by tumor node metastasis (TNM)
stage and other high-risk factors, and has 5-year survival
rates ranging from 10% to 90% (1-3). High-risk factors
for CRC include lymph node metastasis, extramural
vascular invasion (EMVI), peripheral nerve invasion
(PNI), high-grade tumors (including poorly differentiated
adenocarcinomas and undifferentiated carcinomas, both less
than 50% gland formation) T4 stage, and tumor deposits
(4,5). For high-risk patients, the recommended duration
of adjuvant therapy is 6 months if FOLFOX is chosen,
while for the low-risk group, the recommended duration of
adjuvant therapy is 3 months if the CapeOX chemotherapy
regimen is chosen (6). In addition, patients with stage-
IT high-risk colon cancer who undergo routine standard
management may have a worse prognosis than patients with
stage-III low-risk colon cancer (7). Thus, screening the
high-risk factors for CRC is important for the selection and
timing of adjuvant chemotherapy regimens.

Histopathology is the gold standard for the diagnosis of
high-risk factor CRC. However, biopsy is invasive, and the
results can be falsely negative due to the site and depth of
the tumor. Thus, an accurate, objective and non-invasive
preoperative method for evaluating high-risk factors for
CRC is needed.

Computerized tomography (CT) is one of the most
important preoperative examinations for CRC. Compared to
magnetic resonance imaging (MRI), CT has a faster imaging
time and a better ability to detect distant metastases (8),
but conventional CT provides only limited information to
accurately assess high-risk factors, such as EMVI, lymph
node metastasis, and tumor deposits.

Dual-energy computerized tomography (DECT),
which uses both high and low energies to achieve material
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decomposition and material classification, has the ability
to assess the biological behavior of tumors by CT (9,10).
Current applications of DECT in CRC include determining
the nature of the lymph nodes, pathological staging, and
histological grading (11,12). A recent study demonstrated the
diagnostic value of DECT for the EMVI of rectal cancer (13).
These previous studies focused on only one high-risk factor
for CRC, but in clinical settings, patients may actually have
one or more high-risk factors, and the preoperative predictive
value of DECT for these patients remains unknown.

Recently, the quantitative parameters of DECT have been
a major advantage in tumor imaging, and the introduction
of the Mono+ algorithm has pushed this to new heights.
Mono+ is an algorithm that uses frequency division to
superimpose the low spatial frequencies of a 40 keV
image with the high spatial frequencies of a 70 keV
image to improve the image noise at low keV in virtual
monoenergetic imaging (VMI) mode, thus improving the
contrast-to-noise ratio (CNR) of the image (14). Compared
to standard linear reconstruction, VMI based on the Mono+
algorithm (VMI+) reduces image noise while improving
iodine attenuation, especially at low kilo-electron volt (keV),
which has been reported to improve the reliability and
diagnostic accuracy of the DECT quantitative size
measurements used to assess colorectal liver metastases
(CRLMes) (15). Compared to conventional VMI, VMI+ has
proven to be superior in qualitative and quantitative image
analysis of cutaneous malignant melanomas, abdominal
malignant lymphomas, and CRLMs (16-18). However, the
quality of the qualitative and quantitative images based on
VMI+ of CRC is unknown.

This study had two main objectives. First, it sought
to assess the optimal energy level for the qualitative
and quantitative analysis of CRC based on the Mono+
algorithm. Second, it sought to analyze the tumor
quantitative DECT parameters based on the optimal image
and constructed a regression model with clinical factors to
evaluate the diagnostic value for high-risk CRC. We present
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Patients with clinically suspected colorectal cancer were enrolled from April 2021 to January 2023

Inclusion criteria
e Histologically confirmed colon and rectal adenocarcinoma

Y

¢ No history of pelvic surgery
¢ No preoperative chemoradiotherapy before the dual-energy
CT examination

265 patients were initially included in the study

Y

Exclusion for analysis
e Poor image quality affects diagnosis (n=3)
¢ No surgery or histological examination within two weeks

Y

after CT examination (n=36)

¢ Pathological findings were benign lesions or atypical
colorectal adenocarcinoma (n=124)

e Tumor is too small to draw the ROI (<20 mm) (n=28)

74 patients were finally included in the study

Image quality assessment

Y

High and low risk groupings
I

! !

Outlining the area of interest

High-risk group

Low-risk group
(n=41) (n=33)

Y

Statistical analysis

Figure 1 Flow chart showing the inclusion and exclusion criteria and the final grouping of patients. CT, computed tomography; ROI,

region of interest.

this article in accordance with the STROBE reporting
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-23-291/rc).

Methods
Patients

This prospective study was conducted in accordance with
the Declaration of Helsinki (as revised in 2013). The Ethics
Committee of the Second Affiliated Hospital of Chongqing
Medical University approved the study and waived the
requirement for informed consent because the study did not
adversely affect the rights and health of the subjects.
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Between April 2021 to January 2023, the clinical and
imaging data of 265 patients diagnosed with CRC were
prospectively analyzed at The Second Affiliated Hospital
of Chongqing Medical University. Sample size calculations
were based on a small sample pre-experiment [venous phase
normalized iodine concentration (VP-NIC) of 40.25+7.29
vs. 46.23+7.47 for the high- and low-risk groups] with 90%
power at a two-sided alpha level of 0.05. Based on these
results, about 34 cases were needed in each of the high-
and low-risk groups. Ultimately, 74 patients (a total of
75 tumors) were included in this study, including 41 in the
high-risk group and 33 in the low-risk group (Figure 1).

Based on the pathology of biopsy samples or
postoperative lesion samples, the patients in this study
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were allocated to the high-risk group if they had >1 of the
following risk factors: lymph node metastasis, EMVI, PNI,
high-grade tumors, stage T4, stage M1, and tumor deposits.
While the patients were allocated to the low-risk group if
they had no risk factors.

To be eligible for inclusion in this study, the patients
had to meet the following inclusion criteria: (I) have
histologically confirmed colon and rectal adenocarcinoma;
(II) have no history of pelvic surgery; and (III) not have
undergone preoperative chemoradiotherapy before the
dual-energy CT examination. Patients were excluded from
the study if they met any of the following exclusion criteria:
(I) had poor quality images that affected diagnosis; (II)
had not undergone surgery or a histological examination
within two weeks of the CT examination; (III) had benign
lesions or atypical colorectal adenocarcinoma based on the
pathological findings; and/or (IV) had tumors that were too
small (i.e., <20 mm) to draw regions of interest (ROIs).

DECT acquisition

Patients were asked not to take drugs containing heavy
metals, such as barium, for a week before the CT scan, and
were asked to fast 12 hours before the CT examination
and drink 600-1,000 mL of water 10 minutes before the
examination. All the examinations were performed on
a dual-energy CT system (Drive, Siemens Healthcare,
Germany). Two contrast-enhanced CT scans were
performed from the apex of the diaphragm to the inferior
margin of the pubic symphysis in dual-energy spectral
CT imaging mode. The scan parameters were as follows:
tube voltages: 100 and 140 kV; tube current: 350 mA;
pitch: 1; and gantry rotation time: 0.5 s. The contrast
agent (Ultravist, 370 mg/mL, Schering, Berlin, Germany;
dose: 1.5 mL/kg, flow rate: 3 mL/s) was injected through
an elbow vein using a double-head power injector. The
scan was threshold triggered, with the arterial phase
(AP) automatically starting after a delay of 15 s when the
abdominal aortic threshold reached 120 HU, and with the
VP automatically starting after a delay of 17 s.

DECT image reconstruction

All the DECT data sets were postprocessed on a
commercially available three-dimensional (3D)
multimodality workstation (syngo.via, version VA30A,
Siemens) using a dedicated soft tissue convolution kernel
(Qr40, Siemens) and an iterative reconstruction technique
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(ADMIRE, Siemens; strength level, 3). Standard linear
mixed images were automatically reconstructed using a
mixing factor of 0.6 (MO0.6, containing 60% 100 keV low
tube voltage, and 40% 140 keV high tube voltage) (19).
Given the low attenuation of iodine concentration (IC) at
energy levels above 100 keV in previous studies, for the
image quality evaluation part of this study, the energy-level
range was set at 40-100 keV in 10 keV increments (20).

Quantitative image analysis

The quantitative image analysis was performed by a
radiologist with three years of experience in abdominal
radiodiagnosis on a Siemens syngo MMWP VE36A
workstation. The location of the tumor was confirmed
according to the histopathological results. Three circular
ROIs with areas of 20-30 mm’ were placed in the largest
axial image of the tumor, avoiding necrotic foci and larger
vessels, and the final value was the average of these three
ROIs. Defining fat standard deviation (SD) as image noise,
three circular ROIs with an area of 100 mm® were placed
in the subcutaneous fat on the same slice of the outlined
tumor, and the final value was averaged over the three
ROIs. Based on previous studies, the signal-to-noise ratio
(SNR) and CNR were calculated as follows (16):

SNR = HU (lesion) :
~ SD(fat) [
CNR [HU(lesion)—HU(fat)] 2]

SD(fat)

Qualitative image analysis

The qualitative image analysis was performed by two
radiologists with three and four years of experience in
abdominal radiology, respectively. The observers were only
aware of the patients’ clinical information and were not
aware of the image reconstruction algorithm. The standard
linear hybrid images (M0.6) and noise-optimized VMI+
reconstructed images were rated randomly, and only one
random energy level was assessed during each round of
evaluation. Based on a five-point Likert scale, the following
quality criteria were assessed: overall image quality (where 1
= poor overall image quality and 5 = excellent overall image
quality), lesion delineation (where 1 = unable to exclude
lesions and 5 = excellent lesion margins), and image noise
(where 1 = very pronounced image noise and 5 = barely
detectable image noise).
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Imaging analysis

All the images were individually analyzed by two
radiologists with more than 3 years of experience each
in abdominal radiology who outlined the ROIs based
on the histological examination as a reference. Duplex-
enhanced images with a slice thickness of 1 mm were
imported into the workstation and opened in dual-energy
mode to automatically obtain virtual single-energy images,
iodine-based material decomposition images, and effective
atomic number images in the range of 40-150 keV. The
localization of the lesions and outlining of the ROIs were
performed with reference to 60 keV VMI+ on a 40 keV
VMI+ single-energy image. Three ROIs of 20-30 mm’
were placed in the largest axis image of the tumor, avoiding
large vessels and necrotic lesions, and selecting areas of
uniform and distinct enhancement. The final value was the
average of these three ROIs. The previously outlined ROIs
were then copied to the iodine-based material breakdown
image and the effective atomic number image. The final IC,
NIC, effective atomic number, electron cloud density, dual-
energy index (DEI), and slope of the energy spectrum in
the AP and VP were recorded; the NIC of the tumor was
obtained by normalizing the IC of the tumor to the IC of
the aorta or iliac artery at the same level. The differential
iodine concentration (DIC) in the arteriovenous phase
was calculated using the following formula: DIC = (AP
— VP) IC. The dual-energy curve slope value (Ayy) was
calculated from the CT values of the 50 and 140 keV virtual
monochrome images {Ayy = [CT50 value (50 keV) — CT'140
value (140 keV)]/[140-50]}.

Statistical analysis

The statistical analysis was performed using MedCalc
Version 19.2 (Ostende, Belgium) and GraphPad Prism
Version 9.4.1 (San Diego, California, USA). The intraclass
correlation coefficient (ICC) was used to evaluate the
interobserver agreement of the measured parameters (ICC
<0.40 = poor agreement, ICC 0.40-0.59 = fair agreement,
ICC 0.60-0.74 = good agreement, and ICC 0.75-1.0 =
excellent agreement) (18).

The quantitative variables are expressed as the mean
+ SD, and the ordinal variables are expressed as median
values. The Kolmogorov-Smirnov test was used to test
the normality of the data distribution. For multiple
comparisons, an analysis of variance was used for data
conforming to a Gaussian distribution. For comparisons
between two data sets, the independent samples z-test
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was used for data conforming to a Gaussian distribution;
otherwise, the Mann-Whitney U test was used. In this
study, all P values were two-sided in the test, and a P value
<0.05 was considered statistically significant. A single-factor
logistic regression analysis was used for variable screening,
and variables with P<0.1 were included in the multifactor
regression analysis to construct regression models for
predicting risk factors for CRC. Receiver operating
characteristic (ROC) curves were plotted, and the areas
under the curve (AUCs) were calculated to evaluate the
diagnostic effect of the DECT parameters and regression
models.

Results
Clinical-pathological characteristics

Ultimately, 74 patients were enrolled in the study, of
whom 41 were allocated to the high-risk group (41 tumors)
and 33 were allocated to the low-risk group (34 tumors).
Each specific high-risk factor included T4 stage (n=14),
N1 (excluding Nlc) (n=17), N2 (n=8), tumor deposition
(n=13), M1 (n=5), high-grade tumors (n=6), EMVI-positive
(n=9), and PNI-positive (n=14); TNM staging was based
on the 8th edition of the American Joint Committee on
Cancer Staging Systems. The proportion of people with
carcinoembryonic antigen (CEA) concentrations above
5 ng/mL was significantly higher in the high-risk group
than the low-risk group (31.71 vs. 6.06; P=0.008). In
relation to histological grade, the proportion of high-grade
tumors in the high-risk group was also significantly higher
than that of the low-risk group (P=0.030). There were no
statistically significant differences in the other baseline
characteristics between the two groups (Table 1).

Quantitative image analysis

The results of all the quantitative analyses are shown
in Tuble 2 and Figure 2. The mean signal attenuation of
the CRC lesions was highest at 40 keV VMI+ (251.01=
33.70 HU) and 89.36+11.59 HU for the standard linearly
mixed MO.6 series. Compared to the standard linear mixed
MO0.6 sequence (SNR, 5.86+0.64; CNR, 11.98+1.09), there
was a significant increase in both the SNR and CNR at
40 keV VMI+ (SNR, 8.79+1.27; CNR, 14.89:1.77).

Qualitative parameter analysis

The mean values of the qualitative image analysis are
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Table 1 Clinicopathological characteristics of the 74 CRC patients
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Clinicopathological characteristics High-risk group (n=41) Low-risk group (n=33) P value
Age (years), mean + SD 63.63+9.58 62.71+9.78 0.861"
Sex, n (%) 0.858°
Male 24 (58.54) 20 (60.61)
Female 17 (41.46) 13 (39.39)
Area (mm®), mean + SD 7.80+5.50 6.44+3.68 0.275*
Tumor location, n (%) 0.218¢
Right hemicolon 4 (9.76) 6(18.18)
Left hemicolon 9 (21.95) 11 (33.33)
Rectal 28 (68.29) 16 (48.48)
CEA level, n (%) 0.008"
<5 ng/mL 28 (68.29) 31 (93.94)
>5 ng/mL 13 (31.71) 2 (6.06)
Histological grade, n (%) 0.030"
High 6 (14.63) 0(0)
Lowe 35 (85.37) 33 (100.00)
T4 stage, n (%) 14 (34.15)
N1 (excluding N1c), n (%) 17 (41.46)
N2, n (%) 8 (19.51)
Tumor deposits, n (%) 13 (31.71)
M1, n (%) 5(12.20)
EMVI, n (%) 9 (21.95)
PNI, n (%) 14 (34.15)

T, independent samples t-test; ¥, Mann-Whitney U test; §, chi-square test; ", Fisher’s exact test. CRC, colorectal cancer; SD, standard

deviation; CEA, carcinoembryonic antigen; EMVI, extramural vascular invasion; PNI, peripheral nerve invasion.

Table 2 Comparison of the mean density (HU), SNR and CNR in patients with colorectal cancer

Parameters MO0.6

50 keV VMI+ 60 keV VMI+ 70 keV VMI+ 80 keV VMI+ 90 keV VMI+ 100 keV VMI+

Attenuation average 89.36+11.59 251.01+33.70 176.77+22.52 132.38+15.91 103.80+12.09 85.44+9.95
SNR average 5.86+0.64
CNR average 11.98+1.09

8.01+1.11
14.25+1.71

7.33+1.06 6.83+1.25 6.22+0.99
13.73+1.82  13.36+1.93 13.01+2.02

73.01+8.72  64.54+8.20

5.32+0.93

12.17+2.05

Data are shown as the mean + standard deviation. HU, Hounsfield unit; SNR, signal-to-noise; CNR, contrast-to-noise ratio; VMI+, virtual

monoenergetic imaging based on Mono+ algorithm.

summarized in Table 3. In relation to overall image quality,
the 60 keV VMI+ series images had the highest subjective
image quality scores [median: 5; ICC =0.84; 95% confidence
interval (CI): 0.75-0.89], which were significantly higher
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than those of the other energy-level series and standard
linear mixed MO0.6 sequence images (median: 3; ICC
=0.80; 95% CI: 0.71-0.87; P<0.001). In relation to lesion
delineation, the 40 keV VMI+ series images had the highest
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Figure 2 Box-and-whisker plots showing the SNR and CNR for the CRC patients, comparing the image quality parameters for standard
linear blending MO0.6, and noise-optimized VMI+ at different keV levels (40 to 100 keV). The boxes represent the 25th and 75th quartiles,
the median horizontal line, and the minimum and maximum values of the whiskers. SNR, signal-to-noise; CNR, contrast-to-noise ratio;

CRC, colorectal cancer; VMI+, virtual monoenergetic imaging based on Mono+ algorithm.

Table 3 Comparison of the qualitative parameters of the images

Qualitative parameters MO0.6 40 keV VMI+ 50 keV VMI+ 60 keV VMI+ 70 keV VMI+ 80 keV VMI+ 90 keV VMI+ 100 keV VMI+
Overall image quality 3 [2-5] 4 [3-5] 4 [3-5] 5 [4-5] 4 [3-5] 3 [2-5] 3 [2-4] 3 [1-4]
Lesion delineation 3 [2-4] 5 [4-5] 4 [3-5] 4 [2-5] 4 [2-5] 3 [2-4] 3 [1-4] 2 [1-4]
Image noise 4 [2-5] 3 [2-5] 4 [3-5] 4 [3-5] 4 [3-5] 4 [3-5] 4 [3-5] 5 [4-5]

Data are shown as the median [range]. VMI+, virtual monoenergetic imaging based on Mono+ algorithm.

lesion delineation definition scores (median: 5; ICC =0.72; high- and low-risk groups in the AP and VP are shown in
95% CI: 0.59-0.82), which were significantly higher than Table 5. Patients in the high-risk group had significantly
those of the other energy series and the standard linear higher AP-IC (3.09+0.17 vs. 2.80+0.14 mg/mL, P<0.001),
mixed MO0.6 sequence images (median: 3; ICC =0.70; 95% AP-NIC (22.30£4.77 vs. 19.65+2.84, P=0.005), AP-DEI
CI: 0.56-0.80; P<0.001). In relation to image noise, the [(21.7221.75)x107 vs. (19.85£2.05)x10~°, P<0.001], AP-);
40 keV VMI+ series images had the highest image noise (1.49+0.19 vs. 1.39+0.19, P=0.029), DIC (0.75+0.24
scores (median: 5; ICC =0.78; 95% CI: 0.67-0.86), which vs. 0.35+0.22, P<0.001), and VP-NIC (41.03+7.09 vs.
were significantly higher than those of the other energy 47.13+7.19, P<0.001) than those in the low-risk group,

series and the standard linear mixed M0.6 sequence images while the differences in the other DECT parameters were
(median: 4; ICC =0.83; 95% CI: 0.73-0.89; P<0.001). A not statistically significant (Table 5). Figures 4,5 show the
comparison of the images across the different sequences is images of low- and high-risk CRC.

shown in Figure 3. In descending order, the areas under the curve (AUCs)

for each parameter were AP-IC: 0.96, DIC: 0.89, AP-DEI:
0.75, VP-NIC: 0.75, AP-NIC: 0.69, and AP-A;: 0.64

DECT . - - R
CT characteristics of bigh- and low-risk factors for CRC (Table 6; Figure 6). Parameters with P values <0.1 in the

There was good agreement between the two observers one-way binary logistic regression analysis were included
on the measured parameters of DECT in CRC patients in the multifactor binary logistic regression, and the final
(ICC >0.6), and all the measurements are summarized in regression model obtained was as follows: logit (P) = 139.64
Table 4. The final values of the DECT parameters of the —42.36 x AP-IC - 0.83 x AP-NIC - 4.26 x DIC - 560.57
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Figure 3 DECT images of a 58-year-old male patient with histologically proven CRC with a lesion predominantly located in the rectum
(indicated by the white arrow). (A) The 40 keV VMI+ images had the highest SNR and CNR values; (B) the 60 keV VMI+ images had

the best overall image quality; (C) standard linear mixed (MO0.6) series images are shown for comparison. DECT, dual-energy computed

tomography; CRC, colorectal cancer; VMI+, virtual monoenergetic imaging based on Mono+ algorithm; SNR, signal-to-noise; CNR,

contrast-to-noise ratio.

Table 4 Results of the intragroup correlation coefficients measured by two observers in the high- and low-risk groups in the arterial and venous

phases
Parameters IC NIC Z Rho DEI My
Arterial phase
ICC 0.82 0.66 0.92 0.84 0.88 0.88
95% confidence interval 0.73-0.88 0.51-0.77 0.87-0.95 0.75-0.89 0.82-0.93 0.81-0.92
Venous phase
ICC 0.73 0.71 0.91 0.75 0.84 0.87
95% confidence interval 0.60-0.82 0.58-0.81 0.86-0.94 0.63-0.83 0.76-0.90 0.80-0.91

IC, iodine concentration; NIC, normalized iodine concentration; Z, effective atom number; Rho, electron density; DEI, dual-energy index;
My, dual-energy curve slope value; ICC, intragroup correlation coefficient.

x AP — DEI - 0.21 x VP-NIC - 2.03 x AP-A;y — 0.58 x
CEA - 23.42 x histological grade. The AUC, sensitivity,
specificity, and predictive accuracy of the model were 0.99,
100.00%, 92.68%, and 94.67%, respectively, and the AUC
had a2 95% CI of 0.93-1.00.

Discussion

The preoperative prediction of risk factors for CRC is
important because it not only influences the survival time
of patients but also informs individual treatment plans. In
this study, we first evaluated the optimal DECT image of
CRC, and we then investigated whether the quantitative
parameters of DECT could help in the preoperative

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

selection of CRC patients with high-risk factors and
constructed a comprehensive diagnostic model.

Previous studies have shown that noise-optimized low-
keV VMI+ series reconstructed images significantly reduce
image noise while improving tumor saliency compared to
conventional VMI series reconstructed images and standard
linear hybrid reconstructed series images (16,21,22).
The accuracy of DECT for tumor diagnosis has been
directly enhanced by the improved contrast and lesion
delineation with VMI+. One study found 40 keV VMI+ had
significantly higher sensitivity and diagnostic accuracy for
detecting CRC liver metastases than standard linear mixed
reconstruction (90.6% vs. 80.6%, and 89.1% vs. 81.3%,
respectively) (15). Lee et al. (23) found that compared to
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Table 5 Results of the DECT parameter measurements in the high- and low-risk groups of patients with CRC in the arterial and venous phases

DECT parameters High-risk group (n=41) Low-risk group (n=34) t/Z value P value

Arterial phase
IC (mg/mL) 3.09+0.17 2.80+0.14 6.77 (2) <0.001
NIC (%) 22.30+4.77 19.65+2.84 2.79 (2) 0.005
z 8.86+0.16 8.80+0.16 -1.59 (t) 0.116
Rho 41.20+6.89 41.35+6.21 0.28 (2) 0.782
DEI (x107) 21.72+1.75 19.85+2.05 3.77 (2) <0.001
v 1.49+0.19 1.39+0.19 -2.23 (t) 0.029

Venous phase
IC (mg/mL) 2.35+0.27 2.45+0.24 1.72 (t) 0.090
NIC (%) 41.03+7.09 47.13+7.19 -3.711 2 <0.001
VA 8.64+0.18 8.67+0.17 0.71 (t) 0.480
Rho 40.75+5.43 39.09+5.20 0.97 (2 0.330
DEI (x107%) 16.85+2.65 17.28+2.42 0.72 (t) 0.470
Miu 1.24+0.20 1.23+0.19 -0.17 (t) 0.867
DIC (mg/mL) 0.75+0.24 0.35+0.22 -7.35(t) <0.001

Data are shown as the mean + SD. CRC, colorectal cancer; DECT, dual-energy computed tomography; IC, iodine concentration; NIC,
normalized iodine concentration; Z, effective atom number; Rho, electron density; DEI, dual-energy index; A, dual-energy curve slope

value; DIC, differential iodine concentration in the arteriovenous phase.

standard 40 keV VMI, deep learning-based 40 keV VMI+
had better image quality and a higher detection rate of
hypoenhancing hepatic metastasis, which shows that the
strengths of VMI+ series reconstructed images could be
replicated in the field of deep learning.

In our quantitative image analysis, we also found that the
40 keV VMI+ series exhibited the highest tumor attenuation
and higher SNR and CNR than the standard linear mixed
MO.6 image series, and the results were consistent with
those of previous studies (17). However, the overall image
quality analysis in our study showed that the 60 keV VMI+
series scored the highest, indicating that tumor attenuation
and noise balanced out at 60 keV VMI+, which is generally
consistent with the findings of Lenga et a/. (17). Thus, we
further compared the 40 and 60 keV VMI+ CRC images.
Notably, the blood supply vessels inside or beside the
tumors were easier to identify in the 40 keV VMI+ images
than the 60 keV VMI+ images; this finding enabled us to
place the ROIs’ more accurately in the tumor, avoiding
the interference of larger blood vessels. Thus, considering
the advantages of both the 40 and 60 keV VMI+ images,

we recommend using the 60 keV VMI+ series images as a

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

lesion reference and then outlining the ROI on the 40 keV
VMI+ series image to provide a more accurate delineation
of the lesion for DECT quantitative analysis.

To the best of our knowledge, the risk factors for CRC
include lymph node metastasis, EMVI, PNI, high-grade
tumors, and T4 stage. In an analysis of the prognosis of
T2NOMO CRC patients, lymphovascular permeation,
perineural invasion, and poor differentiation were found
to be risk factors for a poor prognosis (24). Another
prognostic analysis of lymph node-negative CRC found
that perineural infiltration, EMVI, and T4 staging were
independent prognostic factors, and these patients would
benefit from adjuvant or more aggressive treatment (25).
Notably, a recent study demonstrated that high preoperative
CEA levels and the presence of vascular cancer emboli
were risk factors for lymph node metastasis, which suggests
that the risk factors for CRC may be interrelated and
coexist (26). Thus, in our study, we allocated patients
with one or more risk factors to the high-risk group to
provide a more objective and comprehensive preoperative
predictive analysis of risk factors for CRC and evaluated the
association between DECT quantitative parameters and
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Figure 4 An 80-year-old woman with rectal cancer pathologically confirmed as a moderately highly differentiated adenocarcinoma without
metastasis. (A) Images with an optimal SNR and CNR at 40 keV VMI+ in the arterial phase; (B) DECT images of IC in the arterial phase;

(C) images of the effective atomic number and electron density in the arterial phase; (D) images of 40 keV VMI+ in the venous phase;

(E) DECT images of IC in the venous phase; (F) images of the effective atomic number and electron density in the venous phase. SNR,

signal-to-noise; CNR, contrast-to-noise ratio; VMI+, virtual monoenergetic imaging based on Mono+ algorithm; DECT, dual-energy

computed tomography; IC, iodine concentration.

high-risk factors in CRC tumors.

According to the results, AP-IC, AP-NIC, AP-DEI,
AP-\yy, and DEI were significantly higher in the high-risk
group than the low-risk group. During tumor progression,
tumor cells secrete vascular endothelial factors that increase
the permeability of tumor blood vessels, leading to a higher
intratissue microvascular density (MVD) and microvascular
permeability in high-risk patients. IC, which is positively
correlated with blood volume and permeability, directly
reflects the angiogenesis and blood supply of the tumor
tissue (27,28). Thus, it was not surprising that the AP-IC
and AP-NIC values were significantly higher in the high-
risk group than the low-risk group, and the results support
those of Luo et al. (29).

Additionally, due to the higher X-ray attenuation capacity
of iodine compared to soft tissues, the higher the tumor
tissue uptake of iodine intake, the greater the attenuation

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

to X-rays and the higher the DEI and AP-Ayy value, so the
AP-DEI and AP-Ayy were also significantly higher in the
high-risk group than the low-risk group. However, as we
noted that the VP-NIC in the high-risk group was lower
than that in the low-risk group (41.59+7.30 vs. 46.56£7.75),
we also analyzed the DIC between the two groups in the
arteriovenous phase, and the results showed that the DIC
was significantly higher in the high-risk group than the
low-risk group (0.73+0.25 vs. 0.36+0.22), which may be due
to the higher MVD and vascular endothelial growth factor
(VEGF) expression in the high-risk group.

The high expression of VEGF could increase the local
vascular permeability and cause a higher clearance rate of the
contrast agent (30,31). Thus, it may be that more contrast
agents were retained in the tumor blood vessels in the low-
risk group in the VP, resulting in the higher VP-NIC in the
low-risk group than in the high-risk group. Nevertheless,
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Figure 5 A 70-year-old man with rectal cancer, pathologically confirmed as a moderately differentiated adenocarcinoma but with six lymph
node metastases. (A) Images with optimal SNR and CNR at 40 keV VMI+ in the arterial phase; (B) DECT images of IC in the arterial
phase; (C) images of the effective atomic number and electron density in the arterial phase; (D) images of 40 keV VMI+ in the venous phase;
(E) DECT images of IC in the venous phase; (F) images of the effective atomic number and electron density in the venous phase. SNR,
signal-to-noise; CNR, contrast-to-noise ratio; VMI+, virtual monoenergetic imaging based on Mono+ algorithm; DECT, dual-energy

computed tomography; IC, iodine concentration.

Table 6 Diagnostic efficacy of the DECT quantitative parameters

Parameters AP-IC AP-NIC (%) AP-DEI AP-,., DIC VP-NIC (%)
AUC 0.96 0.69 0.75 0.64 0.89 0.75
95% Cl for AUC 0.88-0.99 0.57-0.79 0.64-0.85 0.52-0.75 0.80-0.95 0.64-0.84
Cut-off point 2.94 21.52 19.50 1.35 0.48 41.50
Sensitivity (%) 97.06 85.29 52.90 52.94 85.29 76.47
Specificity (%) 87.80 60.98 85.37 78.05 82.93 68.29

DECT, dual-energy computed tomography; AP-IC, concentrations of iodine in the arterial phase within the region of interest; AP-NIC,
concentrations of normalized iodine in the arterial phase within the region of interest; AP-DEI, dual-energy index in the arterial phase
within the region of interest; AP-\,,, dual-energy curve slope value in the arterial phase within the region of interest; DIC, differential iodine
concentration in the arteriovenous phase; VP-NIC, concentrations of normalized iodine in the venous phase within the region of interest;
AUC, area under the curve; Cl, confidence interval.
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Figure 6 Diagnostic efficiency of the DECT parameters and the predictive model in differentiating between high- and low-risk factors for

CRC. AP, arterial phase; DE, dual-energy; NIC, normalized iodine concentration; IC, iodine concentration; VP, venous phase; Ay, dual-

energy curve slope value; DIC, differential iodine concentration in the arteriovenous phase; AUC, area under the curve; DECT, dual-energy

computed tomography.

there were no significant differences between the two
groups in terms of electron density and effective atomic
number, and the results support those of Qiu er al. (32).
However, Zhang et al. (33) found that the normalized
effective atomic number value of metastatic sentinel lymph
nodes in breast cancer patients was significantly larger than
that of non-metastatic lymph nodes. This may be related to
the different ways of outlining the ROI and the differences
in the settings of the DECT scanning parameters, as well
as the different tumor types. Thus, there is a need for a
standardized dual-energy scanning protocol for different
type of tumors.

Of all the DECT parameters, AP-IC had the highest
AUC. This is probably because IC is a direct reflection
of the vascular enhancement of the tumor tissue and was
influenced by other factors, such as NIC. This result
supports that of Zou er al. (34). Further, we combined all
the DECT parameters with significant differences and
CEA and histological grade to establish a clinical DECT
model and found that the AUC, sensitivity, specificity, and
prediction accuracy of the regression model were 0.99,
100.00%, 92.68%, and 94.67 %, respectively. The predictive
accuracy of the clinical DECT model was significantly
improved compared to the DECT parameter alone,
indicating that the combined model may have greater value

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

in high-risk factor predictions. The results were in line with
some artificial intelligence (AI) CRC studies (35,36).

Li et al. constructed a machine learning-based CT model
that combined radiomics and clinical features that could
predict early the presence of metachronous liver metastases
in patients by measuring the primary lesions of CRC (35).
The model had and AUC of 0.79+0.08 (35). Zhao et al.
confirmed the excellent predictive efficacy of deep learning-
based imagingomics models for lymph node metastasis in
CRC (36). The models constructed in these studies have
good predictive efficacy for subgroups with high-risk factors
for CRC; however, they were based on conventional CT
images of the arteriovenous phase. We speculated that the
iodograms and effective atomic number maps derived from
DECT may provide potential information, and the Al
models based on these maps may perform well in studies
related to high-risk prediction and the prognosis of CRC
patients.

Liver metastasis is one of the most important factors
in the survival and prognosis of CRC patients. The early
diagnosis of CRLMs implies a smaller lesion size, which is
an indication for minimally invasive surgery (37). Compared
to traditional open surgery, robotic-assisted minimally
invasive surgery not only allows for the simultaneous
resection of CRLMs and primary CRC, but also reduces
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intraoperative bleeding, postoperative complication rates,
and postoperative hospital stays, while shortening the
learning curve due to enhanced 3D full-high definition (HD)
vision and wristed instruments (38,39). One study showed
that laparoscopic ultrasound has better sensitivity than
MRI for CRLMs, especially for lesions located in the liver
dome (40), which may be due to the abnormal MRI signal
in the liver dome. As far as we know, relatively few studies
of DECT on CRLM have been conducted compared
to studies of MRI. We believe that DECT will play an
important role in the development of surgical protocols
for CRLM and in the assessment of efficacy following
chemotherapy as the benefits of its quantitative and
qualitative analysis become better understood.

This study had several limitations. First, it was limited
to adenocarcinoma CRC, and special histologic types,
such as mucinous adenocarcinoma, were not included. In
addition, while one of the principles of ROI outlining is
to match the biopsy results, ROI outlining is also based on
the maximum cross-sectional area of the tumor, so the ROI
outlining and biopsy results may not completely match.
Finally, the sample size in this study was relatively small,
and no further subgroup analysis was performed based on
risk stratification. It will be interesting for us to explore the
predictive performance of DECT for the risk stratification
of CRC in the future.

Conclusions

In conclusion, our study demonstrated that 40 VMI+ images
were optimal for CRC DECT quantitative evaluation.
Additionally, the AP-IC, AP-NIC, AP-DEI, AP-A;y, and
DEI DECT parameters reflected the biological behavior
of high-risk CRC tumors; thus, these DECT parameters
can serve as additional tools for the potential prediction
of high-risk factors in CRC. The diagnostic performance
of the composite model constructed by combining DECT
parameters with CEA and histological grading appears to
be at a clinically acceptable level, allowing a more accurate
prediction of high-risk factors in each patient and assisting
in clinical decision-making.
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