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Background: Very carly distant metastasis (VEDM) for patients with colorectal cancer (CRC) following
surgery suggests failure of local treatment strategy and few biomarkers are available for its effective risk
stratification. This study aimed to explore the potential of quantitative dual-energy computed tomography
(DECT) spectral parameters and build models to predict VEDM.

Methods: Consecutive patients suspected of having CRC and with a clinical indication for enhanced CT
from April 2021 to July 2022 at a single institution were prospectively enrolled to undertake spectral CT
scanning. The spectral features were extracted by two reviewers and intraclass correlation coefficient (ICC)
was used for interobserver agreement evaluation. A total of 16 spectral parameters, including unenhanced
effective atomic number, triphasic iodine concentrations (ICs)/normalized ICs (NICs)- v,/ 1/NIC- 5/
spectral curve slopes (A-yqz), two arterial enhancement fractions (AEFs), and venous enhancement fraction
(VEF), were determined for analysis. Patients with and without VEDM after surgery were matched using
propensity score matching (PSM). The diagnostic performance was assessed using the area under the curve
(AUC). Models of multiple modalities were generated.

Results: In total, 222 patients were included (141 males, age range, 32-83 years) and 13 patients developed
VEDM. Interobserver agreement ranged from good to excellent (ICC, 0.773-0.964). A total of three spectral
parameters (VEE, A-y, and 1/NIC-y) exhibited significant discriminatory ability (P<0.05) in predicting
VEDM, with AUCs of 0.822 [95% confidence interval (CI): 0.667-0.926], 0.738 (95% CI: 0.573-0.866),
and 0.713 (95% CI: 0.546-0.846) and optimal cutoff points of 67.16%, 2.46, and 2.44, respectively. The
performance of these spectral parameters was validated in the entire cohort; the combined spectral model
showed comparable efficiency to the combined clinical model [AUC, 0.771 (95% CI: 0.622-0.919) vs.
0.779 (95% CI: 0.663-0.894), P>0.05]; the clinical-spectral model achieved further improved AUC of 0.887
(95% CI: 0.812-0.962), which was significantly higher than the combined clinical model (P=0.015), yet not
superior to the combined spectral model (P=0.078).

Conclusions: Novel spectral parameters showed potential in predicting VEDM in CRC following surgery
in this preliminary study, which were closely related with spectral perfusion in the venous phase. However,

further studies with larger samples are warranted.
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Introduction

Curative surgical resection is the preferred treatment for
non-metastatic colon cancer and the standard treatment
modality for locally advanced rectal cancer after neoadjuvant
therapy (1,2). The crucial determinant of long-term
prognosis following surgery is the occurrence of distant
metastasis (DM). A proportion of patients with colorectal
cancer (CRC) experience DM shortly after surgery in
clinical practice. The earlier the metastasis occurs, the
more challenging the treatment becomes and the worse
the prognosis will be. DM as early as 6 months after
surgery can be highly suggestive of aggressive biological
behavior, and such patients can maximally benefit from the
potentially adjusted treatment strategies. We define DM
within 6 months after surgery as very early DM (VEDM).
For these highly specific patients, blindly pursuing surgical
treatment is likely to be aggressive, and a more systemic
and comprehensive treatment strategy should be fully
considered (3,4). Patients with locally advanced rectal
cancer may also receive inappropriate local treatment
strategies, leading to unnecessary radiation therapy harm.
Preoperative risk stratification of VEDM is crucial for
improving the prognosis of patients with CRC.

However, there is currently a lack of effective methods
for early risk stratification of VEDM in patients with CRC
following surgery. Extramural venous invasion (EMVI)
serves as a relatively clear indicator of liver metastasis (5),
the preoperative assessment of which relies on high-
resolution magnetic resonance imaging (MRI) examinations.
Nevertheless, the sensitivity and specificity reported has
varied, and the consistency has been poor among reviewers
(6,7). Moreover, for patients with colon cancer and those
with rectal cancer who have contraindications for MRI, the
efficacy of computed tomography (CT) in evaluating EMVI
remains uncertain. CRC-associated tumor biomarkers,
such as carcinoembryonic antigen (CEA) and carbohydrate
antigen 19-9 (CA19-9), have also shown relatively low
sensitivity and specificity in predicting DM (8,9). Therefore,
it is highly necessary to find new and precise biomarkers
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for preoperatively predicting VEDM in patients with CRC
after surgery.

CT is the preferred imaging method for colon cancer
staging and is important for patients with rectal cancer who
have MRI contraindications. Dual-energy CT (DECT) has
rapidly developed in recent years, and a series of functional
DECT parameters have shown potential in evaluating
tumor heterogeneity, for example, the effective atomic
number (Z-eff) (10-12), iodine concentration (IC) (13-15),
and spectral curve slope (16). It is known that angiogenesis
level or perfusion (17), and substance components are
the key tumor microenvironment affecting metastasis
and prognosis. Studies exploring the potential of DECT
parameters in marking CRC for the risk stratification of
VEDM are rare.

Our study aimed to explore the potential of the original
or derived spectral parameters based on triphasic dynamic-
enhanced DECT for quantitatively marking CRC and build
models to predict VEDM for patients with CRC following
surgery. We present this article in accordance with the
TRIPOD reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-23-861/rc).

Methods
Patients

This study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study
protocol was approved by the Institutional Review Board of
Chinese Academy of Medical Sciences and Peking Union
Medical College (No. 2021-I12M-C&T-A-017), and written
informed consent was provided by each patient before the
CT examination.

Consecutive patients suspected of having CRC and with
a clinical indication for enhanced CT from April 2021 to
July 2022 at the Cancer Hospital, Chinese Academy of
Medical Sciences and Peking Union Medical College were
prospectively enrolled in this study. A total of 325 patients
were included and undertook chest-abdomen-pelvis
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325 patients with suspected colorectal
cancer from April 2021 to July 2022

() Endoscopically and pathologically confirmed
colorectal cancer
Included | () No distant metastasis (MO) confirmed by enhanced
< CT (additional MRI or PET/CT if necessary)
() No preoperative treatment
(IV) Radical resection of the primary lesion at our
hospital within 1 month of CT examination

\d

255 eligible patients

Excluded

7 with special histological types

9 with multiple primary colorectal cancer

4 with history of other malignant tumors

7 too small tumor lesions or with poor image quality

\d

228 eligible patients

Excluded

> 6 with incomplete follow-up data

\d

222 patients were enrolled

Figure 1 Flow chart showing patient inclusion. CT, computed tomography; MRI, magnetic resonance imaging; PET, positron emission

tomography.

multiphasic dual-layer spectral detector CT (DLSCT)
scanning, with abdominal CT including the unenhanced,
arterial, venous, and equilibrium phases. Patients meeting
the following criteria were included: (I) endoscopically and
pathologically confirmed CRC; (I) no DM (MO0) confirmed
by enhanced CT [additional MRI or positron emission
tomography (PET)/CT if necessary]; (II) no preoperative
treatment; and (IV) underwent radical resection of the
primary lesion at our hospital within 1 month of CT
examination. A total of 27 patients were excluded for the
following reasons: (I) special histological types, including
mucinous adenocarcinoma, signet ring cell carcinoma, and
medullary carcinoma (n=7); (II) multiple primary CRC
(n=9); (III) history of other malignant tumors (n=4); and
(IV) tumor lesions that were too small or had poor image
quality for accurate delineation (n=7). Therefore, a total
of 228 patients were included in the follow-up, consisting
of evaluations at 1-month post-surgery, every 3 months
thereafter, and with at least a 6-month follow-up period in
total, according to the National Comprehensive Cancer
Network (NCCN) guidelines. The occurrence of DM was
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recorded (including suspicious metastatic lesions obviously
enlarged; lesions with typical metastatic imaging findings;
metastatic lesions confirmed by pathological biopsy). A
further 6 patients were excluded owing to incomplete
follow-up data; 222 patients with CRC were included in
the analysis. Figure 1 illustrates the flowchart of participant
inclusion.

Clinical information, including age, sex, and preoperative
levels of CA19-9 and CEA was obtained from the hospital

medical record system.

DECT scan

All CT scans were performed using a DLSCT scanner (iQon
Spectral CT, Philips Healthcare, Best, the Netherlands).
Patients were asked to fast overnight and undergo bowel
preparation with polyethylene glycol prior to examination.
Before scanning, 10 mL of raceanisodamine hydrochloride
was injected intramuscularly (except in patients with
contraindications), and the intestinal tract was inflated
with gas to achieve distension. Subsequently, a routine
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unenhanced scan was performed, followed by contrast-
enhanced scans following intravenous administration
of iodinated contrast media (80-90 mL of iodixanol,
320 mgl/mL; Hengrui Medicine, Lianyungang, China), at a
rate of 3.0 mL/s. A bolus tracking technique was employed
to determine the timing of the dynamic scan, with the
descending aorta used as the target vessel. Dynamic-
enhanced scanning was triggered 10 seconds after the CT
value reached 150 Hounsfield units (HU). The arterial
phase was obtained approximately 35 seconds after the
start of the contrast agent injection, followed by the venous
phase 25 seconds after the arterial phase; the equilibrium
phase was 90 seconds after the venous phase. Arterial
phase scanning covered the area from the lung apex to the
lower margin of the symphysis pubis, whereas unenhanced,
venous, and equilibrium phase scans covered the area
from the diaphragmatic dome to the lower margin of the
symphysis pubis. After scanning, conventional images were
obtained using hybrid iterative reconstruction, and spectral-
based images (SBIs) were generated using projection space
spectral reconstruction. The reconstruction layer thickness
and interval for both methods were 1.0 mm. The imaging
acquisition parameters were set as follows: collimator
width, 64 mm x 0.625 mm; rotation time, 0.28 seconds;
tube voltage, 120 kVp; spectral CT adaptive current (range,
78-145 mAs); tube rotation speed, 0.5 s/r; pitch, 0.969.

DECT spectral feature extraction

The regions of interest (ROIs) were delineated and the
DECT spectral features were extracted by two radiologists
with 4 and 6 years of experience in abdominal imaging who
were unaware of the clinical or histological information for
each patient. Prior to formal delineation, focused training
was conducted on 20 patients. Cases with significant
differences in ROI delineation were reviewed by consensus,
and a unified delineation standard and parameter extraction
process were agreed upon. The specific steps were as
follows: First, all the SBI data were transferred to the
Philips IntelliSpace Portal spectral workstation (version 9),
and access to the “Spectral Analysis” mode was obtained.
Then, on 70 keV virtual mono-energetic images in the
venous phase, a circular or elliptical ROI was placed on
the slice with the maximum tumor, avoiding obvious
calcifications, hemorrhages, necrotic cavities, and artifacts
within the lesion. In the same lesion slice, a circular ROI
was placed within the abdominal aorta or iliac artery lumen
(avoiding vessel wall calcification and confirming that the

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

ROI area covered at least 50% of the arterial cross-section).
Finally, the corresponding ROIs were propagated to the
same anatomical slice of different phases, and the spectral
features were extracted by switching to different spectral
windows.

The sum of parameters, including unenhanced Z-eff,
triphasic ICs, and triphasic attenuations on the 40- and
80-keV virtual mono-energetic images for CRC were
extracted (Figure 2). The mean of the measurements from
two radiologists was regarded as the final measurement.
The same-slice artery was used to normalize the ICs of
CRC, reducing the impact of individual hemodynamic
differences: normalized IC (NIC) = IC,,,,/IC Then,
multiple derived parameters were calculated as follows:
) spectral curve slope (A) = (CT 4 v = CTy ev)740; (II)
triphasic enhancement fractions: arterial enhancement
fraction (AEF) was defined as the ratio of NIC,, ., to
NIC, s (x100%), as previously described (18,19), which
we denoted as AEF1; AEF2 was defined as the ratio of
NIC, ierial t0 NIC,gyitiprium (x100%). We also defined venous
enhancement fraction (VEF) as the ratio of NIC,,,,., to
NIC, uitibriam (x100%). Using prototypic software, we created
quantitative color maps for the enhancement fractions,

artery*

which allowed the triphasic datasets to be precisely aligned
in three dimensions to correct the mismatches attributed to
breathing. The resulting data of the enhancement fractions
were mapped to a color scale displayed from purple to red
(0-100%), then fused with the virtual plain scan images
in the venous phase for more anatomic landmarks; and
IID) 1/NIC = 1/NIC\ 0, We assumed that the reciprocal
perfusion parameters may in another dimension reflect the
hemodynamic characteristics in tumors.

In summary, 16 DECT spectral parameters, in original
or derived, were obtained for the subsequent analyses,
namely unenhanced Z-eff, IC-, IC-y, IC-;, NIC-,, NIC-y,
NIC-y, Ay, Ay, A=, AEF1, AEF2, VEE, 1/NIC-,, 1/NIC-y,
and 1/NIC-;.

Evaluation of CT morphological features

All CT morphological features were evaluated using
multiplanar reconstructed images with a slice thickness
of 1 mm. The same two radiologists independently
conducted the evaluation 4 weeks post-extraction of spectral
parameters and were blinded to the patient’s clinical or
histopathological information. Prior to formal evaluation,
the radiologists were trained by a senior radiologist with
22 years of experience and achieved a unified evaluation
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~

Figure 2 Delineation of ROIs and spectral measurement extraction on images of a 61-year-old male with pathologically confirmed rectal
cancer. (A) Effective atomic number for the lesion on the unenhanced image: 7.23. (B-D) Triphasic ICs for the lesion and artery (the left
part of each image), as well as triphasic attenuations for the lesion on the 40- and 80-KeV virtual mono-energetic images (the right part of

each image). (B) The arterial phase, IC,.,: 0.93 mg/mL; IC,...,: 7.45 mg/mL; CT v 144.7 HU; CTy vz 51.1 HU. (C) The venous phase,

“lesion* artery*

ICiion: 1.40 mg/mL; IC,ry: 2.93 mg/mL; CTy oy 110.5 HU; CTyg oz 47.9 HU. (D) The equilibrium phase, IC,,,: 1.19 mg/mL; IC,

artery*

2.00 mg/mL; CTy . 133.9 HU; CTyg et 54.4 HU. Ar, area; Av, average; SD, standard deviation; Perim, perimeter; MonoE, mono-energy;

ROY, region of interest; ICs, iodine concentrations; CT, computed tomography; HU, Hounsfield unit.

standard. The consensus was achieved after a joint review in
cases of discrepancies in qualitative parameters, and means
of quantitative morphological parameters were used for
subsequent statistical analyses. CT morphological features
including tumor location, CT-based T stage (ctT) (20),
N stage (ctN) (21), EMVI (ctEMVI) (5), maximum tumor
circumferential percentage (MCP), maximum tumor length
(MTL), and maximum tumor thickness (MTT) were
recorded. Table S1 lists the standards used for evaluating
these features.

Statistical analysis

Interobserver agreement for the DECT spectral parameters
was evaluated using the intraclass correlation coefficient
(ICC) with a 95% confidence interval (CI). A correlation
was regarded as excellent, good, moderate, fair, and poor, if
the ICC value was >0.8, <0.8 to >0.6, <0.6 to >0.4, <0.4 to
>0.2, and <0.2, respectively.

Owing to the low incidence of VEDM in the study
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participants and the trend of inadequate adjustment of
confounding covariates in the multivariable regression
analysis, we adopted a more flexible and robust alternative
analysis method, propensity score matching (PSM).
Patients with metastases were matched to those without
metastases using PSM. A propensity score (logit model) was
calculated for all patients based on baseline clinical and CT
morphological characteristics, including age, sex, location,
CA19-9, CEA, ctT, ctN, ctEMVI, MCP, MTL, and MTT
(excluding patients with missing values). A 1:2 matching
protocol was performed to select the matched non-
metastatic group with no replacement (optimal-matching
algorithm). The clinical and CT characteristics were
compared before and after PSM between the metastatic
and non-metastatic groups. Continuous variables were
compared by using the Student’s #-test or Mann-Whitney
U test according to the Q-Q plot. Categorical data were
analyzed using the chi-square test or Fisher’s exact test.
In the cohort after PSM, spectral features were compared
similarly between the metastatic and non-metastatic groups.
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They were analyzed via univariable regression analysis to
investigate the discriminatory significance. The optimal
cutoff points were identified using receiver operating
characteristic (ROC) curves, at which the maximum Youden
indices were achieved.

The entire cohort before PSM was used to validate the
performance of the spectral parameters. All significant
spectral features in the entire cohort were transformed into
binary variables using optimal cutoff values and reassessed
via univariable regression analysis. The combined spectral
model was established using multivariable regression
analysis (method: enter). The combined clinical model
was afterward constructed by entering all the significant
baseline clinical and CT morphological characteristics in
univariable analysis. Similarly, a clinical-spectral model
integrating all significant clinical and spectral parameters in
the univariable analysis was established. The area under the
curve (AUC) was employed for evaluating the efficiency of
the models. The models were compared using the DeLong
test. Decision curve analysis (DCA) was used to test the
clinical usefulness of models. Analyses were performed
using SPSS version 25.0 (IBM Corp., Armonk, NY,
USA), R version 3.4.1 (The R Foundation for Statistical
Computing, Vienna, Austria), and MedCalc version 20.010
(MedCalc Software, Ostend, Belgium). A two-tailed P value

<0.05 was considered statistically significant.

Results
Patient characteristics

In total, 222 patients were included in the study (mean age
+ standard deviation, 59+10 years; age range, 32-83 years;
141 males). A total of 13 patients developed VEDM within
a 6-month follow-up, accounting for a rate of 5.9%, of
which 9 presented with single liver metastasis, 1 with single
lung metastasis, 1 with solitary peritoneal metastasis, 1 with
both lung and liver metastases, and 1 with retroperitoneal
lymph node and liver metastases. The clinical and CT
morphological features of metastatic and non-metastatic
groups before and after PSM are listed in 7able 1, and the
distribution of the propensity scores is shown in Figure 3.
After PSM, 13 metastatic and 26 non-metastatic patients
were included in the analysis. Before matching, ctEMVI
was significantly different between metastatic and non-
metastatic groups (P=0.001), whereas after matching, all
baseline clinical and CT morphological parameters were
balanced (all P>0.05).

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

Interobserver agreement for DECT spectral parameters

Interobserver agreement for the DECT spectral parameters
was good to excellent, with ICC ranging from 0.773 (95%
CI: 0.714-0.821) to 0.964 (95% CI: 0.952-0.973). Details

of the interobserver agreement are provided in Tuble 2.

Apparent performance of DECT spectral parameters

In the cohort after PSM, all 16 DECT spectral parameters
were analyzed by univariable regression analysis to identify
significant predictors and only VEF, A-y, and 1/NIC-y
exhibited significant discriminatory ability between the
metastatic and non-metastatic groups (Table S2). The box
plots and ROC curves of the three discriminatory spectral
parameters are shown in Figure 4. The other parameters,
including unenhanced Z-eff, triphasic ICs, triphasic NICs,
AEF1, AEF2, A-,, A-;, 1/NIC-,, and 1/NIC-;) showed no
significant findings (P>0.05).

The VEF values of metastatic patients (median: 0.638;
range, 0.461-0.852) were significantly lower than those of
non-metastatic patients (median: 0.774; range, 0.465-1.040;
Figure 44; P=0.002), which achieved an AUC of 0.822 (95%
CI: 0.667-0.926), a sensitivity of 76.92%, and a specificity
of 80.77% at a cutoff value of 67.16% (Figure 4D). On the
VEF color maps, patients with metastases were indicated
in red or orange, whereas those without metastases were
indicated in yellow and green (Figure 5).

The A-y values of metastatic patients (median: 2.063;
range, 0.863-3.300) were significantly lower than those
of non-metastatic patients (median: 2.838; range, 1.450—
3.625; Figure 4B; P=0.008). The predicted AUC was 0.738
(95% CI: 0.573-0.866), with a sensitivity of 76.92% and a
specificity of 73.08% at a cutoff value of 2.46 (Figure 4E).

The 1/NIC-y values of metastatic patients (median:
2.679; range, 1.484-4.650) were significantly higher than
those of non-metastatic patients (median: 2.156; range,
1.628-2.913; Figure 4C; P=0.043). The predicting AUC
was 0.713 (95% CI: 0.546-0.846), with a sensitivity of
69.23% and a specificity of 80.77% at a cutoff value of 2.44
(Figure 4F).

VEF exhibited the highest predictive power among the
parameters; the difference between the three parameters
was not statistically significant (P>0.05).

Validation of the performance of DECT spectral parameters
in the entire cobort

The validated performance of each single and combined
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Table 1 The clinical and CT morphological characteristics of patients with and without VEDM before and after propensity score matching

Before matching After matching
Characteristics
Non-VEDM (n=209) VEDM (n=13) P value Non-VEDM (n=26) VEDM (n=13) P value
Age (years) 61 [53-67] 55 [54-66] 0.395 58 [53-65] 55 [54-66] 0.918
Sex 0.054 >0.99
Female 80 (38.3) 1(7.7) 2(7.7) 1(7.7)
Male 129 (61.7) 12 (92.3) 24 (92.3) 12 (92.3)
Tumor location 0.391 >0.99
Rectum 120 (57.4) 8 (61.5) 16 (61.5) 8 (61.5)
Sigmoid colon 42 (20.1) 5 (38.5) 10 (38.5) 5 (38.5)
Transverse colon 6 (2.9) 0 (0.0) 0(0.0) 0 (0.0
Cecum and right colon 30 (14.4) 0 (0.0) 0 (0.0 0 (0.0
Left colon 11 (5.3) 0(0.0) 0 (0.0 0 (0.0
CA19-9 0.732 0.643
<30 U/mL 176 (84.2) 12 (92.3) 21 (80.8) 12 (92.3)
>30 U/mL 31(14.8) 1(7.7) 5(19.2) 1(7.7)
NA 2 (1.0 0(0.0) 0(0.0) 0(0.0)
CEA 0.068 >0.99
<5 ng/mL 143 (68.4) 5 (38.5) 10 (38.5) 5(38.5)
>5 ng/mL 63 (30.1) 8 (61.5) 16 (61.5) 8 (61.5)
NA 3(1.4) 0(0.0) 0(0.0) 0(0.0)
ctT 0.279 >0.99
1 12 (6.7) 0 (0.0 0(0.0) 0(0.0)
2 39 (18.7) 0(0.0) 0(0.0) 0(0.0)
3 71 (34.0) 6 (46.2) 13 (50.0) 6 (46.2)
4 87 (41.6) 7 (53.8) 13 (50.0) 7 (53.8)
ctN 0.280 >0.99
Negative 136 (65.1) 6 (46.2) 12 (46.2) 6 (46.2)
Positive 73 (34.9) 7 (53.8) 14 (53.8) 7 (53.8)
ctEMVI 0.001* 0.689
Negative 132 (63.2) 2 (15.4) 7 (26.9) 2 (15.4)
Positive 77 (36.8) 11 (84.6) 19 (73.1) 11 (84.6)
MCP 0.521 >0.99
1 39 (18.7) 1(7.7) 2(7.7) 1(7.7)
2 41 (19.6) 4(30.8) 7 (26.9) 4 (30.8)
3 37 (17.7) 1(7.7) 2(7.7) 1(7.7)
4 92 (44.0) 7 (53.8) 15 (67.7) 7 (563.8)

Table 1 (continued)
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Table 1 (continued)

Before matching After matching

Characteristics

Non-VEDM (n=209) VEDM (n=13) P value Non-VEDM (n=26) VEDM (n=13) P value
MTL (cm) 4.2 [2.9-5.4] 4.7 [3.3-6.1] 0.254 4.5[3.9-5.7] 4.7 [3.3-6.1] 0.706
MTT (cm) 1.5[1.2-1.9] 1.7 [1.4-2.4] 0.092 1.9 [1.4-2.2] 1.7 [1.4-2.4] 0.706

Data are presented as median [IQR] or n (%). *, statistical significance. CT, computed tomography; VEDM, very early distant metastasis;
CA19-9, carbohydrate antigen 19-9; NA, not available; CEA, carcinoembryonic antigen; ctT, CT-based T stage; ctN, CT-based N stage;
ctEMVI, CT-based EMVI; EMVI, extramural vascular invasion; MCP, maximum tumor circumferential percentage; MTL, maximum tumor
length; MTT, maximum tumor thickness.

A Unmatched treated units B i,
° | .
o
. §1.0 -
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=
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© o © 000 ° o oo ° § ] N\
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Propensity score

Figure 3 Propensity scores of the baseline clinical and CT morphological characteristics before and after matching. (A) Dot plot showing the
distribution of propensity scores in both matched and unmatched cohorts. (B) Line plot showing the standardized mean differences before and

after matching. The two dashed lines represent standardized mean difference values of 0.1 and 0.3, respectively. CT, computed tomography.

Table 2 Interobserver agreement for the spectral parameters predictors in the entire cohort before PSM is shown in

Phases Variables ICC (95% Cl) Figure 6. VEF, A-y, and 1/NIC-y of all patients were first
Unenhanced Lesion Z-eff 0.816 (0.767-8.856 subjected to binary classification conversion according to
Arterial phase Lesion IC 0.859 (0.820-0.890 the aforementioned cut-off values. VEF (P=0.001) and
A-y (P=0.016) remained significant in predicting VEDM,

Artery IC 0.964 (0.952-0.973

whereas 1/NIC-y was not (P=0.107). The AUCs of VEF, A-y,
and 1/NIC-y for predicting VEDM were 0.730 (95% CI:
0.580-0.879), 0.679 (95% CI: 0.529-0.829), and 0.618 (95%

Lesion CT g v 0.860 (0.821-0.891

Lesion CTgg v

Lesion IC

Artery IC

Venous phase

Lesion CT g v
Lesion CTgg v
Lesion IC

Artery IC

Equilibrium phase

Lesion CT g v

Lesion CTgg v

(
(
(
(
0.825 (0.771-0.866
0.898 (0.868-0.921
0.952 (0.937-0.963
0.903 (0.874-0.925
0.844 (0.794-0.881
0.865 (0.827-0.895
0.91 (0.885-0.931)
0.857 (0.817-0.888)

0.773 (0.714-0.821)

)
)
)
)
)
)
)
)
)
)

ICC, intraclass correlation coefficient; Cl, confidence interval; IC,
iodine concentration; CT, computed tomography.
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CI: 0.466-0.770), respectively (Figure 64). The VEF yielded
the highest predictive utility among the three parameters;
however, the difference was not statistically significant
(P>0.05). The combined spectral model enrolling the three
parameters showed a higher AUC of 0.771 (95% CI: 0.622-
0.919) (Figure 6B).

Comparisons between different models

In the entire cohort before PSM, two clinical and CT
morphological parameters, CEA and ctEMVI, were
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Figure 4 Box plots and ROC curves of discriminatory spectral parameters for VEDM in PSM cohort. (A-C) Box plots showing VEE, A-y,
and 1/NIC-y between patients with and without VEDM in the PSM cohort. (D-F) ROC curves of VEE, A-y, and 1/NIC-y in predicting
VEDM, which identifies the optimal cutoff points. VEF, venous enhancement fraction; VEDM, very early distant metastasis; NIC,

normalized iodine concentration; AUC, area under the curve; CI, confidence interval; ROC, receiver operating characteristic; PSM,

propensity score matching.

significantly predictive of VEDM (P=0.029 and P=0.004,
respectively; Table S2). The predictive AUC values for
CEA and ctEMVI were 0.655 (95% CI: 0.497-0.813) and
0.736 (95% CI: 0.611-0.861), respectively (Figure 64). The
combined clinical model showed a higher AUC of 0.779
(95% CI: 0.663-0.894), whereas that of the clinical-spectral
model combining the clinical and spectral parameters was
0.887 (95% CI: 0.812-0.962) (Figure 6B). The clinical-
spectral model achieved a sensitivity of 92.31% and a
specificity of 72.82%, respectively. Parameters, as well
as their coefficients and model intercept retained in the
clinical-spectral model are presented in Table 3.

The clinical-spectral model achieved the highest AUC
in predicting VEDM and was superior to each spectral
and clinical predictor (all P<0.05). The clinical-spectral
model showed a significantly higher performance than
the combined clinical model (AUC, 0.887 vs. 0.779,

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

P=0.015); however, it was not statistically superior to the
combined spectral model (AUC, 0.887 vs. 0.771, P=0.078).
The performance of the combined spectral model was
comparable to that of the combined clinical model (AUC,
0.771 vs. 0.779, P>0.05), and every single spectral parameter
showed similar performance to the single clinical parameter
(all P>0.05). Table 4 lists the apparent performance of each
single and combined spectral, clinical, and clinical-spectral
models in the entire cohort, as well as comparisons between
models. Further comparisons using DCA also confirmed
the added clinical application value of spectral parameters in

predicting VEDM (Figure 6C).

Discussion

Our study, as a preliminary exploration, revealed the
predictive potential of the (newly) derived quantitative
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Figure 5 Comparison of VEF color maps between patients with and without VEDM post-surgery. (A) VEF color map of a 61-year-old male

with surgery confirmed rectal cancer (T3N1c, EMVI+). The VEF value was high at 80.3%; a large portion of the tumor is indicated in red

or orange. The patient developed a solitary liver metastasis 3 months following surgery. (B) VEF color map of another 61-year-old male

with surgery confirmed rectal cancer (T3N1b, EMVI+). The VEF value was low at 57.6%; a large portion of the tumor is indicated in mixed

yellow and green. No evidence of DM was observed within the 6-month follow-up. VNG, virtual plain scan; HU, Hounsfield unit; Ar, area;

Av, average; SD, standard deviation; Perim, perimeter; VEF, venous enhancement fraction; VEDM, very early distant metastasis; EMVI,

extramural vascular invasion; DM, distant metastasis.

DECT spectral parameters, including VEF, A-y and
1/NIC-y, for VEDM in CRC following surgery.
Conventional IC/NIC measurements in three phases, as
well as parameters of unenhanced Z-eff, AEF1, AEF2, A-,,
A-g, 1/NIC-,, and 1/NIC-; demonstrated no significant
predictive efficiency. The performance of the three spectral
predictors was validated in the entire cohort before PSM,
which, in combination, showed comparable utility to that

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

of the combined clinical model (AUC, 0.771 vs. 0.779,
P>0.05). The DECT spectral parameters significantly
improved the efficiency of the traditional clinical predictors
(AUC, 0.887 vs. 0.779, P<0.05), and the clinical-spectral
model yielded the highest predicting utility.

Tumor angiogenesis plays a critical role in facilitating
metastasis (17). Traditionally, perfusion CT has been the
preferred method to track the uptake of iodinated contrast
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Figure 6 Apparent performance of each single and combined spectral, clinical, and clinical-spectral model in the entire cohort, as well as
clinical utility evaluation using DCA. (A) ROC curves validating the performance of each discriminatory spectral parameter in predicting
VEDM in the entire cohort (AUC: VEF, 0.730; A-y, 0.679; 1/NIC-y, 0.618), as well as ROC curves of single clinical predictor (AUC:
CEA, 0.655; ctEMVI, 0.736). Each spectral and clinical predictor exhibited moderate utility in predicting VEDM, inferior to the clinical-
spectral model. (B) ROC curves showing the performance of the combined clinical, spectral, and clinical-spectral models (AUC, 0.779,
0.771, and 0.887, respectively). (C) DCA curves confirming the added clinical application value of the spectral parameters. The slash curve
(All) indicates that all patients developed VEDM. The horizontal line (None) indicates that no patients developed VEDM. The two curves
(clinical-spectral and combined clinical models) represent the clinical application value for the prediction of VEDM. When the threshold
probability was 0-0.42, the net benefit of using the clinical-spectral model to predict VEDM was greater than that of using the single
clinical model. CEA, carcinoembryonic antigen; ctEMVI, CT-based EMVI; EMVI, extramural vascular invasion; VEF, venous enhancement
fraction; NIC, normalized iodine concentration; DCA, decision curve analysis; ROC, receiver operating characteristic;c VEDM, very early
distant metastasis; AUC, area under the curve.

Table 3 Parameters retained in the clinical-spectral model for

in replacing perfusion CT (13-15), which could further

predicting VEDM characterize tumor aggression.
Variables p OR Specifically in this study, the smaller values of VEF and
VEF 1.928 6.877 A-y, along with larger values of 1/NIC-y, were associated
N 1378 3.969 with a higher likelihood of VEDM occurrence. VEF
! ' ' reflects the ratio of perfusion in the venous phase to that
1/NIC-y -0.413 0.661 il :
of the equilibrium phase, and it can be smaller when CRC
CEA 0.855 2.352 exhibits reduced venous input or increased equilibrium
GtEMVI 2087 9.847 input. Additionally, 1/NIC-y demonstrates an inverse
proportional and nonlinear relationship between perfusion
Intercept -5.977 -

in the venous phase. The smaller the NIC-y, the larger the
VEDM, very early distant metastasis; OR, odds ratio; VEF, venous

enhancement fraction; NIC, normalized iodine concentration;
CEA, carcinoembryonic antigen; ctEMVI, CT-based EMVI; EMVI,
extramural vascular invasion.

agents and measure angiogenesis (13-15); however, it
delivers a high radiation dose and a large variance in
perfusion parameters exists in different scanning techniques.
Quantitative IC maps recently has shown great potential

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

1/NIC-y value. The parameter A-y also involves perfusion
characteristics regarding the venous phase. Consequently,
all the significant parameters were closely related to spectral
perfusion in the venous phase. It is known that tumor cells
initiate colonization within organs through a series of
intricate processes prior to DM (22). This localization in the
microvascular region makes it susceptible to the formation
of tumor thrombi owning to the tumor cell accumulation
or polymerization with platelets and white blood cells (23).
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Table 4 Apparent performance of each single and combined spectral, clinical, and clinical-spectral model in the entire cohort for predicting

VEDM, and comparisons between models

Models Predictors AUC (95% ClI) P value
Spectral models VEF 0.730 (0.580-0.879) 0.016*
A-v 0.679 (0.529-0.829) <0.001*
1/NIC-y 0.618 (0.466-0.770) <0.001*
Combination of VEF, A-,, and 1/NIC-, 0.771 (0.622-0.919) 0.078
Clinical models CEA 0.655 (0.497-0.813) 0.002*
ctEMVI 0.736 (0.611-0.861) <0.001*
Combination of CEA and ctEMVI 0.779 (0.663-0.894) 0.015*
Clinical-spectral model All the clinical and spectral predictors 0.887 (0.812-0.962) Reference

*, statistical significance. VEDM, very early distant metastasis; AUC, area under the curve; Cl, confidence interval; VEF, venous
enhancement fraction; NIC, normalized iodine concentration; CEA, carcinoembryonic antigen; ctEMVI, CT-based EMVI; EMVI, extramural

vascular invasion.

Given that the liver is the most frequently affected organ in
VEDM in this study, we hypothesized that the presence of
early liver microcirculation thrombi in patients with VEDM
could elevate portal vein pressure, subsequently reducing
blood supply in the venous phase for CRC. Limited by our
preliminary study, further verification is warranted through
foundational research in the future. Furthermore, aggressive
behavior such as VEDM may indicate greater vascular
permeability or tumor stromal volume of the primary
lesion. The greater tumor vascular permeability allows
tumor cells to pass through the gaps between endothelial
cells or damaged basement membranes, thus participating
in DM. The elevated tumor stromal volume or proportion
is associated with poor prognosis (24,25). Both of the two
indicators can manifest as increased input in the equilibrium
phase (26) and result in a decreased VEF. Varying from
the previous study (27), AEF1 did not show predictive
efficiency for VEDM, which was possibly attributed to
varying hemodynamic characteristics among tumors. In
addition, the decreased perfusion in the venous phase can
account for the correlation observed between 1/NIC-y
and VEDM. Consistent with previous studies, the spectral
curve slope demonstrated good predictive value for tumor
invasiveness (12,28).

Contrary to the majority of prior studies, which
successfully established correlation between pure IC/NIC
measurements in primary lesions and tumor aggressiveness,
neither the triphasic IC nor the triphasic NIC
measurements demonstrated significant predictive power
for VEDM in this study. We postulated that the previous

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

studies had primarily focused on evaluating the invasion
potential of the primary tumor site itself, including factors
such as differentiation and peritumoral invasion (29-31).
The involved hemodynamic variations were relatively
straightforward. In contrast, this study was aimed at
predicting metachronous metastasis in distant sites, which
potentially entails more intricate spatio-temporal changes
in hemodynamics. Therefore, the limited effectiveness
of the pure IC/NIC measurements in this context was
understandable.

In clinical practice, a single preoperative feature for
predicting CRC metastasis is insufficient, and consensus on
the best subset of predictors remains lacking, while EMVI
and CEA are the fixed ones. Consistent with the previous
results, both ctEMVI and CEA showed moderate efficiency
in predicting metastasis, and the combined clinical model
yielded an AUC of 0.779. Comparison between the
combined clinical and spectral models showed no statistical
difference. However, the performance of the clinical model
was significantly improved following integration with the
DECT spectral parameters, confirming the added value
of the spectral parameters in predicting VEDM. The
clinical-spectral model exhibited the highest efficiency and
clinical usefulness. Hence, these models can potentially
help clinicians to stratify the risk of VEDM in patients with
CRC after surgery, instruct more proactive preoperative
screening, more personalized perioperative treatment,
and intensive adjustment for postoperative surveillance to
improve long-term prognosis.

In this study, we used PSM to analyze the DECT spectral
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parameters. Previous studies have indicated that spectral
parameter values may be influenced by morphological and
clinical features. For example, the size of the tumor may
affect the IC value; the larger the tumor, the smaller the IC
value (26,32). EMVI can also affect the clearance of iodine
contrast agents in the equilibrium phase, resulting in a
passive increase in IC value (30). The multivariable logistic
regression model may not adjust for the confounding
factors adequately, considering the low morbidity of VEDM
in the real world and this study. Therefore, we used PSM to
balance the potential confounding effects of baseline clinical
and CT features to obtain more accurate results regarding
spectral variables. Our validation results demonstrated the
robustness of the PSM analysis.

There are some limitations in our study. First, it was
a small positive-sample-sized study in a single center.
In actuality, the overall cohort size was substantial
(222 patients) in this prospective study, and patients with
VEDM were identified as having undergone a rigorous
and standardized follow-up strategy. These approaches
may allow us to closely mirror the incidence of VEDM
with real-world rates. In addition, to minimize the
potential biases in data analysis, we applied PSM analysis
to reduce confounding factors and also conducted a
secondary validation across the entire cohort. Despite this,
we provided a preliminary insight into potential spectral
predictor for VEDM, and further verification is warranted
through studies with larger sample sizes in the future.
Second, this study only included images from a DLSCT
scanner, which may limit the generalizability of the results
to other DECT applications. The use of a single scanner
can eliminate the bias in parameter acquisition caused by
inter-scanner variability, making the conclusions more
reliable. Moreover, DLSCT requires no predetermined
scanning and allows for retrospective spectral analysis on
“simultaneous and homologous” imaging in a routine scan,
which is worth promoting.

Conclusions

The quantitative DECT spectral parameters showed
potential in predicting VEDM in CRC following surgery
in this preliminary study, which were in close relation with
spectral perfusion in the venous phase. These spectral
parameters are likely to help improve the efficiency of
traditional clinical predictors. However, further verification
will be necessary through researches with larger samples in
the future.

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