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PURPOSE
To investigate the value of dual-energy computed tomography (DECT) in predicting lymphovascu-
lar invasion (LVI) and the accuracy of preoperative T-staging of rectal cancer (RC).

METHODS

Forty-nine patients with RC who had not received radiotherapy were enrolled to undergo a DECT
scan. All patients underwent surgical tumor resection within 3-5 days after the DECT scan. Preoper-
ative T-staging of RC based on images was performed by experienced radiologists. The normalized
iodine concentrations (NIC) of the tumor and the perirectal adipose tissue (PAT) from the arterial
phase (AP) and venous phase (VP) were measured using DECT. The tumor LVI and T-staging con-
firmed by pathology were used as the gold standard for grouping (group A, LVI—; group B, LVI+;
group C, T1-2; and group D, T3-4a). The NIC values between two groups were compared using the
Mann-Whitney U test, with P < 0.05 indicating a statistically significant difference. The accuracy
of NIC in predicting LVI and distinguishing T1-2 RC from T3-4a RC were determined via receiver
operating characteristic curve analysis, and the optimal cut-off of NIC was determined using the
area under the curve.

RESULTS

The tumor NIC values were significantly higher in the LV+ group than in the LVI- group in the VP
(0.728 £ 0.031 vs. 0.669 + 0.034, P < 0.001). The NIC values of PAT were significantly higher in the
T3-4a group than in the T1-2 group in both the AP (4.034 + 0.991 vs. 3.115 £ 0.581, P < 0.05) and the
VP (5.481 £ 1.054 vs. 3.450 + 0.980, P < 0.001). The accuracy of using NIC values to distinguish be-
tween the LVI+ group and the LVI- group and to diagnose the T3-4a group were 85.7% and 89.8%,
respectively. However, there was no statistically significant difference between the NIC value in the
LVI+ group and in the LVI- group in the AP. There was also no statistical difference in the tumor NIC
value between the T1-2 group and the T3-4a group.

CONCLUSION

The tumor and PAT NIC are valuable indicators in RC that can preoperatively predict LVI and im-
prove the accuracy of preoperative RC T-staging.

CLINICAL SIGNIFICANCE
The use of DECT improves the T-staging and LVI prediction of RC, which is helpful in guiding the
clinical selection of appropriate treatment modalities and improving prognostic outcomes.
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ccording to the 2022 global cancer
Astatistics, rectal cancer (RC) is the third

most common malignant cause of
morbidity (19.5%) and mortality (9.0%) and
has become a major global health problem.’
Preoperative staging of patients using imag-
ing instruments has a great clinical signifi-
cance for formulating the best possible in-
dividualized treatment plan.? Currently, TNM
staging is globally recognized as a standard
staging system for distinguishing the extent
of cancer spread. The T-stages of RC accord-
ing to the 8™ edition of the cancer staging
manual® are shown in Table 1. This staging
system has a notable clinical significance for
preoperatively distinguishing between stage
T1-2 RC and stage T3-4 RC,* and relevant re-
search shows that patients with T1-2 RC have
a low recurrence rate after radical surgery,
which can effectively prolong the survival
period; in contrast, patients with T3-4 RC do
not directly benefit from surgery, and preop-
erative adjuvant radiotherapy and chemo-
therapy are needed to improve the surgical
resection and radical cure rate®> Whether
there is lymphovascular invasion (LVI) can be
a decidable indicator of preoperative adju-
vant chemotherapy.® For patients with stage
T3-4 or LVI+ RC, declining the adenocarci-
noma grade before surgery is significant for
treatment and prognosis.’”

Transrectal ultrasonography (TRUS) and
magnetic resonance imaging (MRI) have
been widely used for preoperative T-staging
of RC, and the diagnostic accuracies of TRUS
for preoperative T-staging of patients with
RC have been reported in the literature to
range from 71% to 95%.% However, the diag-
nostic accuracy of TRUS is highly dependent
on the experience and skill of the operator.?
Moreover, the field of view of TRUS is limit-

* Preoperative prediction of lymphovascular
invasion (LVI) and T-staging of rectal cancer
(RC) via a dual-energy computed tomogra-
phy (DECT) iodine map.

* Compared with the pathological gold stan-
dard, the accuracy of conventional comput-
ed tomography in differentiating between
T3-4a RC and T1-2 RC was only 67.3%,
whereas the accuracy of iodine mapping us-
ing DECT was 89.8%. In addition, DECT was
relatively effective in predicting LVI positivi-
ty (85.7%).

* The obtained results showed that the nor-
malized iodine concentration of the tumor
and the perirectal adipose tissue in RC can
preoperatively predict LVl and improve the
accuracy of T-staging.

ed, and high-grade and stenotic tumors are
often difficult to reach with the probe.' Pre-
operative T-staging of patients with RC via
MRI has been proven to have an accuracy
of 65%-86%, and MRI has become the most
commonly used technology in clinical rectal
examination.'> However, despite the many
advantages of the radiation-free rectal MRI,
the examination is expensive, requires a long
scanning time and presents a potential safety
risk for some specific individuals (e.g., those
with metal implants, claustrophobia, and
epilepsy).” In addition, the preparation for
patients with RC is challenging (e.g., the gas
and fluid in the intestines and other intesti-
nal contents present during the examination
produce artifacts on MRI images). The main
advantages of computed tomography (CT)
when compared with MRI are more avail-
able clinical scanning and a shorter scanning
time; thus, CT is often used to detect distant
metastases in patients with RC. In clinical
practice, radiologists also use convention-
al CT to complete preoperative-image na-
ked-eye T-staging of RC. Some studies'>™
note that it is difficult to precisely distinguish
stage T2 RC and T3 RC using CT or MRI imag-
es, since the rectal surface is rough, and the
indication of peripheral fat is uneven. There-
fore, determining whether the condition is
caused by tumor infiltration from only the
imaging point of view is complicated. More-
over, inflammatory exudation is easily misdi-
agnosed as a fibrous cord of adipose tissue
around the RC in cancer invasion, causing a
high false positive rate for clinical diagnosis
of stage T3 RC. Similarly, the appearance of a
tumor invading the surrounding soft tissue is
difficult to distinguish from blood vessels or
local inflammation, often leading to radiolo-
gists misdiagnosing stage T3 RC as stage T2
RC. Sometimes, inflammation, image arti-
facts, small blood vessels, and other factors
may also lead to the same imaging results. As
a result, the rate of misdiagnosing stage T2
RC as stage T3 RC in clinical practice is high.

Table 1. T-staging for rectal cancer

In summary, novel methods for improving
the sensitivity, specificity, and accuracy of
preoperative prediction of LVI and T-staging
of RC are in high demand.

Dual-energy computed tomography
(DECT) uses two X-ray beams of different
energy levels to simultaneously scan the
desired object, showing both alterations
in conventional CT features and quantita-
tively reflecting differences in the energetic
categories of tissues, thus providing many
quantitative parameters reflecting biologi-
cal properties, such as iodine concentration
(IC).” The iodine-based images provided
by DECT are pseudo-color images.'s'” Com-
pared with the images provided by conven-
tional CT, which only provide a CT value,
DECT iodine-based images are more conve-
nient for naked-eye distinguishing of the RC
invasion extent. In addition, the IC provided
by DECT is a quantitative parameter that can
provide a better objective basis for diagnosis.
For early invasion of cancer cells, abnormal
tumor angiogenesis appears in the affected
area, and DECT can evaluate the microcircu-
lation in the region of interest (ROI) by mea-
suring the concentration of iodine in the ad-
ipose tissue around the tumor, thus helping
determine whether it has been invaded.’®"
Furthermore, DECT can detect the iodine
density maps in the tissue, since it can simul-
taneously collect two data sets of different
energy spectra in a single acquisition, and
iodine has strong photoelectric absorption
at the low tube voltage close to the K edge
of iodine, making it easily distinguishable
from other materials.”® Related studies have
shown that IC in perigastric adipose tissue
can predict whether gastric cancer will in-
vade the serosa tissue and determine the T4
stage of gastric cancer.? Moreover, DECT has
been used to identify various other diseases
(e.g., lymph node metastasis of colorectal
cancer,”'?? liver metastasis of colorectal can-
cer??) and determine the diagnostic classi-

T-staging Rectal wall involvement/description

TO No evidence of primary tumor
Carcinoma in situ, intramucosal (tumor invades the lamina propria

Tis of the mucosa but does not break through the muscular layer of the
mucosa)

T1 Tumor invasion of the submucosa

T2 Tumor invasion of the lamina propria
Tumor penetration of the intrinsic muscular layer to reach the sub-

T3 plasma layer or invasion of paracolorectal tissue without peritoneal
coverage

T T4a Tumor penetration of the peritoneal visceral layer

4

T4b
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fication of benign and malignant colorectal
lymph nodules.®* Thus, this study aims to
evaluate the value of ICin RC PAT and tumors
using DECT in predicting (i) pre-operative
LVI and (ii) the accuracy of preoperative RC
T-staging.

Methods

Patient characteristics

The study was approved according to
the principles of the Declaration of Helsinki
by the Local Institutional Ethics Committee
of the First Affiliated Hospital of Shandong
First Medical University [approval no: 2022
LUN (S521)], and all participants signed a
written informed consent form. A total of 62
patients with non-T4b-stage primary RC en-
doscopically and pathologically confirmed
between November 2020 and February 2022
were retrospectively enrolled in the study.
The 62 patients underwent preoperative
DECT scanning at the First Affiliated Hospital
of Shandong First Medical University. All en-
rolled patients underwent three-phase DECT
scans, including unenhanced CT scan and
contrast-enhanced arterial phase (AP) and
venous phase (VP) DECT scans.

Of the 62 patients initially included in the
study, 13 were excluded (2 without adequate
intestinal preparation, 2 who underwent sur-
gery more than a week after the CT scan, 3
with severe image artifacts, 4 who refused to
accept any treatment, and 2 who underwent
preoperative neoadjuvant chemotherapy). A

final number of 49 subjects was selected (33
men and 16 women), with an average age of
61.3 years (31-76 years). The inclusion and
exclusion criteria are summarized in Figure
1, and the patient characteristics are shown
in Table 2.

The surgically resected tissue specimens
were pathologically examined and utilized as
the gold standard to determine the RC stage.
Some studies stage-divided RC into the T1-2
group and the T3-4 group based on progno-
sis.??8 Considering that the T4b stage could
be clearly differentiated from the T3 stage on
CT images, all enrolled patients with stage
T4 RC indicated stage T4a RC. Finally, the pa-
tients were divided into group A (LVI-) and
group B (LVI+); group C (no serosa invasion,
T1-2), and group D (serosa invasion, T3-4a).

Dual-energy computed tomography scan

All DECT images were acquired using a
256-row energy spectrum CT scanner (Rev-
olution CT, GE Healthcare, WI, USA). An in-
testine preparation time of 30 minutes was
required per patient before the CT exam-
ination. A mixture of pure water and medi-
cal ultrasonic couplants at a ratio of 1:1 was
prepared and injected into the rectum based
on the distance between the tumor and the
anus. Moreover, 400 mL of water was given
to patients before the DECT examination.

All patients received routine intravenous
administration, followed by an intravenous
injection of the contrast agent, iopromide

(370 mg iodine/mL, Ultravist®, Bayer Sch-
ering Pharma), through the elbow vein at a
flow rate of 4 mL/s. The injection dose of the
contrast agent was calculated based on the
body weight (2 mL/kg) of each patient. The
scanning of the AP was triggered at a thresh-
old of 100 HU for the abdominal aorta. After
a delay of 40 seconds, VP scanning was per-
formed. Thus, DECT images in the AP and VP
were achieved.

The conventional imaging acquisition
protocol was as follows: tube voltage = 120
kVp; automatic tube current modulation
range = 200-720 mA; noise index (NI) = 10;
rotation time = 0.8 s; detector coverage =
80 mm); scan slice thickness = 5 mm; recon-
structed thickness/interval = 0.625/0.625
mm; and pitch = 0.992:1. The spectral (Gem-
stone Spectral Imaging) mode was used
in both the AP and VP using the following
parameters: tube voltage = 80 and 140 kVp
with a tin filter; tube currents = 190 mA; NI =
10; rotation time = 0.8 s; detector coverage
= 80 mm; scan slice thickness = 5 mm; re-
constructed thickness/interval = 0.625/0.625
mm; and pitch = 0.992:1.

Image analysis and quantitative parame-
ters

Two experienced radiologists performed
naked-eye preoperative T-staging of pa-
tients with RC using a PACS system and con-
ventional CT images, as shown in Figure 2,
Figure 3a and b. The staging was as follows:
(1) T1-2 stage: the tumor had invaded the

62 patients with endoscopically and pathologically confirmed non-T4b stage primary rectal cancer

from November 2020 to February 2022

» Age >18 years old, regardless of sex

non-T4b stage primary rectal cancer

*Endoscopically and pathologically confirmed

Inclusion

Exclusion ;
*Received

scanning (n=2)

*Inadequate intestinal preparation (n=2)

*The operation was performed more than one week after
DECT scanning (n=2)
neoadjuvant

*Severe image artifacts (n=3)
« Refusal of surgical resection (n=4)

chemotherapy before DECT

Postoperative pathology confirmed rectal cancer (n=49)

k.

k.

Group A,
lymphovascular
negative (n=25)

GroupB.
lymphovascular
invasion (n=24)

GroupC. T1-2
(n=18)

GroupD, T3-4a
(n=31)

Figure 1. Flowchart showing the inclusion and exclusion criteria for patient selection. DECT, dual-energy computed tomography.
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submucosal and muscular layers but had
not breached the muscularis propria; (2)
T3 stage: the tumor had penetrated the in-
trinsic muscle layer and reached the lower
serosa layer or invaded the perirectal tissue
without peritoneal coating; (3) and T4 stage:
the tumor had penetrated the serous layer
and reached the peritoneum (T4a), or adja-
cent organs were involved (T4b). Morpho-
logical features included plain scan and en-
hanced scan CT values, whether the tumor
edge was blurred, whether the density of
adjacent adipose tissue had increased, and
whether the surrounding structures and or-
gans had been infiltrated. The radiologists
were blinded to the results of IC measure-
ment and histology.

A slice thickness of 0.625 mm was cho-
sen to reconstruct the dual-energy AP and
VP iodine-based images to quantitatively
measure IC using a GE AW4.2 workstation
(GE Healthcare). The IC was calculated by
manually delineating ROIs in the tumor, per-
irectal adipose tissue (PAT), and iliac arteries.
A 50-75 mm? ROI was obtained from the tu-
mor and iliac artery, covering as much tumor
as possible, outside of blood vessels and ne-
crotic lesions. A 45-70 mm? ROl was found in

the PAT; the distance between the ROl and RC
intestinal wall was >1 mm, and the ROl didn't
involve the tumor intestinal wall.?* To obtain
the adipose tissue normalized IC (NIC), iden-
tical ROls of the same size were placed at the
same level in the area away from the tumor
(Figure 2, Figure 3c-f).

The corresponding IC was measured from
the AP and VP images of each patient. Each
measurement was repeated six times (three
layers of images were selected for measure-
ment, and the data from each layer were
measured twice), and the average IC was re-
corded for further analysis. The second mea-
surement was completed using the same
method after 2 months, and the two mea-
suring results were averaged to obtain more
rigorous measurement results.

The NIC, values of the initial lesion and the
NIC, values of the adipose tissue around the RC
were calculated using the following formulas:

IC; IC,
N]Cl — tumor , N]CZ — near the RC ,
ICiliac artery ’Caway fromRC

which minimized variations in different patients.

Statistical analysis

Statistical analysis was performed using
the SPSS 26.0 software (IBM Corp. Armonk,

NY, USA). The Mann-Whitney U test was used
to compare the NIC values between group
A and group B; P < 0.05 was considered sta-
tistically significant. The values of NIC, and
NIC, in diagnosing LVI and T3-4a RC were
determined via receiver operating charac-
teristic (ROC) curve analysis. The area under
the ROC curve (AUC) was used to determine
the optimal cut-off of NIC for tumor classifi-
cation. Inter-observer agreement between
two measurements of DECT parameters was
evaluated using the interclass correlation co-
efficient (ICC). The ICC values were as follows:
<0.5 = poor reliability; 0.5-0.75 = moderate
reliability, 0.75-0.9 = good reliability; and
>0.9 = excellent reliability.

Results

Quantitative parameters of dual-energy
computed tomography

In the AP, the difference in the NIC, values
between group A and group B was not statis-
tically significant (P > 0.05). However, in the
VP, the NIC, was significantly higher in group
B than in group A (0.728 + 0.031 vs. 0.669
+ 0.034, P < 0.001) (Table 2). For VP images,
the ROC curve (Figure 4) analysis of LVI pre-

63 2mm2 Ave28.32
63 2mm2 Av=2878

Figure 2. A 60-year-old man with lymphovascular invasion negative stage T2 rectal cancer. The white arrow denotes the thickening and transmural enhancement
of the rectal wall. The density of the perirectal fat increases with the stripe-like shadow. In (a) and (b), the radiologist diagnosed the rectal tumor as clinical staging
T3 with traditional computed tomography (CT) before surgery, but the pathological stage was pathological staging T2; (c-f) were used to measure the iodine
concentration (IC) in tissues using post-processing techniques; (c) and (d) show the method of drawing regions of interest (ROls) on the tumor in the arterial phase
(AP) and venous phase (VP), respectively; (e) shows that the mean IC was 0.501 mg/mL in the perirectal fat tissue (ROI: 1.2) and 0.175 mg/mL in the fat tissue distant
from the tumor in the AP (ROI: 3); (f) shows that the mean IC was 0.546 mg/mL in the fat tissue near the tumor (ROI: 1.2), and 0.195 mg/mL in the fat tissue distant
from the tumor in the VP (ROI: 3). The dual-energy CT corrected the preoperative T-staging of the patient as non-T3.
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diction via DECT denoted that the AUC was
0.868, and the best cut-off of NIC, for distin-
guishing group B from group A was 0.690,
with a sensitivity of 87.5%, a specificity of
84.0%, and an accuracy of 85.7%.

There was no statistical difference in the
tumor NIC, values between group C and
group D. However, the NIC, was significantly
higher in group D than in group Cin both the
AP (4.034 £ 0.991 vs. 3.115 + 0.581, P < 0.05)
and the VP (5.481 + 1.054 vs. 3.450 + 0.980, P
< 0.001) (Table 2). The ROC curve (Figure 5)
analysis of the preoperative T-staging of RC
showed that the AUC was 0.794 in the AP im-
age and 0.905 in the VP image. For AP imag-
es, the best cut-off of NIC, for distinguishing
group D from group C was 3.346, with a sen-
sitivity of 80.6%, a specificity of 77.3%, and
an accuracy of 83.7%. The best cut-off of NIC,
for the VP image was 4.105, with a sensitivity
of 90.3%, specificity of 88.9%, and accuracy
of 89.8%.

Interobserver agreement for dual-energy
computed tomography spectral parame-
ters

The ICC score of NIC, was 0.988 (95% Cl:
0.982 t0 0.992), and the ICC score of NIC, was

0.968 (95% Cl: 0.955 to 0.978), which was
considered an excellent consensus.

Conventional computed tomography pre-
operative T-staging

Using the pathological results as the gold
standard, 20 cases of T1-2 were diagnosed
via conventional CT imaging, of which 11
cases were correctly diagnosed, and 9 cases
of T3-4a were misdiagnosed as T1-2. A total
of 29 patients were diagnosed with T3-4a
using conventional CT imaging, of which 22
patients were correctly diagnosed, and 7 pa-
tients with T1-2 were misdiagnosed with T3-
4a (Table 3). Compared with the pathological
staging, the accuracy of conventional CT in
differentiating T3-4a from T1-2 was 67.3%
(33/49).

Quantitative parameters of dual-energy
computed tomography T-staging

According to NIC measured by DECT, 18
patients were diagnosed with T1-2, and 31
patients were diagnosed with T3-4a in the
AP. Compared with the pathological results,
14 patients were correctly diagnosed with
T1-2, 4 patients with T3-4a were misdiag-
nosed with T1-2, 27 patients were correctly

ROI 1: 43.2mm2 Av=3.820

ROI 2 43 2mm2 Av=3.739
ROI 3. 43.2mm2 Av=0 864

diagnosed with T3-4a, and 4 patients with
T1-2 were misdiagnosed with T3-4a (Table 3).
The accuracy of DECT in differentiating T3-4a
from T1-2 was 83.7% (41/49) in the AP.

In the VP, 17 patients were diagnosed
with T1-2 and 32 patients with T3-4. Com-
pared with the pathological results, 15 pa-
tients were correctly diagnosed with T1-2, 2
patients with T3-4 were misdiagnosed with
T1-2, 29 patients were correctly diagnosed
with T3-4, and 3 patients with T1-2 were mis-
diagnosed with T3-4 (Table 3). The accuracy
of DECT in differentiating T3-4a from T1-2
was 89.8% (44/49) in the VP.

Discussion

The purpose of this study was to inves-
tigate the value of DECT in predicting LVI
and evaluate the accuracy of preoperative
RC T-staging. The postoperative histological
results were used as the gold standard for

grouping.

1. The tumors were divided into the
LVI- (group A) and the LVI+ (group B). The
LVI was defined as the presence of cancer
cells in peritumoral lymphatic vessels and
small non-muscularized blood vessels or

Figure 3. A 59-year-old man with lymphovascular invasion positive stage T3 rectal cancer. The white arrow denotes the thickening of the rectal wall, which was
enhanced. The density of fat tissue around the tumor was more uniform. The local strip high-density shadow (denoted by the yellow arrow) is the vascular tissue. In
(a) and (b), the radiologist diagnosed the rectal tumor as clinical staging T2 with traditional computed tomography (CT) before surgery, but the pathological stage
was pathological staging T3; (c) and (d) show the method of drawing regions of interest (ROIs) on the tumor tissue in the arterial phase (AP) and the venous phase
(VP), respectively; (e) shows that the mean iodine concentration (IC) was 0.756 mg/mL in the perirectal fat tissue (ROI: 1.2) and 0.173 mg/mL in the fat tissue distant
from the tumor in the AP (ROI: 3); (f) shows that the mean IC was 1.198 mg/mL in the fat tissue near the tumor (ROI: 1.2), and 0.191 mg/mL in the fat tissue distant
from the tumor in the VP (ROI: 3). The dual-energy CT corrected the preoperative T-staging of the patient as non-T2.
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both,” and was related to the dissemina-
tion of cancer cells.* Therefore, the NIC, of
the adipose tissue around the tumor was
not employed to evaluate LVI. Moreover,
the study found that the difference in NIC,
values between group A and group B was
not statistically significant (P > 0.05) in the
AP. However, in the VP, the NIC, was signifi-
cantly higher in group B than in group A (P
< 0.001). Setting 0.690 as the cut-off value,

the accuracy of NIC, in LVI evaluation was
83.7%. There are several possible reasons
for this result. First, LVI denoted a high in-
vasiveness of cancer cells.?' Second, the
cancer cells of patients with LVI+ RC were
relatively active, and the blood flow led to
anincrease in IC values. The study indicates
that using the NIC value in the VP can dis-
tinguish between LVI- and LVI+. Further
study, such as the use of a combination

Table 2. Demographic and clinical characteristics of the included participants

of different quantitative parameters, may
improve the sensitivity and specificity of
DECT technology.

2. The tumors were divided into two
groups: group C (no serosa invasion, T1-
2) and group D (serosa invasion, T3-4a).
Conventional CT scanning was used for
naked-eye observation of PAT density to
determine whether the serosa had been in-
filtrated. Seven patients with stage T1-2 RC
were overestimated as having stage T3 RC,
and 9 patients with stage T3 RC were un-

Characteristic Group A (LVI-) Group B (LVI+) Pvalue derestimated as having stage T1-2 RC, with
Gender (n) an accuracy rate of 67.3%. These findings
Male 14 19 denoted the limitations of multi-slice spiral
Eagle 1 5 0.086 CT in the assessment of serosa invasion. The
Age (year, mean = SD) 59.7+9.7 63087 0.237 present study demonstrated that DECT was
Height (cm) 166.6 + 6.2 169.6 + 6.0 0.091 more valuable than conventional plain CT
Weight (kg) 69.7 +83 74.4+10.3 0.090 in diagnosing T3-4a RC. The NIC, in the PAT
BMI (kg/m?) 25.0+1.8 257+23 0.262 was significantly higher when the serosa had
Quantitative parameters been invaded than when it had not been
NIC, AP 0.126 +0.003 0.127 £0.005 0.659 invaded. The ROC curve (Figure 5) analysis
NIC. VP . 2 : : showed that the NIC, was more capable of
* * e e .
C 0669003 0.728 £0.03 <0.00 distinguishing whether RC had invaded the
Group C(T1-2) Group D (T3-4a) Pvalue surrounding adipose tissue in the VP than
Gender (n) in the AP. The accuracy of NIC, in evaluating
Male 10 73 serous infiltration was 83.7% (AP) and 89.8%
0.187 (VP) when setting the cut-off as 3.346 and
Female 8 8 . . .
( ) 4.105 in the AP and VP, respectively, which
Age (mean + SD 59.1+7.6 62.6+9.9 0.065 . f
as higher than the CT value. This stud
Height (cm) 166.1 £5.6 169.2 % 6.4 0.092 ‘fN g '9:1 HonlC. ot ae vaiue. This study
Weight (kg) 68.1+7.8 743+938 0.029* ound that the NIC, of RC tissue was not re-
BMI (kg/m?) 246+13 258+23 0.022*% lated to the T-stage, which differed from the
. > . .
Stage (n) results.of Li et al. . A pgssnble reason for this
result is that the invasiveness of the tumor
T1 2 0 .
was not only related to benignancy and ma-
T2 16 0 lignancy, but also closely related to the accu-
T3 0 28 racy of cancer detection time.>
=3 v ¢ Poorly differentiated RC may not break
Quantitative parameters through the muscular layer in the early stage;
NIC, AP 0.124 + 0.003 0.127 + 0.004 0417 in contrast, highly differentiated RC may in-
NIC, VP 0.690 + 0.040 0.704 % 0.044 0342 vade the peripheral adipose space of the
NiE P RS e D intestinal wall; and even distant metastasis
2 T T ’ will occur in the late stage. Whether the tu-
NIC, VP 3.450£0.980 5481+1.054 <0.001** mor had invaded the perirectal tissue or not

*P < 0.05,**P < 0.001; NIC,, normalized iodine concentration of the initial tumor; NIC,, normalized iodine
concentration of the adipose tissue around the rectal tumor; AP, arterial phase; VP, venous phase; LVI+,
lymphovascular invasion positive; LVI-, lymphovascular invasion negative; BMI, body mass index; SD, standard

deviation.

was the criterion for judging stage T3 of RC.
In summary, these observations suggest that
DECT is an innovative and accurate imaging

Table 3. T-staging of rectal cancer using preoperative conventional computed tomography and dual-energy computed tomography
compared with postoperative histology staging

Conventional CT DECT arterial phase DECT venous phase
Confusion matrix Total
T1-2 T3-4a T1-2 T3-4a T1-2 T3-4a
Histologic Group C (T1-2) 11 7 14 4 15 3 18
stage Group D (T3-4a) 9b 22 4b 27 2 29 31

2Seven patients with RC in group C were misdiagnosed as group D using conventional CT; 5 of them were corrected using DECT in the arterial phase (AP), and 6 of them were

corrected using DECT in the venous phase (VP). In addition, the conventional CT diagnosis of 2 patients in group C was correct, but the DECT was misdiagnosed as group D.°Nine
patients with RC in group D were misdiagnosed as group C using conventional CT; 6 of them were corrected using DECT in the AP, and 8 of them were corrected using DECT in the
VP. In addition, the conventional CT diagnosis of 1 patient in group D was correct, but the DECT led to a misdiagnosis as group C. CT, computed tomography; DECT, dual-energy
computed tomography; RC, rectal cancer.
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Figure 4. The receiver operating characteristic (ROC) curve showed the ability of preoperative normalized
iodine concentration (NIC) values in the arterial phase (AP) and venous phase (VP) to predict the
lymphovascular invasion (LVI) of rectal cancer. The ROC curves showed that the NIC, could predict the LVI of
rectal cancer more accurately in the VP than in the AP. NIC,, normalized iodine concentration of initial tumor;
NIC,, normalized iodine concentration of adipose tissue around rectal tumor.
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Figure 5. The receiver operating characteristic (ROC) curve showed the ability of preoperative normalized
iodine concentration (NIC) values in the arterial phase (AP) and venous phase (VP) to predict the invasion of
adipose tissue around the tumor; NIC, means the NIC of tumor tissue, and NIC, means the NIC of perirectal
adipose tissue. The ROC curves showed that NIC, could predict the invasion of adipose tissue around the
tumor more accurately in the VP than in the AP. NIC,, normalized iodine concentration of initial tumor; NIC,,
normalized iodine concentration of adipose tissue around rectal tumor.

method for predicting LVl and improving the
accuracy of preoperative RC T-staging.

Peng et al.®® utilized the novel multipara-
metric imaging capabilities of DECT to pre-
dict very early distant metastasis (VEDM) fol-
lowing colorectal cancer surgery and noted
that the venous enhancement fraction, the
slope of the VP spectral curve (A, ) and the in-
verse of the VP-standardized IC (1/NIC, ) pre-
sented significant discriminative abilities in
predicting VEDM, with AUC values of 0.822,
0.738, and 0.713, respectively.

LVl is an early sign of lymph node metas-
tasis and distant metastasis, which is the ini-
tial manifestation of lymph node metastasis
and other types of organ metastasis;** the IC
parameter of the tumor was applied in the
prediction of LVI with an accuracy of 85.7%.
Thus, it can guide clinical treatment and in-
tervention in a relatively precise manner and
in the early disease stage.

Jia et al.** compared the image quality of
MRI and DECT virtual monochrome imag-
ing techniques and assessed their accuracy

in T-staging, demonstrating that the overall
diagnostic accuracy of dual-layer spectral
CT and high-resolution MRI in T-staging
was 65.67% and 71.64%, respectively, with
no significant difference (P > 0.05). Qin et
al3¢ investigated the optimal DECT parame-
ter-AP A, for differentiating between T3 and
T4a stages of RC, with an overall accuracy of
76.9%. The present study on the T-staging
of RC was conducted according to different
clinical treatment modalities and focused
on distinguishing the difference between
T1-2 and T3-4a, which was more relevant to
clinical needs than the other studies. The au-
thors of the present study comprehensively
considered the critical factors for the selec-
tion of clinical treatment options, including
both tumor T-staging and LVI. This study set
the research protocol according to clinical
needs; the diversity and depth of this study
contribute to a more comprehensive under-
standing of the application of DECT in on-
cology and may lead to the development of
future diagnostic and therapeutic strategies.
With the continuous development of DECT
technology and the growing demand for
a more accurate prediction of cancer stag-
ing and metastasis in clinical practice, more
spectral parameters may be derived®*” and
combined with clinical parameters® or even
radiomics and artificial intelligence® to fur-
ther improve the predictive potential. This
provides new opportunities for follow-up
studies.

This study has several limitations. First,
the number of patients was limited, and
the study used an experimental methodol-
ogy. In the future, performing a larger-scale
and more accurate patient selection study
to affirm the results would be worthwhile.
Second, the type of all involved tumors was
rectal adenocarcinoma, and whether other
types of rectal tumors can be staged using
this method should be verified in future.
Third, the placement of ROl was subjective
and could only avoid obvious large blood
vessels; however, interaction with some
small vessels may have caused inflamma-
tion of connective tissue, increasing the false
positive rate of the study. Fourth, this study
did not measure other quantitative param-
eters of DECT. A combination of other DECT
parameters could enhance the accuracy of
predicting the pathological indicators of RC.
Fifth, the present study did not measure the
size of the primary tumor or locate the po-
sition of the tumor, especially the accurate
location of the supra- or sub-peritoneal layer,
which are critical factors for the RC treatment
plan. Sixth, comparisons between DECT and

Prediction of LVl and T-staging of RC via DECT 7



other imaging techniques, such as MRI and
TRUS, were not performed. Finally, this study
was a single-center study and did not involve
samples from other medical centers. There-
fore, a complicated analysis using DECT pa-
rameters will be performed in future studies.

In conclusion, this study found that the
quantitative determination of NIC in tumors
can predict LVI. Furthermore, NIC in PAT via
DECT can accurately, sensitively, and specif-
ically distinguish whether serosa invasion
has occurred in RC. In addition, the study
first utilized NIC to evaluate the invasion of
PAT and effectively reduce the difference of
individual factors among patients. The DECT
quantitative IC measurement was a useful
clinical tool for the preoperative prediction
of pathological indicators of RC.
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