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tive parameters derived from dual-energy CT (DECT) in the preoperative diagnosis of re-
gional metastatic lymph nodes (LNs) in patients with colorectal cancer.

SUBJECTS AND METHODS. Triphasic contrast-enhanced DECT was performed for
178 patients with colon or high rectal cancer. The morphologic criteria, short-axis diameter,
and quantitative DECT parameters of the largest regional LN were measured and compared
between pathologically metastatic and nonmetastatic LNs. Univariate and multivariable lo-
gistic regression analyses were used to determine the independent DECT parameters for pre-
dicting LN metastasis. Diagnostic performance measures were assessed by ROC curve anal-
ysis and compared by McNemar test.

RESULTS. A total of 178 largest LNs (72 metastatic, 106 nonmetastatic) were identified
in 178 patients. The best single DECT parameter for differentiation between metastatic and
nonmetastatic LNs was normalized effective atomic number (Z ;) in the portal venous phase
(AUC, 0.871; accuracy, 84.8%). These values were higher than those of morphologic criteria
(AUC, 0.505-0.624; accuracy, 47.8—62.4%) and short-axis diameter (AUC, 0.647; accuracy,
66.3%) (p < 0.05). The diagnostic accuracy of combined normalized iodine concentration in
the arterial phase and normalized effective atomic number in the portal venous phase was

further improved to 87.1% (AUC, 0.916).

CONCLUSION. Quantitative parameters derived from DECT can be used to improve
preoperative diagnostic accuracy in evaluation for regional metastatic LNs in patients with

colorectal cancer.

olorectal cancer (CRC) is the

third most prevalent cancer and

ranks as the second leading cause

of cancer-related deaths globally
[1]. Accurate preoperative diagnosis of lymph
node (LN) metastasis is an important deter-
minant of tumor stage. It not only informs
prognosis but also is essential for treatment
decisions for patients with CRC [2, 3]. For ex-
ample, patients with stage III disease who
have metastatic regional LNs can be treated
with chemotherapy to downstage disease be-
fore surgery and to decrease the risk of local
recurrence after resection [4, 5]. The Fluoro-
pyrimidine, Oxaliplatin, and Targeted Recep-
tor Preoperative Therapy (FOXTROT) trial
was initiated to evaluate whether neoadjuvant
chemotherapy can improve long-term out-
come among patients with operable high-risk
colon cancer [6]. Although imaging studies,
such as endoluminal sonography, CT, MRI,
and PET, are promising for assessing the

depth of cancer invasion (T category), their di-
agnostic accuracies for LN metastasis vary
from 54% to 80% [7-12]. Accurate preopera-
tive identification of LN metastasis remains
highly challenging [7, 10, 13].

CT is commonly included in the preopera-
tive workup of patients with CRC because it
is a quick one-stop examination of the chest
and abdomen for local and distant staging [8,
14]. With the introduction of material char-
acterization and decomposition functions,
dual-energy CT (DECT) has been found
promising for improving diagnostic accura-
cy for differentiation between malignant and
benign tumors [15] and for differentiating
metastatic LNs from nonmetastatic LNs, as
in papillary thyroid cancer and gastric can-
cer [16-18]. However, there are limited data
on DECT of LNs in CRC. Only two small co-
hort studies have shown that DECT param-
eters can be used to differentiate metastat-
ic from nonmetastatic LNs in patients with
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CRC [13, 19]. The diagnostic performance
of DECT for preoperative LN metastasis re-
mains to be evaluated in a large cohort of pa-
tients with CRC.

In this study, DECT was prospectively
performed in a large cohort of patients with
CRC, and quantitative DECT parameters of
regional lymph nodes were derived. The pur-
pose of this study was to assess the perfor-
mance of DECT parameters in the preopera-
tive diagnosis of regional LN metastasis in
patients with CRC.

Subjects and Methods
Patients

This prospective single-center study received
institutional ethics committee approval. Written
informed consent was obtained from all subjects.
Patients with CRC were consecutively enrolled
from May 2015 to May 2017. Patients were eligi-
ble for enrollment if they had endoscopic biopsy—
proven colon or rectal cancer and had an order for
chest and abdominal CT. Patients were excluded
for the following reasons: previous radiotherapy,
chemotherapy, or chemoradiotherapy; no surgi-
cal resection of tumor owing to advanced disease
(stage IV, according to the TNM [20, 21]); no tar-
get LNs or measurable LNs at CT (short-axis di-
ameter < 3 mm); middle or low rectal cancer; con-
traindications to administration of iodine-based
contrast or CT (e.g., pregnancy or metallic implant
in the pelvis); and inability to provide informed
consent. Two hundred thirty-five patients were en-
rolled in this study. Fifty-seven patients were ex-
cluded because they had middle or low rectal can-
cer (n = 24), had no target LN or measurable LNs
(n = 21), or did not undergo surgical resection (n =
12). Finally, 178 patients were included in the anal-
ysis (Fig. 1). The clinicopathologic characteristics
of the 178 patients are summarized in Table 1.

CcT

CT was performed with a spectral 64-MDCT
system (Discovery CT750 HD, GE Healthcare).
Each patient received orally administered colon-
cleansing preparation (polyethylene glycol electro-
lyte solution) 12 hours before the CT examination
and were instructed to drink 1000 mL of isotonic
solution (2.5% mannitol solution) 1 hour before the
CT examination. All scanning was performed in
the craniocaudal direction with the patient supine.
The whole abdomen was scanned from the dome of
the right diaphragm to the anal verge. Unenhanced
scanning was performed in the conventional helical
mode at a tube voltage of 120 kVp and tube current
of 350 mA during a full-inspiratory breath-hold.
Then, an IV injection of a nonionic iodinated con-
trast medium (Iohexol 350 mg I/dL, GE Healthcare)
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TABLE I: Clinicopathologic Characteristics of 178 Patients With

Colorectal Cancer

Metastatic Lymph Nodes| Nonmetastatic Lymph
Characteristic (n=72) Nodes (n=106) p
Age (y) 55.38 + 13.42 57.09+12.32 0.3822
Sex 0.057°
Male 45(62.50) 74(69.81)
Female 27 (37.50) 32(30.19)
Primary site 0.518b
Right hemicolon 23(31.94) 18(16.98)
Lefthemicolon 1(1.39) 5(4.72)
Sigmoid colon 19(26.39) 46 (43.40)
High rectum 29(40.28) 37(34.90)
Carcinoembryonic antigen level 0.042°
Normal 17(23.61) 59(55.66)
Abnormal 55(76.39) 47 (44.34)
Histologic grade 0.119°
Well differentiated 10(13.89) 22(20.75)
Moderately differentiated 59(81.94) 84(79.25)
Poorly differentiated 3(4.17) 0(0.00)
pTNM category 0.048°
T 0(0.00) 1(0.94)
T2 2(2.78) 10(9.43)
T3 24(33.33) 41(38.68)
T4 46 (63.89) 54 (50.94)

Note—Except for age, which is mean + SD, values are number with percentages in parentheses.

at test.
bFisher exact test.

was administered at a dose of 1.5 mL/kg through a
dual-head injector at a flow rate of 4 mL/s followed
by a bolus injection of 50 mL saline solution given
at the same flow rate.

Triphasic contrast-enhanced CT images were
obtained in dual-energy rapid tube voltage switch-
ing mode (80—140 kVp) by means of the gemstone
imaging protocol at preset 54 and a tube current of
375 mA. To discriminate cirrhotic nodules from
liver metastases, triphasic contrast-enhanced CT
of the abdomen and pelvis is a routine part of the
preoperative workup of patients with CRC at our
institution owing to the high prevalence of covert
hepatis virus B-related cirrhosis. The scanning
delay for hepatic arterial phase (HAP) imaging
was determined with automated scan trigger-
ing software (SmartPrep, GE Healthcare). Arte-
rial phase scanning automatically began 7.6 sec-
onds after the trigger attenuation threshold (100
HU) was reached at the level of the descending
aorta. At a delay of 18 seconds after the arterial
phase, portal venous phase (PVP) scanning was
performed. Equilibrium phase scanning was per-
formed with a delay of 45 seconds after the PVP.

Other acquisition parameters were as follows:
collimation thickness, 64 x 0.625 mm; rotation
speed, 0.6 second; helical pitch, 0.984. All CT raw
data were reconstructed into contiguous axial im-
ages with a section thickness of 1.25 mm and an
increment of 1 mm, an FOV of 35 ¢cm, and a ma-
trix of 512 x 512. Unenhanced CT data were re-
constructed by use of a standard reconstruction
algorithm. The contrast-enhanced CT data were
reconstructed by use of 50% adaptive statistical
iterative reconstruction (ASiR, GE Healthcare)
blending and transferred to an advanced worksta-
tion (AW 4.6, GE Healthcare) for analysis.

Imaging Analysis

The DECT datasets were analyzed with the
viewer software at the workstation. Three sub-
groups of image datasets—polychromatic imag-
es corresponding to conventional 120-kVp imag-
ing, monochromatic images with photon energies
ranging from 40 to 140 keV, and iodine-based ma-
terial decomposition images—were reconstructed.
First, the largest regional LN was identified by a
radiologist (10 years of experience with CT diag-
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Fig. 1—Flowchart

shows overview of
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colorectal cancer,
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DECT = dual-energy CT,
LN = lymph node.
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nosis) and a general surgeon (10 years of experi-
ence in gastrointestinal surgery involved to ensure
correct labeling of the largest LNs during surgery)
in consensus on 70-keV monochromatic PVP im-
ages on which visualization of LNs was optimal
because of the best contrast-to-noise ratio.

The regional LNs included peritumoral mesenter-
ic LNs around the superior mesenteric artery (right
hemicolon), inferior mesenteric artery (left hemico-
lon, sigmoid colon, and high rectum), and root of
the mesentery. The short- and long-axis diameters of
all LN visible in these regions were measured, and
the largest LN was identified. The short-axis diam-
eter of the largest LN was measured by the radiolo-
gist using multiplanar reformation. The morpholog-
ic features of visible LNs were subjectively assessed
on the conventional 120-kVp PVP images. The mor-
phologic criteria for metastatic LNs were as follows:
round shape (short-to-long axis diameter ratio >
0.8), internal heterogeneity, irregular outer border,
contrast enhancement (attenuation > 100 HU), and
cluster of three or more normal-sized lymph nodes,
as previously described [22].

Quantitative DECT parameters were indepen-
dently measured by two radiologists (20 and 10
years of experience). They manually drew a free-
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hand ROI on the transverse slice showing the
maximal dimension of the largest LN. The ROI
outline was made as large as possible (mean area,
30.4 mm?; range, 9.7-95.3 mm?) to cover the en-
tire LN (Figs. 2A and 3A) with care to exclude the
surrounding fat and vessels. At the same time, an
oval ROI (mean area, 125.8 mm?; range, 80.4—
186.8 mm?) was placed on the descending aorta
at the level of the right renal artery. The DECT
parameters iodine concentration (IC) in milli-
grams per cubic centimeter and normalized effec-
tive atomic number (Z ) were obtained. The IC
and Z_; of the LN were normalized to those of
the aorta to derive normalized IC (NIC) and nor-
malized Z ;. according to the following formulas:
NIC =IC, /IC, .., and normalized Z ; = Z ;|
' Z ot wora- The slope of the attenuation curve (A)
was calculated as the difference between the CT
value at 40 keV and that at 70 keV divided by the
energy difference (30 keV) [17]. For each patient,
the NIC, normalized Z o>
ation curve of the same largest lymph node were
measured on all triphase contrast-enhanced im-
ages. To ensure consistency between the measure-

and slope of the attenu-

ments, the triphase images were simultaneously
loaded into the workstation, and the size, shape,

and position of the ROIs in three phases were kept
the same by use of the copy and paste functions.
Measurements by two radiologists were averaged
to produce the final values for analysis.

Surgical Resection and Pathologic Examination

Surgical resection of the CRC was performed
within 7 days after DECT. The surgeon who had
previously identified the largest LNs on CT images
carefully labeled the same largest LNs during sur-
gery. For intraoperative identification, LN size, dis-
tance between the tumor and anatomic landmarks
such as the superior and inferior mesenteric arter-
ies, and the position and distance from the prima-
ry lesion were used for reference [23]. The entire
resected colorectal specimens were processed for
conventional histologic examination. The patholo-
gist confirmed the presence of the labeled largest
LNs. The results of histologic analysis of the prima-
ry tumor and all regional LNs were recorded.

Statistical Analysis

Quantitative variables were expressed as the
mean + SD. The interclass correlation coefficient
(ICC) was used to evaluate interobserver agree-
ment between two radiologists for the measure-
ments of DECT parameters. An independent
two-sample ¢ test was performed to compare the
differences in short-axis diameter, NIC, normal-
ized Z g,
tween metastatic and nonmetastatic LNs. Uni-

and slope of the attenuation curve be-

variable logistic regression analysis was used to
determine whether a single parameter could be
used to differentiate between metastatic and non-
metastatic LNs.

The significant parameters were further ana-
lyzed with the least absolute shrinkage and selec-
tion operator (LASSO) logistic regression mod-
el to select the most useful predictive factors by
shrinking the coefficients toward zero by setting a
constraint on the sum of the absolute standardized
coefficients [14]. Multivariable logistic regression
analysis of variables selected in the LASSO re-
gression model was performed to determine the
independent parameters for predicting the pres-
ence of metastatic LNs. ROC curves were used
to determine the diagnostic utility of morpholog-
ic criteria, short-axis diameter, and quantitative
DECT parameters. ROC AUC, sensitivity, speci-
ficity, positive predictive value, negative predic-
tive value, and accuracy were calculated and com-
pared by McNemar test. The optimal threshold
was determined with the maximum Youden index.
Net reclassification improvement and integrated
discrimination improvement were applied to de-
tect the improved discriminatory effects of DECT
parameters [24]. LASSO logistic regression and
ROC analyses were performed with the glmnet,
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pROC, survival, nircens, and ggplot2 packages of
R software (version 3.5.0, R Project). Other statis-
tical analyses were performed with SPSS software
(version 20.0, IBM SPSS). A value of p < 0.05 in-
dicated a statistically significant difference.

Results
Quantitative Parameters

A total of 178 largest LNs were identified in
178 patients. Among them, 72 were metastatic
and 106 were nonmetastatic. The short-axis di-
ameter and DECT measurements are shown in
Table 2. The ICC analysis indicated good con-
cordance between interobserver measurements
(ICC, 0.839-0.944). The short-axis diameter of
metastatic LNs was significantly greater than
that of nonmetastatic LNs (p <0.05). All DECT
parameters were significantly lower in meta-
static LNs than in nonmetastatic LNs (p < 0.05)
(Table 2 and Figs. 2B-2D and 3B-3D). Univar-
iate binary logistic regression analysis showed
that metastatic and nonmetastatic LNs could be
differentiated with each DECT parameter (p <
0.05). These nine parameters were reduced to
two potential independent predictors—HAP
NIC and PVP normalized Z_;—in LASSO lo-
gistic regression analysis with 10-fold cross-
validation (A = 0.2282). Further multivariate lo-
gistic regression analysis showed that HAP NIC
and normalized PVPZ ; were independent pre-
dictors (p < 0.05). The regression equation was
as follows: logit p,_,  =-43.944 + 25.111 NIC
HAP + 45.166 normalized PVP Z__., where logit

eff?
Py 18 the probability that an LN is metastatic.

Diagnostic Performance

ROC curve analyses of the morphologic
criteria, short-axis diameter, and each DECT
parameter are shown in Tables 3 and 4 and
Figure 4. The AUC of short-axis diameter was
0.647 with accuracy of 66.3% at the optimal
threshold of 8.250 mm. The best single DECT
parameter was normalized PVP Z . with an
AUC of 0.871 and accuracy of 84.8% at the
optimal threshold of 0.881, which were high-
er than those of morphologic criteria (AUC,
0.505-0.624; accuracy, 47.8-62.4%) and
short-axis diameter (p < 0.05). At the optimal
predictive probability threshold of 0.366, the
AUC of combined HAP NIC and normalized
PVP Z ; was 0.916; sensitivity, 83.3%; speci-
ficity, 89.6%; positive predictive value, 84.5%;
negative predictive value, 88.8%; and accura-
¢y, 87.1% (Table 4 and Fig. 4).

The diagnostic accuracy of combined HAP
NIC and normalized PVP Z _;; was significant-
ly greater than that of normalized PVP Z_, or
short-axis diameter individually (p < 0.05).
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Fig. 2—42-year-old man with poorly differentiated pathologic T3N2 rectal adenocarcinoma. Representative
dual-energy CT examination of metastatic lymph node. Dashed line indicates location of inserts. Inserts show
hepatic arterial phase (red), portal venous phase (blue), and equilibrium phase (yellow) images.

A, Portal venous phase 70-keV monochromatic contrast-enhanced CTimages show largest metastatic lymph
node (arrow) around superior rectal artery with short-axis diameter of 12.1 mm. ROl (oval) was drawn to cover

entire lymph node; area is 59.2 mm?.

B, Graph shows spectral attenuation curves of metastatic lymph node. Slopes of attenuation curves are 1.70in
hepatic arterial phase (HAP), 3.36 in portal venous phase (PVP), and 3.15 in equilibrium phase (EP).

C, Portal venous phase contrast-enhanced iodine-based material decomposition CT images show iodine
concentrations are 0.81 + 0.72 mg/cm?in hepatic arterial phase, 1.70 + 0.67 mg/cm?® in portal venous phase, and
1.58 +0.75 mg/cm3in equilibrium phase. Arrow indicates largest metastatic lymph node.

D, Portal venous phase contrast-enhanced effective atomic number CT images show effective atomic numbers
are 8.08+ 0.45in hepatic arterial phase, 8.61+0.36 in portal venous phase, and 8.54 + 0.43 in equilibrium phase.

Arrow indicates largest metastatic lymph node.

Further net reclassification improvement
and integrated discrimination improvement
showed reclassification was significantly in-
creased in the combination of HAP NIC and
normalized PVP Z . compared with short-ax-
is diameter (Table S1) (net reclassification im-
provement, 0.478; integrated discrimination
improvement, 0.457; p <0.001). (Table S1 can
be viewed in the AJR electronic supplement to
this article at www.ajronline.org.) Moreover,
31 LNs had a short-axis diameter smaller than
5 mm, 124 LNs had a short-axis diameter of
5-10 mm, and 23 LNs had a short-axis diam-
eter greater than 10 mm. The diagnostic accu-
racy of combined HAP NIC and normalized
PVP Z . was 83.9% for LNs smaller than 5
mm, 87.1% for LNs measuring 5-10 mm, and
91.3% for LNs larger than 10 mm.

Discussion
Our study showed that quantitative DECT
parameters, especially HAP NIC and nor-

malized PVP Z had greater diagnostic
utility in the preoperative identification of
LN metastasis in patients with CRC than did
conventional morphologic and size criteria.
When combined, HAP NIC and normalized
PVP Z . further improved diagnostic accu-
racy for metastatic LNs.

Single-energy CT has good sensitivity for
preoperative T categorization of CRC, and
the use of CT colonography can increase its
accuracy [25]. Compared with CT, MRI has
lower sensitivity and comparable specificity
for T categorization overall [26]. A recent
comparative study showed that the diagnos-
tic performance of MRI may be better than
that of MDCT for T categorization of high-
risk stage II and III colon cancers.

In particular, use of MRI reduced the
false-positive rate [27]. For N categoriza-
tion, MRI has moderate diagnostic sensitiv-
ity and specificity [28]. Its diagnostic per-
formance is comparable to that of CT [25].

AJR:213, July 2019
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TABLE 2: Quantitative Dual-Energy CT Characteristics of Metastatic and

Nonmetastatic Lymph Nodes

Colon and High Rectal Cancer (n=178)
Nonmetastatic
Metastatic Lymph Lymph Nodes
Characteristic Nodes (n=72) (n=106) t p
Short-axis diameter (mm) 8.20+3.15 6.63+1.94 4134 <0.001
Normalized iodine concentration
(mg/cm?)
Hepatic arterial phase 0.13+0.05 0.20+0.05 -9.147 <0.001
Portal venous phase 0.39+0.14 0.56+0.10 -9.053 <0.001
Equilibrium phase 0.55+0.17 0.64+0.15 -3.991 <0.001
Normalized effective atomic number
Hepatic arterial phase 0.71+0.03 0.74+0.04 -5.519 <0.001
Portal venous phase 0.86+0.04 0.91+0.02 -10.339 <0.001
Equilibrium phase 0.91+0.04 0.93+0.03 —4.225 <0.001
Slope of attenuation curve
Hepatic arterial phase 3.13+£1.20 4.70+1.20 —-8.536 <0.001
Portal venous phase 4.61+2.00 5.86+1.29 -5.072 <0.001
Equilibrium phase 4.53+£1.68 5.13+1.22 -2.743 0.007

Note—Values are mean + SD.

A variety of diagnostic standards, such as
size, border, degree and pattern of enhance-
ment, necrosis, extranodal extension, signal
intensity, and apparent diffusion coefficient,
have been used to assess the status of LNs
in patients with CRC. The preoperative pre-
diction of LN involvement still relies main-
ly on size criteria in daily clinical practice
[13, 17], and the commonly used size crite-
ria are any node larger than 1 cm or a clus-
ter of three or more nodes smaller than 1 cm
[7-9]. A meta-analysis of 19 studies showed
that the pooled sensitivity and specificity of
size criteria in single-energy CT were 70%
and 78% [7], which was comparable to those
of MRI [10]. Among various types of single-
energy CT scanners, MDCT has the highest
sensitivity compared with conventional and
single-detector helical CT (77% vs 68% and
64%) but also the lowest specificity (38%,
63%, and 69%) [25].

The diagnostic performance of CT colo-
nography for detecting malignant nodes was
also limited, both sensitivity and specificity
being less than 70% [26]. In our study, the di-
agnostic accuracy of short-axis diameter was
moderate (66.3%) at a threshold of 8.250 mm.
This finding is similar to a previously report-
ed overall accuracy of 65.7% for short-axis
diameter at a threshold of 5.45 mm [13]. Ex-
cept for moderate diagnostic accuracy, mor-
phologic criteria may be less reliable among
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different observers [13]. In our study, the di-
agnostic accuracy of morphologic criteria
was 47.8—61.2%. The combined morpholog-
ic criteria had higher sensitivity (97.2%) but
lower specificity (14.2%), which is consistent
with a previous report [22]. However, there
is also no worldwide consensus on morpho-
logic criteria in terms of measuring method
(short or long axis), size, shape, or enhance-
ment pattern [16]. Moreover, morphologic
criteria also appear to have intrinsic limita-
tions in LNs smaller than 5 mm in diame-
ter [23].

DECT allows differentiation of materials
with different molecular compositions based
on their attenuation profiles [13, 19]. DECT
can be used to discriminate between mate-
rials (calcium, iodine, water, fat) it entails
two-material decomposition technique [18,
29], and IC can be measured on iodine-wa-
ter images to reflect enhancement of lesions
[18, 30]. Pathophysiologic changes that af-
fect tissue blood volume and vessel perme-
ability will be reflected in the magnitude of
iodine content [31-34], which can be detect-
ed with characteristic parameters from con-
trast-enhanced DECT [13, 19, 35, 36], such
as IC,Z ., and slope of the attenuation curve
[37]. These quantitative parameters have
been found to improve tumor detection and
diagnostic accuracy [15]. A 2015 study of 55
patients with rectal cancers showed that the

diagnostic accuracy of HAP NIC for meta-
static LNs was 61.0% and that of PVP NIC
was 72.4% [13].

In a retrospective study of 28 patients with
CRC, PVP IC was found to have the great-
est utility for discriminating LN metasta-
ses with an accuracy of 87.9% [19]. In our
study, triphase contrast-enhanced DECT
was performed for a large cohort of patients
with CRC. Our results showed that NIC, nor-
malized PVP Z ., and slope of the attenua-
tion curve in the HAP, PVP, and equilibrium
phase were better than short-axis diameter
for differentiation between metastatic and
nonmetastatic LNs. The best single DECT
parameter for discriminating metastat-
ic LNs, however, was normalized PVP Z .
with an accuracy of 84.8%, which is obvi-
ously greater than that of the size criteria.
Radiologic-pathologic correlation per LN is
indispensable for identifying metastatic LNs.
However, it is challenging to connect LNs on
CT images to their corresponding excised
specimens in patients with CRC [13, 16].
Thus, the precise count of lymph nodes pos-
es a considerable challenge.

Different radiologic-pathologic one-to-
one comparison methods have been used
to determine the diagnostic performance of
DECT for metastatic LNs in patients with
CRC [13, 19]. One strategy is that region-
al LNs were categorized into four region-
al groups: peritumoral, perirectal, perico-
lic, and inferior mesenteric artery. If all of
the harvested LNs were metastatic in each
group, then all of the identified LNs on the
CT images were considered metastatic LNs
in the corresponding group. The same pa-
rameters were applied to the nonmetastatic
LNs. Another method is to measure DECT
parameters in the three largest LNs for pa-
tients with pNO nodes; otherwise, the param-
eters are measured in pathologic metastatic
LNs next to the primary tumor or those with
obvious heterogeneous enhancement or a
speculated appearance for analysis [19].

Unlike the investigators in the two earlier
studies [13, 19], we selected the largest region-
al LN in each patient for analysis. This method
can achieve complete node-by-node radiologic-
pathologic correlation, although the largest LN
might not definitely represent the metastatic LN
in all patients. The number of LNs might have
increases if more than one node in each patient
had been evaluated. However, a study of rec-
tal cancer specimens imaged with DECT [35]
showed that the exact number of LNs on pre-
operative CT images cannot be compared with

W21



Downloaded from www.ajronline.org by 2403:18c0:2:58:: on 06/13/22 from |P address 2403:18c0:2:58::. Copyright ARRS. For personal use only; al rights reserved

Yang et al.

TABLE 3: Results of ROC Analysis of Morphologic Criteria in Differential Diagnosis of Metastatic and Nonmetastatic
Lymph Nodes

Positive Predictive | Negative Predictive
Feature AUC Sensitivity (%) Specificity (%) Value (%) Value (%) Accuracy (%)
Round shape 0.621(0.549-0.694) 66.7 (54.5-77.1) 66.7 (54.5-77.1) 51.6 (41.1-62.0) 71.8(60.8-80.7) 61.2(53.7-68.4)
Internal heterogeneity | 0.624(0.551-0.697) | 62.5(50.2-73.4) 62.3(52.3-71.3) 52.9(41.9-63.7) 71.0(60.5-79.7) 62.4(54.8-69.5)
Irregular outer border 0.602(0.529-0.676) 63.9(51.6-74.6) 56.6 (46.6—66.1) 50.0 (39.5-60.5) 69.8(58.8-79.0) 59.6 (52.0-66.8)
Contrastenhancement | 0.505(0.444-0.566) | 20.8(12.5-32.3) 80.2(71.1-87.0) 41.7(26.0-59.1) 59.8(51.3-67.9) 56.2 (48.6—-63.6)
Cluster 0.537(0.469-0.605) 31.9(21.7-44.1) 41.7(26.0-59.1) 46.9(32.8-61.6) 62.0(53.0-70.3) 57.9(50.2-65.2)
Combined 0.557(0.518-0.595) | 97.2(89.4-99.5) 14.2(8.4-22.6) 43.5(35.8-51.5) 88.2(62.2-97.9) 47.8(40.2-55.4)

Note—Data in parentheses are 95% Cls. Round shape indicates a short-to-long axis diameter ratio > 0.8; contrast enhancement, attenuation > 100 HU; cluster, a cluster
of three or more normal-sized lymph nodes; combined, combination of round shape, internal heterogeneity, irregular outer border, contrast enhancement, and cluster.

Attenuation (HU)

40 50 60 70 80 90 100 110120 130 140
Voltage (keV)

Fig. 3—63-year-old man with moderately differentiated pathologic T2NO rectal adenocarcinoma.
Representative dual-energy CT examination of nonmetastatic lymph node. Dashed line indicates location of
inserts. Inserts show hepatic arterial phase (red), portal venous phase (b/ue), and equilibrium phase (yellow)

images.

A, Portal venous phase 70-keV monochromatic contrast-enhanced CT images show largest, metastatic lymph
node (arrow) around superior rectal artery with short-axis diameter of 6.7 mm. ROl (oval) was drawn to cover

entire lymph node; area is 23.6 mmZ.

B, Graph shows spectral attenuation curves of nonmetastatic lymph node. Slopes of attenuation curves are
4,86 in hepatic arterial phase (HAP), 5.97 in portal venous phase (PVP), and 5.53 in equilibrium phase (EP).

C, Portal venous phase contrast-enhanced iodine-based material decomposition CT image shows iodine
concentrations are 2.45 + 0.77 mg/cm?in hepatic arterial phase, 3.02 + 0.81 mg/cm? in portal venous phase, and
2.81+0.67 mg/cm?in equilibrium phase. Arrow indicates largest metastatic lymph node.

D, Portal venous phase contrast-enhanced effective atomic number CT images show effective atomic numbers
are 9.02 +0.37 in hepatic arterial phase, 9.26 + 0.36 in portal venous phase, and 9.18 + 0.30 in equilibrium phase.

Arrow indicates largest metastatic lymph node.

the specimen images because of the larger num-
ber of visible lymph nodes on specimen imag-
es. This would also cause dependency prob-
lems regarding the influence of multiple nodes
per patient [18]. Taken together, the radiologic-
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pathologic one-to-one matching per LN in our
study would be more preferable for determin-
ing the diagnostic performance of DECT pa-
rameters and their cutoff values for metastatic
LNs in patients with CRC.

In our study, nine DECT parameters dif-
fered between metastatic and nonmetastatic
LNs, and most of them had greater diagnos-
tic utility than the size criteria. These nine
parameters were reduced to two independent
predictors: HAP NIC and normalized PVP
Z i The combination of HAP NIC and nor-
malized PVP Z , had diagnostic accuracy
of 87.1%, which is higher than the accuracy
of the size criterion (66.3%). It has been re-
ported that the pooled diagnostic accuracy of
PET and PET/CT for preoperative N status
is 70.0-72.4% [11, 12] and that radiomic fea-
tures based on conventional PVP CT imag-
es have good accuracy for preoperative pre-
diction of lymph node metastasis (C-index,
0.778) [14].

In our study, a quantitative DECT param-
eter, normalized PVP Z off? had sensitivity of
73.6% and specificity of 92.4% for detecting
metastatic LNs. These values are higher than
their counterparts for single-energy CT [25]
and CT colonography [26]. Compared with
these modalities, quantitative DECT has fa-
vorable performance for preoperative pre-
diction that an LN is metastatic. In addition,
quantitative DECT parameters can be easily
derived because they do not require a com-
plicated calculation of high-dimensional im-
age data. Moreover, DECT can provide both
anatomic and functional information in a
single contrast-enhanced CT examination.
Notably, combined HAP NIC and normal-
ized PVP Z ;. had a positive predictive value
of 84.5% for metastatic LNs in patients with
CRC in our study. Neoadjuvant treatment
strategies for patients with colon cancer that
improve compliance and have potential for
downstaging of disease before surgical treat-
ment are being developed [7].

Preliminary results of the FOXTROT tri-
al showed that patients with radiologically
staged, locally advanced operable primary
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TABLE 4: Results of ROC Analysis of Short-Axis Diameter and Quantitative Dual-Energy CT Parameters in Differential
Diagnosis of Metastatic and Nonmetastatic Lymph Nodes

Parameter

Threshold

AuC

Sensitivity (%)

Specificity (%)

Positive
Predictive Value

(%)

Negative

Predictive Value (%)

Accuracy (%)

Short-axis diameter (mm)

Normalized iodine
concentration

Hepatic arterial phase
Portal venous phase
Equilibrium phase

Normalized effective
atomic number

Hepatic arterial phase
Portal venous phase
Equilibrium phase
Slope of attenuation curve
Hepatic arterial phase
Portal venous phase
Equilibrium phase

Combined?

8.250

0.177
0.500
0.538

0.716
0.881
0.920

3.685
4.984
3.860
0.366

0.647(0.564-0.731)

0.839(0.781-0.898)
0.840(0.776—0.903)
0.662 (0.579—-0.745)

0.727(0.652-0.803)
0.871(0.811-0.930)
0.672(0.590-0.754)

0.827(0.764-0.890)
0.737(0.657-0.818)
0.616 (0.527-0.705)
0.916 (0.873-0.960)

43.1(31.6-55.2)

87.5(77.1-93.8)
83.3(72.3-90.7)
54.2(42.1-65.8)

62.5(50.2-73.4)
73.6(61.7-83.0)
61.1(48.9-72.2)

72.2(60.2-81.8)
68.0(56.0-78.3)
41.7(30.4-53.9)
83.3(72.3-90.7)

82.1(73.2-88.6)

66.0(56.1-74.8)
72.6(63.0-80.6)
77.4(68.0-84.7)

77.4(68.0-84.7)
92.4(85.2-96.4)
69.8(60.0-78.1)

84.0(75.2-90.1)
76.4(67.0-83.9)
85.8(77.4-91.6)
89.6(81.8-94.4)

62.0 (47.2-75.0)

63.6(53.3-72.9)
67.4(56.6-76.8)
61.9(48.8-73.6)

65.2(52.7-76.0)
86.9(75.2-93.8)
57.9(46.0-69.0)

75.4(63.3-84.6)
66.2 (54.2-76.5)
66.7 (50.9-79.6)
84.5(73.5-91.6)

67.8(59.0-77.8)

88.6(79.0-94.3)
86.5(77.2-92.5)
71.3(62.0-79.2)

75.2(65.9-82.8)
83.7(75.5-89.7)
72.5(62.7-80.7)

81.6(72.8-88.2)
77.9(68.5-85.2)
68.4(59.7-76.0)
88.8(80.9-93.8)

66.3(58.8-73.2)

74.7(67.7-80.9)
77.0(70.1-82.9)
68.0(60.6-74.8)

71.9(64.7-78.4)
84.8(78.7-89.8)
66.3(58.8-73.2)

79.2(72.5-84.9)
73.0(65.9-79.4)
68.0(60.6-74.8)
87.1(81.2-91.6)

Note—Data in parentheses are 95% Cls.
aCombination of normalized iodine concentration in hepatic arterial phase and normalized effective atomic number in portal venous phase.

Fig. 4—ROC analysis.

1.0
0.8
a=0.881
> 0.6—| z 067
= >
2 =
= [ ‘J
[7] c
& &
@ 04 0.4—
AUC (95% ClI)
Round shape: 0.621 (0.549-0.694)
—— IH: 0.624 (0.551-0.697)
0.2 0.2— AUC (95% Cl)
Contrast enhancement: 0.505 —— logit p,, ,: 0.916 (0.873-0.960)
(0.444-0.566) nz, -PVP: 0.871 (0.811-0.930)
—— Cluster: 0.537 (0.469-0.605)
0.0 — Combined: 0.557 (0.518-0.595) 0.0 —
I I I I I I I I I I I I
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
1 - Specificity 1 - Specificity
A B

A, Graph shows ROC curves of each morphologic feature for differentiating metastatic and nonmetastatic lymph nodes in patients with colorectal cancer. “Round
shape” indicates short-to-long axis diameter ratio > 0.8; IH, internal heterogeneity; 0B, irregular outer border; contrast enhancement, attenuation > 100 HU; cluster,
cluster of three or more normal-sized lymph nodes; combined, combined morphologic criteria.
B, Graph shows ROC curves for combined normalized iodine concentration in hepatic arterial phase and normalized effective atomic number in portal venous phase (logit
Prmune Which indicates probability that metastatic lymph node [LN] is present); single parameter of normalized effective atomic number in portal venous phase (nZ,.-PVP);
and short-axis diameter of lymph nodes (D, ) for differentiating metastatic and nonmetastatic lymph nodes in patients with colorectal cancer. o = threshold (b/ack).
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colon cancer can benefit from neoadjuvant
chemotherapy with resultant lower tumor
stages, fewer positive lymph nodes, and few-
er positive resection margins [6]. CT colo-
nography has been found feasible for pre-
operative local staging of higher-risk colon
cancers for which neoadjuvant chemothera-
py is more suitable on the basis of the FOx-
TROT trial criteria [26]. These findings sug-
gest that many patients would have been
treated with neoadjuvant chemotherapy if the
diagnosis of metastatic LNs had been made
according to preoperative DECT quantitative
parameters. As such, these patients would
benefit from the better planning of optimal
therapy. Of note is that a single DECT pa-
rameter, normalized PVP Z ., had high diag-
nostic accuracy (84.8%) for the detection of
regional LN metastasis. When PVP Z . was
combined with HAP NIC, the diagnostic ac-
curacy further increased to 87.1%. These re-
sults suggest that PVP and HAP imaging
data both are useful for detecting metastat-
ic LNs by use of DECT parameters. In ad-
dition, a complete preoperative evaluation of
patients with colon cancer includes not only
staging of the primary tumor but also CT
evaluation of distant metastases in the liver
[22]. Thus, a multiphase scanning protocol
is still needed for preoperative DECT of pa-
tients with CRC.

There were several limitations to our
study. First, unlike in a previous study [22],
in our study mesenteric LNs were not di-
vided into three regions according to their
anatomic distribution. Only radiologically-
pathologically matched LNs were included
for assessment of DECT parameters. Further
studies are needed to test the performance of
DECT parameters in the preoperative diag-
nosis of LN metastasis in different mesen-
teric regions. Second, because our study fo-
cused on the N status of CRC, T and M status
were not assessed at DECT. Previous studies
have already shown that CT has good diag-
nostic accuracy for T categorization of colon
cancers [0, 10, 25]. In particular, preopera-
tive staging CT is accurate for differentiat-
ing tumors confined to the bowel wall from
those invading beyond the muscularis pro-
pria [7-12].

Conclusion

Our study results showed that multiple
DECT parameters can be used to differenti-
ate metastatic from nonmetastatic LNs in pa-
tients with CRC. Most of the DECT parame-
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ters have higher diagnostic accuracy than the
conventional size criteria. Combined assess-
ment of HAP NIC and normalized PVP Z
can increase preoperative diagnostic accura-
cy in evaluation for metastatic LNs.
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