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Background: The aim of the present study was to investigate the potential risk factors for lymph node
metastasis (LNM) in rectal cancer using magnetic resonance imaging (MRI), and to construct and validate a
nomogram to predict its occurrence with node-for-node histopathological validation.

Methods: Our prediction model was developed between March 2015 and August 2016 using a prospective
primary cohort (32 patients, mean age: 57.3 years) that included 324 lymph nodes (LNs) from MR images with
node-for-node histopathological validation. We evaluated multiple MRI variables, and a multivariable logistic
regression analysis was used to develop the predictive nomogram. The performance of the nomogram was
assessed with respect to its calibration, discrimination, and clinical usefulness. The performance of the nomogram
in predicting LNM was validated in an independent clinical validation cohort comprising 182 consecutive patients.
Results: The predictors included in the individualized prediction nomogram were chemical shift effect
(CSE), nodal border, short-axis diameter of nodes, and minimum distance to rectal cancer or rectal wall. The
nomogram showed good discrimination (C-index: 0.947; 95% confidence interval: 0.920-0.974) and good
calibration in the primary cohort. Decision curve analysis confirmed the clinical usefulness of the nomogram
in predicting the status of each LN. For the prediction of LN status in the clinical validation cohort by
readers 1 and 2, the areas under the curves using the nomogram were 0.890 and 0.841, and the areas under
the curves of readers using their experience were 0.754 and 0.704, respectively. Diagnostic efficiency was
significantly improved by using the nomogram (P<0.001).

Conclusions: The nomogram, which incorporates CSE, nodal location, short-axis diameter, and minimum
distance to rectal cancer or rectal wall, can be conveniently applied in clinical practice to facilitate the
prediction of LNM in patients with rectal cancer.
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Introduction

Colorectal cancer is one of the most common cancers
worldwide, and in almost one-third of cases, the lesions
occur in the rectum. The outcomes of patients with
rectal cancer have improved significantly within the
past 2 decades thanks to the development of multimodal
therapeutic interventions (1). Lymph node (LN) staging is
critical for therapeutic decision-making and predicting the
prognosis of patients with rectal cancer. According to the
National Comprehensive Cancer Network guidelines (2),
it is recommended that patients with T1-2NOMO rectal
cancer undergo endoscopic mucosal resection or total
mesorectal excision (T'ME). However, if the possibility of
LN metastasis (LNM) exists, it is suggested that patients
receive neoadjuvant chemoradiotherapy (nCRT), which
is associated with a high incidence of adverse events and
side-effects (e.g., radiation-induced injury, hematological
toxicities, and long-term bowel dysfunction) (3-5).

Magnetic resonance imaging (MRI) has excellent soft
tissue resolution and is widely regarded as the optimal
non-invasive imaging tool for staging rectal cancer (6-9).
Despite numerous efforts, the pre-treatment staging of
LNs remains challenging (10-12). Size is of limited value
in defining node-positive status, because LN enlargement
can be caused by inflammation or reactive hyperplasia,
while small LNs may contain metastatic tumor cells (10,13).
Morphological features, such as nodal borders or an internal
signal (IS) pattern, are reported to be possible predictive
factors of LNM (14,15), but their predictive value remains
controversial due to being observer dependent (10,16).

F-18 fluorodeoxyglucose (FDG) positron emission
tomography/computed tomography (PET/CT) has been
found to be useful for the preoperative staging of rectal
cancer by revealing metabolic information of the lesion
(17,18). However, F-18 FDG PET/CT also shows low
sensitivity for the detection of LNM because of the partial
volume effect, which spills out of the radioactive material
into the background of lesions <10 mm in size, leading
to underestimation of the true standardized uptake value
(19,20).

Zhang er al. reported the chemical shift effect (CSE)
along the border of LNs in MRI to be a potential
predictor for distinguishing benign from metastatic LNs
in a preliminary study with a small sample size (21). In
that study, however, approximately one-third of small
benign nodes had an absence of CSE, and these nodes
were difficult to distinguish from metastatic nodes based
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on CSE. Therefore, this variable alone was not sufficient
to differentiate metastatic LNs from benign LNs with
confidence.

The aim of the present study was to investigate MRI
variables that are potentially associated with metastasis, and
to construct a risk-stratification nomogram with node-for-
node histopathological validation of MR images. We also
compared the predictive accuracy of the nomogram and
subjective radiologist assessments, which are usually based
on the predictors of nodal size, border, or IS, for nodal
staging.

Methods
Patients and study design

The present prospective study was conducted on a primary
cohort of patients (32 patients; 17 males and 15 females;
mean age: 57.3 years; age range, 43-77 years) between
March 2015 and August 2016. The inclusion criteria were as
follows: (I) diagnosis of rectal cancer by endoscopic biopsy
and upcoming TME; (I) no history of anticancer therapy;
and (IIT) no contraindications for MRI. The exclusion
criteria were as follows: (I) patient received nCRT rather
than direct surgery; or (II) patient underwent incision of the
rectal specimen after TME.

An independent cohort of patients (182 patients; 122
males and 60 females; mean age: 58.1 years; age range,
21-84 years) who met the inclusion criteria was enrolled
for clinical validation of the nomogram between September
2016 and June 2019. The inclusion criteria were as
follows: (I) diagnosis of rectal cancer; (II) TME with no
prior treatment before surgery; and (III) availability of
preoperative MRI within 2 weeks prior to surgery.

The trial was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study
was approved by the institutional ethics committee (No.
NCC2015ST-27). Written informed consent was obtained
from all primary cohort participants, and the requirement
for consent was waived for participants in the validation
cohort.

MRI acquisition

MRI was performed on a 3.0T system (Discovery MR
750; GE Healthcare, Waukesha, WI, USA) that utilized an
8-element, phased-array, wrap-around surface coil. Patient
preparation protocols together with MRI acquisition and

Quant Imaging Med Surg 2021;11(6):2586-2597 | http://dx.doi.org/10.21037/qims-20-1049



2588

Liu et al. Nomogram to predict LNM in rectal cancer

Figure 1 Metastatic lymph node harvested from a 62-year-old woman (white arrows). (A) Oblique axial T,-weighted iz vivo magnetic

resonance (MR) image; (B) T,-weighted ex vivo MR image; (C) whole-mount histological section.

protocols are described in Supplementary Appendix S1.

Imaging analyses for the primary cobort

MR images were reviewed by consensus by two radiologists
to identify each mesorectal LN. The two radiologists
independently evaluated the morphological factors,
including nodal location, CSE, border, IS, and signal
intensity (SI). Quantitative variables, including nodal size
and minimum distance from the node to the rectal cancer
or rectal wall (MinDR), were evaluated in consensus and
measured precisely by the more experienced radiologist.
Both radiologists were blinded to the clinical and
histological results. All the variables are described in detail
in Supplementary Appendix S2.

Specimen MRI and histopathological evaluation for the
primary cobort

TME surgery and histological evaluation were carried out
by a specialized surgeon and a dedicated pathologist with
more than 20 years of experience in colorectal oncology
and gastrointestinal pathology, respectively. Each resected
specimen was initially fixed in formalin for 24 hours, and the
circumferential resection plane was inked. The specimen
was subsequently examined using MRI with the same
preoperative protocols. After the ex vivo MRI examination,
each specimen was transversely sliced perpendicular to
the rectal lumen at intervals of 3 mm. The sections were
then stained with hematoxylin-eosin, and the status of
each LN was categorized as benign or metastatic via light
microscopic examination.

Slices were compared with iz vivo and ex vivo MR
images to obtain a precise slice-for-section match. The
slice and location of each LN were matched with the
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corresponding MR image (when visible) to enable a node-
for-node comparison (Figure I). On the basis of Lambregts
et al’s study, special attention was paid to the size and
position of the nodes in relation to the tumor, rectal wall,
mesorectal fascia, small blood vessels, and adjacent LNs (22).
Although the specimen MRI was used for nodal validation
of in vivo MRI and histopathology, it was not used for the
characteristic evaluation of the nodes.

The LNs on preoperative MRI, which were exactly
matched with histopathological results, were classified as
benign or metastatic. The MR parameters were analyzed
statistically and incorporated to build the predictive
nomogram.

Evaluation of LN staging for the clinical validation cobort

LN staging for the clinical validation cohort was evaluated
independently by two experienced radiologists (readers 1
and 2). First, the two readers evaluated the LN staging of
each patient according to their daily experience, generally
on the basis of the predictors of size, border, and IS of
the LNs, as recommended by the European Society of
Gastrointestinal and Abdominal Radiology (23). Two
weeks later, the 182 cases were reordered, and the readers
were trained to cognize the nomogram and reassess LN
staging based on the nomogram. The detailed approach
was as follows. First, the cut-off value for the differentiation
of benign and metastatic nodes was obtained from the
nomogram that was developed using the prospective
cohort. Second, to acquire the total points of each LN, the
readers evaluated the LNs of each patient according to the
nomogram. LNs with total points lower or higher than
the cut-off value were categorized as benign or metastatic
nodes, respectively. Finally, the LN stage of each patient
was decided based on the number of evaluated metastatic
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nodes (e.g., NO, N1, or N2) according to the 8th edition of

the American Joint Committee on Cancer staging system.

Statistical analysis

To investigate the risk factors for LNM in the primary
cohort, the significance of each variable was assessed
using a univariable analysis. According to the results of a
test for normal distribution, the associations between the
continuous variables and LNM were assessed using the
t-test or the Mann-Whitney U-test. Categorical and ordinal
variables were assessed using the y’ test or Fisher’s exact
test. P<0.05 was considered to be statistically significant.
Interobserver agreement between the two radiologists
who evaluated the primary cohort was quantified by kappa
statistics as follows: <0.20, slight; 0.21-0.40, fair; 0.41-0.60,
moderate; 0.61-0.80, substantial; and >0.80, almost perfect
reproducibility.

All variables found to be associated with LNM at P<0.1
in the univariable analysis were included in the multivariable
logistic analysis. Backward stepwise selection was applied
with Akaike’s information criterion as the stopping rule.
A nomogram was formulated based on the results of the
multivariable logistic regression analysis to predict the
status of each LN in the primary cohort.

"The calibration curve, which was obtained by plotting the
actual LNM probability against the nomogram-predicted
LNM probability, was used to assess the calibration of the
nomogram in the primary cohort. The Hosmer-Lemeshow
test was used to assess the goodness of fit of the calibration
curve (a significant test statistic implies that the nomogram
does not perfectly calibrate) (24). Harrell’s C-index was
measured to quantify the discriminatory performance
of the nomogram, and the nomogram was subjected to
bootstrapping validation (1,000 bootstrapping resamples) to
achieve a relatively corrected C-index.

To assess the clinical usefulness of the nomogram for
predicting the status of each LN in the primary cohort, a
decision curve analysis (DCA) was conducted by calculating
the net benefits at different threshold probabilities (25).

To verify the clinical usefulness of the nomogram for
predicting LN staging on a per-patient basis, the results of
LN staging based on the radiologists’ experience and the
nomogram were compared with histopathological findings
in the clinical validation cohort. The optimal cut-off value
for the differentiation of benign and metastatic nodes was
determined based on the Youden index. The sensitivity,
specificity, and accuracy of the nomogram for LN staging
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were calculated, and the area under the curve (AUC) was
used to assess its diagnostic performance. The Delong
method was applied to compare the AUCs. Statistical
analyses were conducted with R version 3.6.1 (http://www.
Rproject.org).

Results
Study coborts

A total of 51 consecutive patients with rectal cancer
underwent preoperative MRI. Nineteen patients were
excluded from the study because they received nCRT (n=13)
or the surgeons performed a longitudinal incision of the
specimen after surgery (n=6). Finally, 32 patients (17 males
and 15 females; mean age: 57.3 years; age range, 43-77 years)
were recruited and included in the primary cohort. The
interval between preoperative MRI and TME was less than
2 weeks (mean days: 5 days; range, 2-12 days).

A total of 523 nodes from the 32 patients (22+3 nodes
per patient; range, 7-40) were harvested. Forty-nine nodes
in ten patients were metastatic, and 474 nodes were benign.
Among the 523 nodes in total, 324 were matched exactly
with the nodes on MR images, and 199 nodes could not be
matched. These 199 nodes, including 7 metastatic nodes,
were excluded from the following analyses. The remaining
324 nodes (42 metastatic and 282 benign) were collected for
the node-by-node evaluation.

Univariable analysis

Table 1 summarizes the results of the univariable analysis that
was used to identify the MR parameters for predicting LNM.
Nodal location, CSE, border, IS, SI, short-axis diameter (SD),
and MinDR were significantly different between benign and
metastatic LNs (P<0.05); thus, these factors were included in
the multivariable logistic regression analysis.

A total of 95.2% (40/42) of the metastatic LNs and
62.4% (176/282) of the benign LNs were located ipsilateral
to the primary tumor (P<0.001). A total of 97.6% (41/42)
of the metastatic LNs showed an irregular or absent CSE,
while 72.3% (204/282) of the benign LNs showed a regular
CSE along the border (P<0.001) (Figure 2).

Interobserver agreement

The kappa values for interobserver agreement were 0.931
(nodal location), 0.787 (CSE), 0.629 (border), 0.577 (IS),
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Table 1 Comparison of variables for differentiating between metastatic and benign lymph nodes (LNs) using univariable analysis

Variables Metastatic LNs (n=42) Benign LNs (n=282) P value
Nodal location, n (%) <0.001"
Ipsilateral and at tumor height 24 (57.1) 77 (27.3)
Ipsilateral and outside tumor height 16 (38.1) 99 (35.1)
Contralateral and at tumor height 1(2.4) 29 (10.3)
Contralateral and outside tumor height 1(2.4) 77 (27.3)
CSE, n (%) <0.001*
Regular 1(2.4) 204 (72.3)
Irregular 8 (19.0) 33 (11.7)
Absent 33 (78.6) 45 (16.0)
Border, n (%) <0.001*
Well defined 14 (33.3) 211 (74.8)
Poorly defined 28 (66.7) 71 (25.2)
Internal signal pattern (n) 0.023*
Homogenous 18 (42.9) 173 (61.3)
Heterogenous 24 (57.1) 109 (38.7)
Signal intensity, n (%) <0.001"
Hyperintensity 14 (33.3) 201 (71.3)
Isointensity 18 (42.9) 55 (19.5)
Hypointensity 10 (23.8) 26 (9.2)
SD (mm), median (IQR) 3.000 (1.000) 3.000 (2.000) 0.026°
LD (mm), median (IQR) 4.000 (2.250) 4.000 (2.000) 0.161%
S/L ratio, median (IQR) 0.840 (0.155) 0.820 (0.190) 0.166°
MinDR (mm), median (IQR) 7.500 (8.250) 9.000 (9.000) 0.016°

T Fisher's exact test; ¥, ¥* test; ¥, Mann-Whitney U-test. unless otherwise indicated, data are presented as numbers of LNs (percentages).
CSE, chemical shift effect; IQR, interquartile range; LD, long-axis diameter; MinDR, minimum distance to rectal cancer or rectal wall; SD,

short-axis diameter; S/L, short- to long-axis diameter ratio.

and 0.581 (S).

Multivariable analysis and nomogram development

Results from the multivariable logistic regression analysis
revealed that nodal location, CSE, SD, and MinDR were
independent risk factors for LNM (7azble 2). A model
incorporating the above independent factors was developed
and presented as a nomogram, and a web-based calculator
was also developed (Figure 3). The web-based calculator
is available at https://rectalcancernom.shinyapps.io/
DynNomapp/.
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The calibration curve of the nomogram evidenced good
agreement between the LNM rates that were predicted
by the nomogram and the actual probabilities of LNM in
the primary cohort (Figure 4). The Hosmer-Lemeshow
test yielded a non-significant statistical result (P=0.911),
suggesting that there was no departure from the perfect
fit. The calibration curve and a non-significant Hosmer-
Lemeshow test result indicated good calibration of the
nomogram. The C-index for the nomogram was 0.947 [95%
confidence interval (CI): 0.920-0.974] in the primary cohort
and was confirmed to be 0.931 via 1,000 bootstrapping
validation, revealing good discrimination of the nomogram.
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CSE: regular

CSE: irregular

CSE: absent

Figure 2 Three subtypes of chemical shift effect (CSE) on T,-weighted images (white arrows). (A) Regular CSE; CSE at the border of

lymph node is complete and smooth. (B,C) Irregular CSE; CSE at the border of the lymph node is irregular, incomplete, or interrupted. (D)

Absent CSE; CSE at the border of the lymph node is absent.

Table 2 Risk factors for lymph node metastasis in rectal cancer

Variable B QOdds ratio (95% Cl) P value
Location
Ipsilateral and at tumor height - 1.000 -
Ipsilateral and outside tumor height -0.500 0.606 (0.222, 1.604) 0.318
Contralateral and at tumor height -2.435 0.088 (0.004, 0.581) 0.033
Contralateral and outside tumor height -2.698 0.067 (0.003, 0.414) 0.016
CSE
Regular - 1.000 -
Irregular 4.195 66.381 (10.076, 1,357.976) <0.001
Absent 5.859 350.435 (55.849, 7,441.252) <0.001
SD 0.632 1.881 (1.277, 3.008) 0.004
MinDR -0.103 0.902 (0.814, 0.990) 0.038

Cl, confidence interval; CSE, chemical shift effect; MinDR, minimum distance to rectal cancer or rectal wall; SD, short-axis diameter.

The result of the DCA for the nomogram is presented in
Figure 5. The DCA showed that the proposed nomogram
for predicting LNM was advantageous over the treat-all-
nodes scheme or the treat-none scheme when the threshold
probability ranged from 0% to 100%. This finding
indicated that the nomogram had a good performance with
respect to clinical application.

Validation of the nomogram

The results of LN staging for the 182 clinical validation
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cohort patients are listed in 7azble 3. The accuracy of
readers 1 and 2 for predicting LN staging based on their
experience was 67.6% and 57.7%, respectively, compared
with an accuracy of 80.2% and 76.4%, respectively, when
using the nomogram. On this basis, the LN status of each
patient was classified as positive or negative. The predictive
efficacy of each reader is shown in 7able 4. For readers
1 and 2, the AUCs for predicting LN status based on
experience were 0.754 (95% CI: 0.692-0.816) and 0.704
(95% CI: 0.637-0.770), respectively, and the AUCs when
using the nomogram were 0.890 (95% CI: 0.844-0.936) and
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A magnetic resonance imaging (MRI)-based nomogram for predicting lymph node
metastasis in rectal cancer: a node-for-node comparative study of MRI and
histopathology
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Figure 3 Nomogram and corresponding online calculator for predicting lymph node (LN) status. The nomogram incorporates nodal
location, chemical shift effect, short-axis dimension, and minimal distance to rectal cancer or rectal wall. To use the nomogram, an individual
LN value is located on each variable axis, and a line is drawn upward to determine the number of points received for each variable value.
The sum of these numbers is located on the total points axis, and a line is drawn downward to the LN status axis to determine the likelihood
of LN status. The online tool is available at https://rectalcancernom.shinyapps.io/DynNomapp/. Location 1, ipsilateral and at tumor height;
location 2, ipsilateral and outside tumor height; location 3, contralateral and at tumor height; and location 4, contralateral and outside tumor
height.
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Figure 4 Calibration curve of the nomogram. Calibration curve
depicts the calibration of the nomogram in terms of the agreement
between the predicted lymph node (LN) metastasis risk and the
actual pathological LN outcomes. Y-axis represents the actual LN
metastasis (LNM) rate, and the x-axis represents the predicted
LNM risk. Green line represents a perfect prediction by an ideal
model. Blue line represents the predictive performance of the
nomogram, and a closer fit to the green line represents a better

prediction.

0.841 (95% CI: 0.787-0.894), respectively. Therefore, the
AUC:s based on the nomogram were significantly greater
than those based on reader experience (P<0.001) for both
readers.

Discussion

MRI is an essential diagnostic tool for rectal cancer staging;
however, currently, it has only moderate accuracy for
predicting LNM in patients with rectal cancer (5,26-28).
"This is a significant shortcoming considering the implications
of inaccurate treatment selection and prognosis (13).
Current debates surrounding LNM focus on the following
aspects (7,14,29): (I) the optimal nodal size cut-off for
predicting LN status; (II) whether the border or the IS of
nodes represents an independent risk factor for metastasis;
and (III) whether risk factors other than size are important
parameters.

We developed an easy-to-use nomogram for the
preoperative individualized prediction of LNM in patients
with rectal cancer and validated the nomogram in a clinical
validation cohort. The nomogram incorporated CSE
(with the highest weighting), nodal location, SD, and
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Figure 5 Decision curve analysis (DCA) for the nomogram. Y-axis
measures the net benefit, and the x-axis represents the threshold
probability. Red line represents the predictive nomogram. Gray
line represents the assumption that all lymph nodes (LNs) are
metastatic. Black line represents the assumption that no LNs are
metastatic. Threshold probability refers to the point at which the
expected benefit of treatment is equivalent to the expected benefit
of avoiding treatment. For instance, if the possibility of metastasis
of an LN is over the threshold probability, then a treatment
strategy for LN metastasis (LNM) should be adopted. DCA in the
primary cohort showed that if the threshold probability is between
0 and 1.0, using the nomogram to predict LNM is more beneficial

than either the treat-all-nodes scheme or the treat-none scheme.

MinDR. The predictive accuracy of LN staging using the
nomogram was statistically superior to that based on only
the experiences of the radiologists.

In the present study, more than two-thirds of benign
LNs showed a regular CSE at the edge; however, only 1 of
the 42 metastatic LNs exhibited a regular CSE at the edge.
Therefore, we concluded that CSE was an important factor
for differentiating between benign and metastatic nodes.

CSE is known to be caused by Larmor frequency shifts
in water and fat protons. It emerges as a black border at
1 fat-water interface and a bright border at the opposite
interface. For benign LN, the fat-water interface is formed
by the lymph fluid in the subcapsular sinus and the fat in
the mesorectum. However, in metastatic LN, infiltration
of tumor cells initially occurs via the afferent lymphatic
vessels into the subcapsular sinus, and the junction between
the afferent lymphatic vessels and the subcapsular sinus is
the most common place for the gathering of tumor foci.
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Table 3 Results of lymph node staging by readers
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Histopathology (n)

Readers Staging Sensitivity Specificity Accuracy
0 (n=89) 1 (n=56) 2 (n=37)
R1 experience 0 73 21 8 0.820 0.688 0.676
1 16 33 12 0.589 0.778
2 0 2 17 0.459 0.986
R1 nomogram 0 78 7 2 0.876 0.903 0.802
1 10 47 14 0.839 0.810
2 1 2 21 0.568 0.979
R2 experience 0 64 21 8 0.719 0.688 0.577
1 24 29 17 0.518 0.675
2 1 6 12 0.324 0.952
R2 nomogram 0 75 12 3 0.843 0.839 0.764
1 12 42 12 0.750 0.810
2 2 2 22 0.595 0.972
R1, reader 1; R2, reader 2.
Table 4 Predictive efficacy for discriminating positive and negative lymph nodes
Readers AUC Sensitivity Specificity PPV NPV
R1 experience 0.754 0.688 0.820 0.800 0.716
R1 nomogram 0.890 0.903 0.876 0.884 0.897
R2 experience 0.704 0.688 0.719 0.719 0.688
R2 nomogram 0.841 0.839 0.843 0.848 0.833

AUC, area under the curve; NPV, negative predictive value; PPV, positive predictive value; R1, reader 1; R2, reader 2.

Therefore, the original fat-water interface is destroyed by
tumor invasion (30-32). In the present study, CSE showed
excellent sensitivity for defining metastatic LNs. However,
it should be noted that 27.7% of benign LNs showed
an irregular or absent CSE, and therefore, may mimic
metastatic LNs. The restriction of spatial resolution likely
affects the observation of CSE in some nodes, especially
small ones (21).

In the present study, the majority of metastatic nodes
were located ipsilateral to the primary tumor. Furthermore,
nodes that were close to the primary tumor or the rectal
wall were more likely to be involved. This result is
consistent with reports on the nodal drainage pathway
(33,34).

Nodal size was incorporated into the nomogram with
a relatively low weighting. A node with a larger SD was
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more likely to be metastatic. Nodal size is more effective
as a weighting factor than the nodal size cut-off value for
determining LN status. However, previous studies have
reported that an SD >9 mm could be considered as a
relatively reliable morphological criterion for predicting
LNM (13,23). In our study, two LNs with SD >9 mm were
detected in the primary cohort, and both were found to be
metastatic.

The findings of our univariable analysis indicated that
the nodal border, IS, and SI were significant factors for
predicting LN status. However, these variables lost their
predictive potential in the multivariable logistic regression
analysis. In the present study, it was observed that a regular
CSE usually appeared at the well-defined border of the
LNs. This may, in part, be the reason why the border was
excluded in the multivariable analysis. Prediction of the
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IS and SI of LNs was partly influenced by the subjective
judgment of the readers with only moderate interobserver
reproducibility (kappa value =0.577 and 0.581, respectively),
which proved that IS and SI were not optimal predictors for
clinical practice.

Considering that the purpose of constructing the
nomogram was to improve the diagnostic accuracy of LN
staging for patients with rectal cancer in clinical practice,
clinical validation was performed in the present study, to
verify the performance of the nomogram for predicting the
LN staging of each patient instead of predicting the status
of each LN. Moreover, in the clinical setting, radiologists
usually predict LN staging on the basis of the size, border,
or IS of the LNs. For clinical validation of the nomogram,
we compared its predictive efficacy with the predictive
efficacy of using the radiologists’” experience. The results
suggested that the nomogram, which is more objective and
precise, can significantly improve diagnostic accuracy in
daily clinical practice.

Among cases of incorrectly predicted LN staging in the
present study, a lot of cases were under-staged, either based
on the nomogram or radiologist’s experience. Some small
LNs were easily missed on MRI, despite thin slice thickness
and high spatial resolution being applied. This phenomenon
appeared particularly in low rectal cancer, located in a
relatively narrow space with minimal mesorectal fat (7,35).
For such cases, other information, such as primary tumor
staging or mesorectal fascia status, may facilitate LN
staging.

There were some limitations to our study. First,
the nomogram was established based on data obtained
from a single institution. Second, some patients who
were diagnosed with locally advanced rectal cancer on
preoperative MRI underwent direct surgery because of
under-staged or refused to accept nCRT in our study.
Third, due to the limitation of the 3-mm slice thickness
for T2-weighted imaging, quite a few nodes <3 mm could
not be detected by MRI, including 7 of 199 (3.5%) nodes
with metastasis. Furthermore, water loss at the edge of the
resected specimen led to the reduction of the mesorectal
signal, and some LNs showed isointensity on T2-weighted
imaging compared with mesorectal fat. Although diffusion-
weighted imaging was also performed for the resected
specimen in the present study, it was still difficult to
identify these nodes. Assessment of LN status using our
nomogram was done based on visual evaluation; therefore,
nodes with metastasis that could not be detected by MRI
may be missed. Quantitative image analysis techniques,
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such as machine learning, may have the potential to further
improve the predictive ability of LN status. Fourth, the
number of metastatic LNs in the primary cohort was
relatively low compared with the number of benign LN, as
it is usually recommended that patients with distinct LNM
on pretreatment MRI receive nCRT rather than surgery.
Fifth, tumor deposits were not assessed in the study. Sixth,
the best validation for the present study was performed
using both node-by-node analysis and per-patient analysis.
In the clinical validation cohort, histological whole-mount
specimens were not assessed, and the status of each specific
LN could not be defined. Therefore, a node-by-node
validation was not performed in the present study. Despite
these limitations, when the nomogram was used to predict
preoperative LN staging, we demonstrated that it increased
the diagnostic efficiency compared to subjective assessments
performed by skilled radiologists. Objective evaluation
tools, such as our nomogram, are needed in the clinical
settings to achieve exact LN staging to guide individualized
treatment. In the future, multicenter studies with a larger
sample size should be conducted to verify the diagnostic
performance of the nomogram.

In conclusion, in the present study, we have proposed
a nomogram that incorporates CSE, a new risk factor,
and assigns it the highest weighting. The nomogram
also includes the predictors of nodal location, SD, and
MinDR of LNs. Overall, our findings demonstrate that this
nomogram can be conveniently used in the clinical setting
to facilitate the prediction of LNM in patients with rectal
cancer.
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Supplementary

Supplementary Appendix S1
Patient preparation for magnetic resonance imaging (MRI)

Patients underwent rectal cleansing using 10 mL of glycerin enema to avoid possible misinterpretation due to residual stool,
and 10 mg of raceanisodamine hydrochloride was intramuscularly injected 20-30 minutes before MRI to reduce intestinal
peristalsis or rectal spasm, except in patients who had contraindications, such as intracranial hypertension, serious heart
disease, glaucoma, or prostatic hypertrophy. A total of 50 mL of ultrasound gel was inserted into the rectal vault of each
patient prior to examination.

MR image acquisition

Oblique axial, sagittal, and coronal non-fat saturated T,-weighted fast-spin echo images were obtained orthogonal or parallel
to the long axis of rectal cancer. Pelvic axial T-weighted imaging, T,-weighted sequence with fat saturation, and diffusion-
weighted imaging were also performed to facilitate the detection of lymph nodes. A contrast-enhanced 3D T'-weighted
gradient-echo sequence was acquired following intravenous administration of gadolinium-based contrast medium. Details of
the protocols are listed in 7ible S1.

Table S1 Protocols for the magnetic resonance imaging sequences

Protocol sequence TR (ms) TE (ms) FOV (mm) Matrix Bandwidth (kHz) NEX ETL Slice thickness (mm) Intersection gap (mm)

Axial T2WI 4,800 115 160 256x320 41 4 21 3 0

Sagittal T2WI 4,800 115 240 256x320 41 4 21 4 0.4
Coronal T2WI 4,800 115 240 256x320 41 4 21 4 0.4
TIWI 560 Min 340 288x224 41 2 4 5 0.5
T2WI/FS 5,700 85 340 288x224 31 2 21 5 0.5
DWI (b=0, 1,000) 2,300 Min 340 128x160 250 2 NA 5 0.5
CE-T1WI 3.4 1.6 300 288x224 125 1 NA 3 0

CE, contrast-enhanced; DWI, diffusion-weighted imaging; ETL, echo train length; FOV, field of view; FS, fat saturation; NA, not available;
NEX, number of excitations; TE, echo time; TR, repetition time; T1WI, T,-weighted imaging; T2WI, T,-weighted imaging.
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Supplementary Appendix S2
Detuails of imaging analyses for the primary cobort

Oblique axial T,-weighted imaging (T2WI) was used as the main sequence for evaluation. When a lymph node (LN) could
not be discriminated clearly, other sequences such as sagittal, coronal T2WI, or diffusion-weighted imaging were used for
assistance.

Nodal location

Nodal location was classified into the following four subtypes according to the position of nodes and primary rectal cancers:
(D) ipsilateral and at tumor height; (II) ipsilateral and outside tumor height; (III) contralateral and at tumor height; and (IV)
contralateral and outside tumor height.

Chemical shift effect (CSE)

CSE at the edge of nodes was categorized into the following three subtypes based on the presence and aspect of CSE:
(I) regular CSE; CSE at the LN border is complete and smooth; (II) irregular CSE; CSE at the LN border is irregular,
incomplete, or interrupted; and (IIT) absent CSE; CSE at the LN border is absent.

Borders

The borders of nodes were classified as well or poorly defined. Well-defined border indicated that the border of the node was
regular and smooth; poorly defined border indicated that the border of the node was indistinct, lobulated, or spiculated (Figure
SI).

Internal signal (IS) pattern and signal intensity (SI)

The IS was categorized as homogeneous or heterogeneous (Figure S2). The SI of nodes was classified as hypointensity,
isointensity, or hyperintensity on T2WI compared with that of the nearby rectal wall (Figure S3). The signal from the major
areas of the node that were heterogeneous was evaluated as the nodal SI.

Long- and short-axis diameters
The long- and short-axis diameters of each LN were measured in millimeters, and the ratio of the short- to long-axis
diameter was calculated.

Minimum distance to rectal tumor or rectal wall
If the rectal tumor and the ipsilateral node were at the same height, the minimum distance from the node to the outer border
of the tumor was recorded. Otherwise, the minimum distance from the node to the rectal wall was measured and recorded on

oblique axial T2WI.
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Figure S2 Internal signal (IS) pattern of nodes on T,-weighted images (white arrows). (A) Signal from the major areas of the node is
heterogeneous; (B) signal from the major areas of the node is homogeneous.

Figure S3 Three subtypes of signal intensity on T),-weighted images (white arrows). (A) Hypointensity; (B) isointensity; (C) hyperintensity.
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