
© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2021;11(5):1805-1816 | http://dx.doi.org/10.21037/qims-20-659

Original Article

Preoperative volumetric synthetic magnetic resonance imaging of 
the primary tumor for a more accurate prediction of lymph node 
metastasis in rectal cancer

Li Zhao1, Meng Liang1, Zhuo Shi1, Lizhi Xie2, Hongmei Zhang1, Xinming Zhao1

1Department of Diagnostic Radiology, National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of 

Medical Sciences and Peking Union Medical College, Beijing, China; 2GE Healthcare, Magnetic Resonance Research China, Beijing, China

Correspondence to: Hongmei Zhang; Xinming Zhao. Department of Diagnostic Radiology, National Cancer Center/National Clinical Research Center 

for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College, 17 Panjiayuan Nanli, Chaoyang District, 

Beijing 100021, China. Email: zhanghongmei1973@163.com; zhaoxinming@cicams.ac.cn.

Background: An accurate assessment of lymph node (LN) status in patients with rectal cancer is important 
for treatment planning and an essential factor for predicting local recurrence and overall survival. In this 
study, we explored the potential value of histogram parameters of synthetic magnetic resonance imaging 
(SyMRI) in predicting LN metastasis in rectal cancer and compared their predictive performance with 
traditional morphological characteristics and chemical shift effect (CSE).
Methods: A total of 70 patients with pathologically proven rectal adenocarcinoma who received direct 
surgical resection were enrolled in this prospective study. Preoperative rectal MRI, including SyMRI, 
were performed, and morphological characteristics and CSE of LN were assessed. Histogram parameters 
were extracted on a T1 map, T2 map, and proton density (PD) map, including mean, variance, maximum, 
minimum, 10th percentile, median, 90th percentile, energy, kurtosis, entropy, and skewness. Receiver 
operating characteristic (ROC) curves were used to explore their predictive performance for assessing LN 
status.
Results: Significant differences in the energy of the T1, T2, and PD maps were observed between LN-
negative and LN-positive groups [all P<0.001; the area under the ROC curve (AUC) was 0.838, 0.858, and 
0.823, respectively]. The maximum and kurtosis of the T2 map, maximum, and variance of PD map could 
also predict LN metastasis with moderate diagnostic power (P=0.032, 0.045, 0.016, and 0.047, respectively). 
Energy of the T1 map [odds ratio (OR) =1.683, 95% confidence interval (CI): 1.207–2.346, P=0.002] 
and extramural venous invasion on MRI (mrEMVI) (OR =10.853, 95% CI: 2.339–50.364, P=0.002) were 
significant predictors of LN metastasis. Moreover, the T1 map energy significantly improved the predictive 
performance compared to morphological features and CSE (P=0.0002 and 0.0485).
Conclusions: The histogram parameters derived from SyMRI of the primary tumor were associated with 
LN metastasis in rectal cancer and could significantly improve the predictive performance compared with 
morphological features and CSE.
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Introduction

Lymph node (LN) metastasis is an essential prognostic factor 
for overall survival (OS) in rectal cancer (1). Treatment 
strategies for rectal cancer patients are based on the risk 
stratification for local recurrence and distant metastasis, in 
which tumor, node, metastasis (TNM) staging is the main 
factor (2). Total mesorectal excision is usually considered 
for low-risk patients, while preoperative neoadjuvant 
chemoradiotherapy (nCRT) is recommended for high-
risk patients with locally advanced rectal cancer (2-4).  
Therefore, an accurate preoperative LN stage is crucial for 
treatment planning.

Magnetic resonance imaging (MRI) is the accepted 
standard method for preoperative local staging of rectal 
cancer (4). The most common criteria are the traditional 
morphological findings like short-axis diameter, shape, 
border, and signal intensity (5). However, these characteristics’ 
diagnostic accuracy and interobserver agreement 
remain challenging for evaluating LN metastasis (6).  
The chemical shift effect (CSE) at the border of normal 
LNs is valuable in identifying metastatic LNs; yet, up 
to 31.2% of small benign LNs with long-axis diameters  
<3 mm present with an absence of CSE (7). Previous studies 
have suggested that quantitative functional images could 
be useful for predicting metastatic LNs (8-11). Some of 
these studies have used a node-by-node approach to match 
the LNs on MRI (mrLNs) with the pathological specimen, 
which currently represents the major obstacle in nodal 
research (9), while others have focused on the relationships 
between the characteristics of the primary tumor and the 
LN (10,11).

Synthetic MRI (SyMRI) is a novel technology that can 
simultaneously generate multiple sequences in a single scan, 
including morphological images like T1-weighted imaging 
(T1WI), T2-weighted imaging (T2WI), and quantitative 
images of T1 map, T2 map, and proton density (PD) map. 
There have been some promising findings of SyMRI in 
brain, bone, articulatio, breast, etc. (12-16). A previous 
study suggested that the T2 value derived from a T2 map 
is valuable for identifying prostate cancer and could reflect 
the tumor aggressiveness (17). Another study reported that 
the T2 value in breast cancer responders was reduced after 
neoadjuvant chemotherapy (18).

Histogram parameters reflect the distribution of voxel 
gray-level intensity with good repeatability (19). Previous 
studies have shown that the primary tumor histogram 
parameters on T2WI, diffusion-weighted imaging (DWI), 

or contrast-enhanced MRI were associated with tumor 
response to nCRT, survival, histological grade, and LN 
metastasis in rectal cancer (20-23). To our knowledge, 
studies evaluating the relationship between histogram 
parameters derived from SyMRI of the primary tumor 
and regional LN metastasis in rectal cancer are scarce. 
Therefore, this study aimed to explore the potential value of 
histogram parameters derived from SyMRI of the primary 
tumor in predicting regional LN metastasis in rectal 
cancer and to compare their predictive performance with 
traditional morphological characteristics and CSE.

Methods

Participants

This prospective study was approved by the Institutional 
Review Board of the Cancer Hospital, Chinese Academy 
of Medical Sciences (NCC2019C-040), and informed 
consent was provided by all participants. A total of 131 
patients suspected of having rectal cancer between January 
2019 and November 2019 were recruited for this study. 
Patients with locally advanced rectal cancer usually receive 
nCRT in our hospital, except for some specific palliative 
situations. Inclusion criteria were as follows: (I) underwent 
preoperative rectal MRI examination including SyMRI 
within 4 weeks of their surgery, (II) without nCRT 
before the surgery, (III) histopathologically proven rectal 
adenocarcinoma. A total of 61 patients were excluded 
for the following reasons: (I) received nCRT before the 
surgery (n=38), (II) without treatment records at our 
hospital (n=14), (III) with other pathological types such as 
mucinous adenocarcinoma, neuroendocrine carcinoma, and 
melanoma (n=5), (IV) insufficient imaging quality (n=2), 
(V) time interval between MRI and surgery >4 weeks (n=2). 
Consequently, 70 patients were enrolled and allocated to 
LN-negative (LN–, pN0) and LN-positive (LN+, pN1–2) 
groups based on the pathological N stage. The flowchart of 
participants is shown in Figure 1.

Clinical and pathological characteristics

Clinical status included gender, age, carcinoembryonic 
antigen (CEA), and carbohydrate antigen 199 (CA199). CEA 
and CA199 thresholds were based on the normal ranges 
at our institution (0–5 ng/mL for CEA and 0–37 U/mL  
for CA199). The pathological characteristics of surgical 
specimens were assessed according to the 8th edition of the 
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American Joint Committee on Cancer (AJCC 8th) TNM 
staging system. In addition, the degree of differentiation, 
pathological T stage, N stage, and pathological extramural 
venous invasion (pEMVI) of the tumor were collected.

MRI protocol

The MRI was performed on a 3T scanner (Signa Pioneer, 
GE Healthcare, Milwaukee, WI, USA) using a phased 
array body coil. Before the examination, two glycerin 
enemas were routinely used to evacuate the bowels. The 
participants underwent endorectal filling with ultrasound 
transmission gel (60–100 mL) to highlight the tumor 
borders and antispasmodic medications (except those with 
contraindications) before conducting the MRI examinations. 
Consequently, oblique axial (angulated perpendicular to 
the long axis of the tumor), oblique coronal (angulated 
parallel to the long axis of the rectum), and sagittal T2-
weighted spin-echo sequences were acquired according to 
the following parameters: repetition time, 5,115, 5,912, 
5,062; echo time, 85.0, 98.8, 90.0; echo train length, 24, 32, 
24; slices, 24; slice thickness, 3.0 mm; spacing, 0.3; the field 
of vision (FOV), 18×18, 24×24, 24×24 cm; matrix, 320×224, 
320×256, 320×224; scanning time, 02:39, 02:40, 02:37. For 

SyMRI, a multi-dynamic multiecho (MDME) sequence 
with two echo times (19.5/97.3 msec) and four saturation 
delay times (210/610/1,810/3,810 msec) was used. The 
acquisition parameters of the oblique axial MDME 
sequence were as follows: repetition time/echo time, 
4,000/19.5 msec; flip angle, 90°; echo train length, 16; slices, 
24; slice thickness, 3.0 mm; spacing, 0.3; FOV, 24×24 cm;  
matrix, 320×256; total scanning time, 4 min and 32 s. All 
sequences were obtained during free breathing.

Imaging analysis

Two radiologists with 5 and 10 years of experience in 
rectal imaging, who were blinded to the pathological 
data, evaluated the MR images, including tumor location, 
maximum tumor length (MTL), circumferential percentage 
(CP) of the intestinal lumen, T stage, EMVI, and LN 
status. All these features were evaluated using T2-weighted 
spin-echo sequences. Tumor location was defined by the 
distance from the inferior part of the tumor to the anal 
verge on sagittal T2WI (lower rectum, <5 cm; middle 
rectum, 5–10 cm; and upper rectum, >10 cm). The MTL 
was obtained from the slice with the maximum longitudinal 
length of the tumor on sagittal T2WI. The CP was assessed 

Figure 1 Flowchart of the enrolled patients. SyMRI, synthetic magnetic resonance imaging; LN, lymph node.

131 patients suspected of having rectal cancer who underwent preoperative pelvic 

MRI examination including SyMRI between 

November 2018 and November 2019 

LN-negative group 

(n=47) 

LN-positive group 

(n=23) 

Enrolled patients (n=70)

Exclusion

(I) Who received neoadjuvant treatment before the surgery (n=38)

(II) Without treatment records in our hospital (n=14)

(III) With other pathological types, such as mucinous adenocarcinoma, 

neuroendocrine carcinoma, and melanoma (n=5)

(IV) With insufficient imaging quality (n=2)

(V) With a time interval between MRI and surgery longer than 4 weeks 

(n=2)
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at the slice showing the largest tumor on oblique axial 
T2WI according to the percentage of circumferential tumor 
invasion in the rectal wall and was divided into four groups 
(group 1, <1/4; group 2, 1/4–1/2; group 3, 1/2–3/4; group 
4, >3/4). The T stage on MRI (mrT stage) and EVMI on 
MRI (mrEMVI) were evaluated based on the European 
Society for Medical Oncology (ESMO) guidelines (2). 
The LN status was assessed according to the conventional 
morphological characteristics of short-axis diameter, border, 
and intensity, and then the CSE was added for an overall 
evaluation. Specifically, LNs with a short-axis diameter 
≥5 mm, irregular border, heterogeneous signal intensity, 
or absence of smooth and regular CSE were identified as 
positive LN (Figure 2). If there was any obvious discordance 
between the two radiologists in their assessment of MR 
features, a senior radiologist with 20 years of rectal imaging 
experience evaluated it again and made the final decision.

The acquired SyMRI was processed with SyMRI 
software (version 8.0, SyntheticMR, Linköping, Sweden) to 
generate the quantitative maps (T1 map, T2 map, and PD 
map) and T2WI (SyT2WI). Then, SyT2WI was loaded 
into ITK-SNAP software (version 2.2.0, www.itksnap.org) 
for segmentation. For each patient, a radiologist (reader 
1, with 5 years of experience in rectal imaging) who was 
blinded to all the clinical information, manually delineated 
the whole tumor regions of interest (ROIs) along the 
border of the primary tumor on each section, excluding 
obvious cystic and necrotic areas (Figure 3). The ROIs were 
later copied to the T1 map, T2 map, and PD map. After 
2 weeks, 30 patients were randomly selected to segment 
again by reader 1 and another radiologist (reader 2, with  

10 years of experience of rectal imaging) to assess intra-/
inter-reader agreement. Open-source Pyradiomics 
(http://www.radiomics.io/pyradiomics.html) (24) was 
used to extract histogram parameters from quantitative 
maps, including mean, variance, maximum, minimum,  
10th percentile, median, 90th percentile, energy, kurtosis, 
entropy, and skewness.

Statistical analysis

Group comparison for continuous variables was performed 
by using the t-test or the Mann-Whitney U test according 
to the normality of data distribution. Categorical variables 
were compared using the chi-square test or Fisher exact test. 
The intraclass correlation coefficient (ICC) of histogram 
parameters was investigated for the intra-observer and inter-
observer agreement. Features with ICC values <0.8 were 
excluded. Spearman correlation analysis was performed to 
evaluate the correlation between the histogram parameters 
and LN metastasis. Receiver operating characteristic 
(ROC) curves were applied to assess histogram parameters’ 
predictive performance in LN metastasis. The Youden index 
determined the optimal threshold, and the area under the 
ROC curve (AUC), sensitivity, specificity, positive predictive 
value (PPV), and negative predictive value (NPV) were 
calculated. Collinearity diagnosis was then performed with a 
variance inflation factor (VIF) >10, indicating the existence 
of collinearity. Subsequently, multivariate binary logistic 
regression analysis was conducted with a forward selection 
of variables to evaluate the performance of distinguishing 
LN metastasis. Differences in diagnostic efficiency of 

Figure 2 Representative images of CSE. (A) A 54-year-old male with rectal cancer; the arrow showing a LN with smooth and regular CSE 
on oblique axial T2WI; (B) a 66-year-old male with rectal cancer; the arrow showing a LN with irregular and interrupted CSE on oblique 
axial T2WI. CSE, chemical shift effect; LN, lymph node; T2WI, T2-weighted imaging.

A B

http://www.radiomics.io/pyradiomics.html


1809Quantitative Imaging in Medicine and Surgery, Vol 11, No 5 May 2021

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2021;11(5):1805-1816 | http://dx.doi.org/10.21037/qims-20-659

different methods for predicting LN status were analyzed 
using the DeLong test. A two-sided P value <0.05 was 
considered statistically significant. All statistical analyses 
were performed using SPSS 20.0 (IBM, Armonk, NY, USA) 
and MedCalc 11.4 (MedCalc, Mariakerke, Belgium).

Results

Demographic and pathological characteristics

A total of 70 patients were included in the study. Among 
those, 48 (68.6%) were male, and 22 (31.4%) were 
female, with a mean age of 58 [36–76] years old. All 
patients received radical surgical resection, including 
abdominoperineal resection (APR) (n=21), low anterior 
resection (LAR) or anterior resection (AR) (n=45), 
Hartman’s resection (n=3), and other types of resection 
(n=1). The median MTL measured on sagittal T2WI was 
3.5 (1.5–6.8) cm. A total of 4 patients were pathologically 
reported as pT1; 28 were pT2; 31 were pT3; 7 were pT4. 
In addition, 47 patients were pathologically confirmed with 

pN0, 12 with pN1 (pN1a, 8; pN1b, 4), and 11 with pN2 
(pN2a, 4; pN2b, 7); there were 47 patients in LN– group, 
and 23 in LN+ group.

The clinical and pathological characteristics in the two 
groups are summarized in Table 1. The CEA and CA199 
levels, pathological T stage, and EMVI were significantly 
different in the two groups (P=0.035, 0.035, <0.001, and 
0.003, respectively); while no difference was found in age, 
gender, type of surgery, and histologic grade.

Imaging findings

Radiological features are listed in Table 2. Assessment 
of MLT, mrT stage, and mrEMVI was proven to be 
statistically different between the two groups (P<0.001). In 
15 patients, LNs were evaluated as false-positive based on 
morphological features compared with pathology results 
and were correctly assessed in terms of CSE.

The histogram parameters with statistically significant 
differences between the two groups and their ROC curve 

Figure 3 SyMRI of a 49-year-old male patient. (A) ROIs were manually drawn along the border of the tumor on T2WI of SyMRI; (B-D) 
T1 map, T2 map, and PD map at the same level as figure (A). SyMRI, synthetic magnetic resonance imaging; ROIs, regions of interest; 
T2WI, T2-weighted imaging.

A B

C D
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results are shown in Table 3. The ICC values of these 
parameters were >0.8, reflecting excellent inter- and intra-
observer agreement. The significantly higher energy of 
the T1 map, T2 map, and PD map was found in the LN+ 
compared to the LN– group (P<0.001; Figure 4A,B,C), and 
showed significant positive correlations with LN metastasis 
(rs =0.550, 0.583, 0.526, all P<0.001). In addition, maximum 

and kurtosis of T2 map, and maximum and variance of PD 
map showed significant differences between two groups 
(P=0.032, 0.045, 0.016, and 0.047, respectively), and were 
correlated with LN metastasis (rs =0.257, 0.242, 0.291, 
0.239, P=0.031, 0.044, 0.032, 0.015, 0.047, respectively).

The energy of the T1 map, T2 map, and PD map 
demonstrated superior predictive performance in LN 
metastasis with an AUC of 0.838 [95% confidence interval 
(CI): 0.731–0.915], 0.858 (95% CI: 0.754–0.930), 0.823 

Table 1 Clinical and pathological data of participants

Characteristics LN– (n=47) LN+ (n=23) P value

Age (years), mean ± SD 58.53±9.28 56.26±10.07 0.527

Gender, n (%) 0.900

Male 32 (68.1) 16 (69.6)

Female 15 (31.9) 7 (30.4)

CEA level (ng/mL), n (%) 0.035*

<5 42 (89.4) 15 (65.2)

≥5 5 (10.6) 8 (34.8)

CA199 level (U/mL), n 
(%)

0.035*

<37 45 (95.7) 18 (78.3)

≥37 2 (4.3) 5 (21.7)

Type of surgical, n (%) 0.076

APR 18 (38.3) 3 (13.0)

LAR or AR 26 (55.3) 19 (82.6)

Hartman’s resection 2 (4.3) 1 (4.3)

Others 1 (2.1) 0 (0.0)

Histologic grade, n (%) 0.443

Well or moderate 31 (66.0) 13 (56.5)

Poor 16 (34.0) 10 (43.5)

pT stage, n (%) <0.001*

1/2 30 (63.8) 2 (8.7)

3/4 17 (36.2) 21 (91.3)

pEMVI, n (%) 0.003*

Absent 40 (85.1) 12 (52.2)

Present 7 (14.9) 11 (47.8)

*, P<0.05. LN–, pathological N0 stage; LN+, pathological N1–N2 
stage; SD, standard deviation; CEA, carcinoembryonic antigen; 
CA199, carbohydrate antigen 199; APR, abdominoperineal 
resection; LAR, low anterior resection; AR, anterior resection; 
pEMVI, pathological extramural venous invasion; LN, lymph 
node.

Table 2 Radiological characteristics on MRI

Characteristics LN– (n=47) LN+ (n=23) P value

MTL (cm), mean ± SD 3.14±1.08 4.21±1.07 <0.001*

Tumor location, n (%) 0.163

Upper 8 (17.0) 3 (13.0)

Middle 17 (36.2) 14 (60.9)

Lower 22 (46.8) 6 (26.1)

CP, n (%) 0.356

<1/4 7 (14.9) 1 (4.3)

1/4–1/2 20 (42.6) 8 (34.8)

1/2–3/4 13 (27.7) 11 (47.8)

>3/4 7 (14.9) 3 (13.0)

mrT stage, n (%) <0.001*

1/2 30 (63.8) 2 (8.7)

3/4 17 (36.2) 21 (91.3)

mrEMVI, n (%) <0.001*

Absent 44 (93.6) 10 (43.5)

Present 3 (6.4) 13 (56.5)

mrLNM (morphology), n 
(%)

0.203

Absent 26 (55.3) 9 (39.1)

Present 21 (44.7) 14 (60.9)

mrLNM (CSE), n (%) <0.001*

Absent 40 (85.1) 10 (43.5)

Present 7 (14.9) 13 (56.5)

*, P<0.05. MRI, magnetic resonance imaging; LN–, pathological 
N0 stage; LN+, pathological N1–N2 stage; MTL, maximum 
tumor length; SD, standard deviation; CP, circumferential 
percentage; mrT stage, T stage on MRI; mrEMVI, extramural 
venous invasion on MRI; mrLNM, lymph node metastasis on 
MRI; CSE, chemical shift effect.
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(95% CI: 0.714–0.904), respectively (Figure 4D). Other 
parameters showed moderate diagnostic power in predicting 
LN metastasis.

Multivariate analysis

Only the noninvasive clinical and pathological factors, 
radiological features, and histogram parameters with a 
P value <0.05 in the univariate analysis were included in 
multivariate logistic analyses. The energy of the T2 map and 
PD map demonstrated strong collinearity with the energy of 
the T1 map (VIF =13.908, and 12.606, respectively). It was 
subsequently excluded due to their similar AUCs (P=0.690 
and 0.395 in the DeLong test, respectively) and relatively 
lower sensitivity and specificity. The following covariates 
were entered into the multivariate logistic analyses, 
including CEA, CA199, MLT, mrT stage, mrEMVI, mrLN 
(CSE), the energy of T1 map, maximum of T2 map, kurtosis 
of T2 map, maximum of PD map, and variance of PD map. 
According to multivariate regression analyses, the energy 
of T1 map [odds ratio (OR) =1.683, 95% CI: 1.207–2.346, 
P=0.002] and mrEMVI (OR =10.853, 95% CI: 2.339–
50.364, P=0.002) resulted as significant predictors of LN 
metastasis. The model showed good accuracy in predicting 
LN status with a correct overall percentage of 85.7% and 
goodness of fit in the Hosmer-Lemeshow test (P=0.305).

Diagnostic performance

The performance of the morphological features, CSE, 
the energy of the T1 map, CSE + energy of T1 map, and 
CSE + energy of T1 map + mrEMVI in predicting LN 

metastasis are listed in Table 4, and their ROCs are shown 
in Figure 5. Better diagnostic efficiency was shown by CSE 
compared to morphological features, with AUCs of 0.708 
and 0.581, respectively (P=0.0015). Also, the energy of the 
T1 map (AUC =0.838) significantly improved the predictive 
performance compared to morphological features and 
CSE (P=0.0002 and 0.0485, respectively). The AUC of 
their combinations was significantly increased compared 
with morphological features or CSE alone, but there 
was no statistically significant difference between these 
combinations and the T1 map’s energy, although the AUC 
was slightly improved. The results of the DeLong test are 
presented in Figure 6.

Discussion

This study suggested that the SyMRI-derived histogram 
parameters of the primary tumor could be useful for 
predicting regional LN metastasis in rectal cancer, and 
energy demonstrated superior predictive performance. 
Also, we found that combining the energy of the T1 map, 
CSE, and mrEMVI may lead to significant improvements 
in AUC, sensitivity, and specificity compared with 
morphological characteristics or CSE alone.

Reliable evaluation of metastatic LNs, which are 
the main indicators of unfavorable survival and distant 
metastasis, remains challenging. A previous study found that 
histogram parameters based on diffusion kurtosis imaging 
were associated with LN status with an AUC, sensitivity, 
and specificity of 0.735, 0.556, and 0.884, respectively (10).  
Moreover, Liu et al. observed significant differences in 
histogram parameters of intravoxel incoherent motion 

Table 3 Histogram parameters between the LN– and LN+ groups and ROC curve results

Parameters LN– (n=47) LN+ (n=23) P value AUC (95% CI) Cutoff value Sensitivity (%) Specificity (%)

Energy_T1 map (×1010) 2.07±1.56 5.06±3.34 <0.001 0.838 (0.731–0.915) >2.61 87.0 78.7

Energy_T2 map (×107) 7.84±5.65 19.50±10.88 <0.001 0.858 (0.754–0.930) >10.45 82.6 76.6

Energy_PD map (×107) 3.02±2.24 7.32±4.61 <0.001 0.823 (0.714–0.904) >3.06 87.0 61.7

Maximum_T2 map (×102) 9.01±6.68 13.10±7.11 0.032 0.658 (0.535–0.767) >9.01 60.9 70.2

Kurtosis_T2 map (×102) 2.38±3.56 4.38±4.38 0.045 0.648 (0.525–0.759) >3.74 47.8 80.9

Maximum_PD map (×102) 1.02±0.14 1.07±0.11 0.016 0.673 (0.550–0.780) >1.07 87.0 51.1

Variance_PD map (×102) 1.04±0.63 1.13±0.34 0.047 0.647 (0.523–0.757) >0.87 82.6 57.5

LN–, pathological N0 stage; LN+, pathological N1–N2 stage; ROC, receiver operating characteristic; AUC, area under the ROC curve; CI, 
confidence interval; PD, proton density; LN, lymph node.
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imaging between pN0 and pN1–2 patients with an AUC, 
sensitivity, and specificity of 0.751, 0.962, and 0.453, 
respectively (25). A recent study showed that the primary 
tumor histogram parameters on T2WI were associated with 
metastatic LN with an AUC, sensitivity, and specificity of 
0.750, 93.5, and 52.6, respectively (22). However, so far, 
no study has explored the value of histogram parameters 
derived from SyMRI. Our study indicated that histogram 
parameters of SyMRI were valuable for evaluating LN 
status with a preferable predictive performance compared 
with these studies (AUC =0.838, 95% CI: 0.731–0.915, 

sensitivity and specificity of 0.870 and 0.787, respectively). 
Furthermore, SyMRI-derived histogram parameters were 
found to be significantly correlated with LN metastasis.

We found that the T1 map, T2 map, and PD map energy 
achieved good performance in predicting LN status with 
AUCs of 0.838, 0.858, and 0.823, respectively. Besides, the 
energy of the T1 map was a significant and independent 
predictor of LN metastasis. This suggests that energy 
might be a reliable predictor of regional LN metastasis in 
rectal cancer. The first order’s energy is a measure of the 
magnitude of voxel values in an image, and larger values 

Figure 4 Box-and-whisker plots and ROC curves. (A-C) Box-and-whisker plots show the energy of the T1 map, T2 map, and PD map for 
the LN-negative (LN–) and LN-positive (LN+) groups. Significant differences were found between the two groups (all P<0.001); (D) the 
ROC curves in predicting LN metastasis with areas under the ROC curve of 0.838, 0.858, and 0.823, respectively. PD, proton density; LN, 
lymph node; ROC, receiver operating characteristic.

Table 4 Predictive performance of different methods for predicting LN metastasis

Methods AUC (95% CI) Sensitivity (%) Specificity (%) PPV (%) NPV (%)

mrLN (morphology) 0.581 (0.457–0.698) 60.9 55.3 40.0 74.3

mrLN (CSE) 0.708 (0.587–0.811) 56.5 85.1 65.0 80.0

Energy_T1 map 0.838 (0.731–0.915) 87.0 78.7 66.7 92.5

mrLN (CSE) + energy_T1 map 0.858 (0.754–0.930) 91.3 70.2 60.0 94.3

mrLN (CSE) + energy_T1 map + mrEMVI 0.895 (0.798–0.955) 82.6 87.2 76.0 91.1

LN, lymph node; AUC, area under the receiver operating characteristic curve; CI, confidence interval; PPV, positive predictive value; NPV, 
negative predictive value; mrLN, LN on MRI; CSE, chemical shift effect; mrEMVI, extramural venous invasion on MRI.
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imply a greater sum of the squares of these values (24). 
Antunovic et al. found that higher energy on 2-deoxy-
2(fluorine-18)fluoro-D-glucose [(18F)FDG-PET/CT] 
represented poorer histological grade of breast cancer (26),  
which was consistent with our study. Conversely, Lu et al. 
reported that lower energy on the ADC map suggested 
a higher T stage of rectal cancer (27), but they used the 
energy of the gray-level co-occurrence matrix, which is a 
measure of heterogeneity in the image, and lower energy 

meant more heterogeneity. Therefore, these seemingly 
contradictory results are actually because the energy is from 
different matrices and therefore has different meanings. In 
the present study, we found differences in the maximum 
of T2 map and PD map, kurtosis (which indicates the 
peakedness of intensity) of T2 map, and variance of PD map 
between the LN– and LN+ groups; however, these were 
not independent risk factors and had moderate predictive 
efficacy. This further revealed that multiple histogram 
parameters derived from different MR sequences played 
a potential role in predicting LN metastasis, and energy 
showed a superior predictive performance.

Our study’s univariate analysis showed that the T 
stage and EMVI were associated with LN status in 
both pathological and MRI evaluation. Since only non-
invasive features were entered in the multivariate logistic 
analyses, this study only explored whether the mrT stage 
and mrEMVI were independent risk factors for LN 
metastasis, while the pathological results were not included. 
Consequently, mrEMVI was an independent risk factor 
of LN metastasis, which was accordant with previous 
studies (28-30), whereas the mrT stage was removed at the 
multivariate logistic regression. In this study, 87.5% of the 
T1/2 cases were categorized as stage-T2, and 78.9% of 
T3/4 cases were assessed as T3 with an extramural depth of 
tumor invasion ≤5 mm, as tumors with obvious extramural 
invasion would receive nCRT rather than direct surgery. 
Therefore, in the study, the impact of the primary tumor 
T stage was weakened. Also, we found that CEA, CA199 
levels, and MTL were related to LN status but were 
not independent risk factors of LN metastasis. Whether 
CEA, CA199 levels, and MTL could serve as a predictor 
of LN metastasis remains controversial, possibly due to 
the heterogeneous populations of rectal cancer patients 
across different studies. Several studies have reported 
no associations between CEA, CA199 levels, MTL, and 
LN status (28-30), while others found that they were 
preoperative predictors of LN metastasis (31,32).

Our study indicated that CSE has better performance 
in predicting metastatic LN compared to morphological 
features. A previous study explained CSE on the anatomical 
and physiological basis of the LN: between the outermost 
capsule and the cortex, there is a subcapsular sinus in 
which lymphatic fluid flows freely (33). Therefore, the 
subcapsular sinus and the mesorectal fat around the LN 
from the fat-water interface lead to the CSE along the 
frequency-encoding gradient (7). When tumor cells infiltrate 

Figure 5 The ROC curves of morphological features, CSE, energy 
of T1 map, CSE + energy of T1 map, and CSE + energy of T1 
map + mrEMVI. The combination of CSE + energy of T1 map 
+ mrEMVI showing the highest AUC of 0.895 with a sensitivity 
of 82.6% and specificity of 87.2%. ROC, receiver operating 
characteristic; CSE, chemical shift effect; mrEMVI, extramural 
venous invasion on magnetic resonance imaging; AUC, area under 
the ROC curve.
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the subcapsular sinus via afferent lymphatic vessels, the 
fat-water interface is destroyed, and CSE is interrupted, 
obliterated, or deformed. Moreover, the T1 map energy 
significantly improved the predictive performance of LN 
metastasis compared to morphological features and CSE. 
This suggests that histogram parameters could better reflect 
the potential tumor heterogeneity and aggressive biology of 
malignant tumors, which was consistent with previous studies 
(21,22). Combination of the energy of the T1 map, CSE, and 
mrEMVI showed a superior AUC and a reliable sensitivity 
and specificity, thus suggesting that combining the qualitative 
features of LN, quantitative parameters of the primary tumor, 
and other characteristics related to the tumor malignancy 
enables a more accurate assessment of LN metastasis.

Several participants with locally advanced rectal cancer 
did not receive nCRT in this study, some of which were 
due to preoperative under-staging, and some were due to 
the participants’ desire for direct surgery. The presence of 
under-staging patients may have made our results more 
beneficial in detecting clinically false-negative cases. The 
subset of patients wishing to undergo direct surgery may 
have somewhat affected the identification of non-metastatic 
and micro-metastatic LN patients, while it would further 
reflect the real clinical practice.

There were some limitations to this study. Firstly, the 
study included relatively small sample size, especially in 
the LN positive cohort. Secondly, a selection bias might 
be present due to the most suspicious LN+ cases having 
received nCRT and, consequently, being excluded from 
the study. Thirdly, we investigated the primary tumor 
histogram parameters to predict the overall LN status and 
did not match the mrLN with the pathological specimen. 
Features of the LN itself should be explored in the future. 
Finally, our study only used histogram parameters with good 
repeatability; it would be beneficial to explore other textural 
and radiomic features in a future study of a large sample size.

In conclusion, our study suggested that SyMRI-derived 
histogram parameters of the primary tumor are associated 
with LN metastasis in rectal cancer and enable a more 
accurate prediction than traditional morphological features 
and CSE. A combination of the energy of the T1 map, CSE, 
and mrEMVI leads to superior predictive performance in 
predicting LN metastasis.
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