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Background: It is of clinical importance to assess the histopathological features of rectal cancer. The 
adipose tissue microenvironment is closely associated with tumor formation and progression. The chemical 
shift–encoded magnetic resonance imaging (CSE-MRI) sequence can noninvasively quantify adipose tissue. 
In this study, we aimed to investigate the feasibility of using CSE-MRI and diffusion-weighted imaging (DWI) 
to predict the histopathological features of rectal adenocarcinoma.
Methods: In this retrospective study, 84 patients with rectal adenocarcinoma and 30 healthy controls 
were consecutively enrolled at the Tongji Hospital of Tongji Medical College of Huazhong University of 
Science and Technology. CSE-MRI and DWI sequences were performed. The intratumoral proton density 
fat fraction (PDFF) and R2* of rectal tumors and normal rectal walls were measured. The histopathological 
features, including pathological T/N stage, tumor grade, mesorectum fascia (MRF) involvement, and 
extramural venous invasion (EMVI) status were analyzed. The Mann-Whitney test, Spearman correlation, 
and receiver operating characteristic (ROC) curves were used for statistical analyses.
Results: Patients with rectal adenocarcinoma demonstrated significantly lower PDFF and R2* values than 
did the control participants (5.35%±1.70% vs. 11.55%±3.41%, P<0.001; 35.60 s–1±7.30 s–1 vs. 40.15 s–1± 
5.72 s–1, P=0.003). PDFF and R2* were significantly different in the discrimination of T/N stage, tumor 
grade, and MRF/EMVI status (P=0.000–0.005). A significant difference was only noted in the differentiation 
of the T stage for the apparent diffusion coefficient (ADC) (1.09±0.26×10–3 mm2/s vs. 1.00±0.11×10–3 mm2/
s; P=0.001). PDFF and R2* exhibited positive correlations with all the histopathological features (r=0.306–
0.734; P=0.000–0.005), while ADC was negatively correlated with the T stage (r=–0.380; P<0.001). PDFF 
demonstrated diagnostic ability, with a sensitivity of 95.00% and a specificity of 87.50%, while R2* had 
a sensitivity of 95.00% and a specificity of 79.20% in differentiating T stage; both demonstrated a better 
diagnostic performance than did ADC.
Conclusions: Quantitative CSE-MRI imaging might serve as a noninvasive biomarker for assessing the 
histopathological features of rectal adenocarcinoma.
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Introduction

Colorectal cancer is one of the most common cancers 
globally and occurs in the alimentary tract. The majority of 
rectal cancer is adenocarcinoma, which accounts for 90% 
of all histological types. The treatment of rectal cancer is 
closely associated with preoperative histological features, 
such as tumor stage, lymph node status, histological 
differentiation, mesorectal fascia (MRF) invasion, and 
extramural vascular invasion (EMVI) (1-5). Therefore, 
accurate evaluation of prognosis-related histopathological 
features of rectal adenocarcinoma is essential for treatment 
planning.

The rectum is encapsulated by the surrounding 
mesorectum, which is rich in adipose tissue and has a close 
vascular and physical interface with visceral fat (6). A certain 
amount of adipose tissue is contained in the submucosal and 
serosal layers of the rectal wall. The adipose tissue secretes 
growth factors, hormones, and cytokines, which promote a 
favorable microenvironment for the potential pathogenesis 
of rectal cancer (7). The mutual interaction between rectal 
cancers and their peripheral adipose tissues could further 
facilitate the progression of rectal tumors (8). Reports have 
demonstrated that culture medium containing adipose tissue 
and adipocytes could enhance the proliferation of colon 
cancer cells (9). The adipokines and cytokines, secreted by 
adipocytes and accompanied by inflammatory cells, may also 
promote tumor development (10). Thus, we hypothesized 
that the intratumoral fat might directly affect the 
aggressiveness and progression of rectal adenocarcinoma, 
which might correlate with the histopathological features of 
tumors.

Magnetic resonance imaging (MRI) plays an important 
role in the assessment of rectal cancer. A functional MRI 
technique, namely iterative decomposition of water and 
fat with echo asymmetry and least squares estimation, 
can be used to noninvasively quantify the intratumoral 
fat content of rectal lesions. The chemical shift–encoded 
MRI (CSE-MRI) technique uses the multipoint Dixon 
method to steadily separate water and fat (11). This 
sequence employs an iterative least squares decomposition 
algorithm to measure the fat concentration based on the 
fat fraction map while correcting and adjusting for B0 field 
inhomogeneity and T1 and T2* effects (12). Furthermore, 
the reconstruction of water-only, fat-only, and R2* images 
are also produced simultaneously with fat fraction images 
in a single acquisition. CSE-MRI R2* values have been 
used to measure liver iron content (13) and tumor hypoxia 

of breast cancer (14), and R2* values have been previously 
reported to reflect the status of deoxyhemoglobin and blood 
oxygenation (15,16). However, to date, no investigation 
has been performed that uses the CSE-MRI technique 
to quantify intratumoral fat content and R2*-related 
biochemical changes of rectal adenocarcinoma.

Furthermore, diffusion-weighted imaging (DWI) is 
often used for the preoperative assessment of Tumor Node 
Metastasis (TNM) staging of rectal adenocarcinoma and 
is helpful for the discrimination of histological prognostic 
factors. However, DWI often fails to distinguish some 
histological features (17,18). Furthermore, previous 
studies suggest that apparent diffusion coefficient (ADC) 
measurements from DWI are not consistent with the 
utility of different b values (19-21). Moreover, DWI is 
based on echo planar imaging, which is susceptible to 
motion distortion, image blurring, and signal dropout (22). 
Therefore, the diagnostic value of DWI is limited.

Hence, the purpose of our study was to assess whether 
the histological features of rectal adenocarcinoma could be 
distinguished with the CSE-MRI sequence. We aimed to 
compare the ability of the CSE-MRI and DWI sequences to 
predict the histological features of rectal adenocarcinoma. 
We present the following article in accordance with the 
STARD reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-22-879/rc).

Methods

Study population

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013) and was 
approved by the Institutional Review Board of Tongji 
Hospital of Tongji Medical College of Huazhong University 
of Science and Technology; the requirement for written 
informed consent was waived due to the retrospective 
nature of the study. Between March 2016 and June 2020, 
the CSE-MRI sequence was performed on 127 patients who 
underwent a colectomy and had pathologically confirmed 
primary rectal adenocarcinoma. However, 43 patients 
were excluded due to the following reasons: they had 
pathologically proven mucinous adenocarcinoma (n=7), they 
had previously received rectal surgery or chemoradiotherapy 
before MR scanning (n=14), they had poor image quality 
of CSE-MRI images because of severe motion artifacts or 
intrarectal gas artifacts (n=6), the time interval between 
previous MR scanning and surgical operation surpassed 

https://qims.amegroups.com/article/view/10.21037/qims-22-879/rc
https://qims.amegroups.com/article/view/10.21037/qims-22-879/rc
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14 days (n=7), and the surgical operation was abandoned 
after the MR examination (n=9; Figure 1). An additional 32 
volunteers with normal rectums were enrolled in this study 
and were considered the control group. They underwent 
the same MR imaging protocol, including the CSE-MRI 
sequence. The control group had no previous history 
of gastrointestinal tumors, and MRI imaging confirmed 
the appearance of a normal rectum. Two volunteers were 
excluded from this study because image distortions made 
their CSE-MRI images difficult to diagnose (Figure 1). 

MR imaging

MR examinations were performed using a 3.0 T MR 
imaging unit (Discovery MR750, GE Healthcare, Chicago, 
IL, USA) with a 32-channel phased-array torso coil. All 
patients were imaged in the supine position. A total of 5 
mg of racanisodamine hydrochloride was administered 
intramuscularly to reduce bowel motion 30 minutes prior 

to MR scanning. All patients underwent a pelvic MR scan, 
and sequences included axial/sagittal T2-weighted imaging 
(T2WI), axial DWI, and axial CSE-MRI (Table 1). The 
axial T2WI, DWI, and CSE-MRI sequences were scanned 
perpendicularly to the long axis of the rectal tumor using 
sagittal T2WI as a reference. 

Image analysis 

The CSE-MRI proton density fat fraction (PDFF) maps 
and R2* maps, along with fat-phase, water-phase, in-phase, 
and out-phase reconstruction images generated using the 
post-processing software from the MR scanning machine, 
were directly transferred to the Picture Archiving and 
Communication System (PACS). The DWI images were 
transferred to a workstation (GE Advance Workstation 4.6) 
for ADC measurements. Two abdominal radiologists with 
4 and 10 years of experience in diagnosing gastrointestinal 
diseases independently evaluated all the MR images. Both 

Figure 1 The flowchart for selection of patients. MRI, magnetic resonance imaging; CSE-MRI, chemical shift–encoded magnetic resonance 
imaging sequence.
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radiologists were blinded to the clinical information of 
patients and related pathological reports. The imaging 
data were anonymized and presented to the radiologists 
in a randomized order. Each radiologist drew free-hand 
regions of interest (ROIs) along the margin of the rectal 
lesions covering the whole tumors. T2WI and DWI 
were used as references for measurements of PDFF and 
R2*. Furthermore, T2-weighted images were also used 
as references for the quantification of ADC values. The 
ROIs were manually delineated on the largest section of 
every slice of rectal tumors on the PDFF, R2*, and DWI 
maps. Intraluminal gas, necrotic areas, cystic changes, 
hemorrhagic parts, and small vessels were avoided. The 
mean PDFF, R2*, and ADC values were obtained by 
averaging all the measurements based on the whole rectal 
lesions.

As for the control group, 5 free-hand ROIs were 
manually drawn on the normal rectum of each participant 
by the same 2 abdominal radiologists independently. Every 
single ROI encompassed the largest area of the randomized 
slice. The slices with intraluminal gas were eschewed for the 
possible artifacts caused by gas. The final averaged values of 
PDFF and R2* were calculated for the drawn areas.

Histopathologic assessment

All the histopathologic examinations were performed by 
a gastrointestinal pathologist with 15 years of experience. 
The pathologist was blinded to the clinical information and 
related imaging data. The resected specimens were first 
fixed with 10% formalin and then stained with hematoxylin 

and eosin (HE) after they were cut into 5-μm sections. The 
pathological results were presented in standard fashion 
and included the following histological features: TNM 
stage, histological differentiation, MRF, and EMVI status. 
In terms of degree of glandular formation, histological 
differentiation was classified into grade 1 (>95% gland 
formation, well differentiated), grade 2 (50–95% gland 
formation, moderately differentiated), and grade 3 (0–49% 
gland formation, poorly differentiated). In terms of the 
World Health Organization (WHO) criteria for tumor 
grade, grade 1 and 2 tumors were considered low-grade 
tumors, while grade 3 tumors were considered high grade. 
MRF involvement refers to tumors or malignant lymph 
nodes that are present within 1 mm of the MRF. EMVI 
is defined as the existence of tumor tissues or cells in the 
vascular structures beyond the muscularis propria layer of 
the rectum (23). 

Statistical analysis

The values of PDFF, R2*, and ADC are expressed as mean 
± standard deviation. The CSE-MRI and DWI parameters 
were tested for normality of data distributions using the 
Kolmogorov-Smirnov test. The interobserver agreement 
between the 2 radiologists on measurements of CSE-MRI 
and DWI parameters was analyzed using the interclass 
correlation coefficient (ICC) test. An ICC value of 0–0.20 
indicated poor agreement, 0.21–0.40 fair agreement, 0.41–
0.60 moderate agreement, 0.61–0.80 good agreement, and 
0.81–1.00 excellent agreement.

The differences of PDFF, R2*, and ADC between T2, 

Table 1 Parameters of CSE-MRI imaging, DWI, T2/T1-weighted imaging 

Parameters CSE-MRI DWI T2-weighted imaging T1-weighted imaging

Sequence GRE EPI FSE FSE

Repetition time/echo time (ms) 5.9/2.6 4,000/75 5,629/85 500/11

Field of view (mm2) 380×380 200×100 200×200 380×380

Matrix 160×160 128×64 448×314 320×224

Slice thickness (mm) 3.5 3 2 3

Flip angle (degree) 3° N/A 111° 111°

b values (s/mm2) N/A 0, 800 N/A N/A

NEX 0.5 12 4 2

Acquisition time (min:s) 0:19 2:32 4:04 1:44

CSE-MRI, chemical shift–encoded magnetic resonance imaging; DWI, diffusion-weighted imaging; GRE, gradient recalled echo; EPI, echo 
planar imaging; FSE, fast spin echo; NEX, number of excitations. 
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T3, and T4 stages were assessed using the 1-way analysis 
of variance. Student t test or the Kruskal-Wallis test was 
used to evaluate the differences of the above parameters 
between N stage (N0 vs. N1–2), tumor grade (low grade vs. 
high grade), MRF status (negative vs. positive), and EMVI 
status (negative vs. positive). The association between 
MR parameters and histological features of rectal cancer 
was analyzed using the Spearman correlation coefficient. 
Furthermore, the differences in PDFF and R2* between 
the patient group and the control group were also analyzed 
using the Student test.

The diagnostic abilities of quantitative PDFF, R2*, and 
ADC in discriminating different histological features of 
rectal cancer were determined using receiver operating 
characteristic (ROC) curve analysis. The comparison of 
ROC curves for CSE-MRI and DWI parameters was 
analyzed using the DeLong test. The specificity, sensitivity, 
and Youden index were calculated. P values <0.05 referred 
to statistically significant results for all tests. SPSS 19.0 
(IBM Corp., Armonk, NY, USA) and MedCalc software 
(Mariakerke, Belgium) were employed for statistical 
analyses.

Results

Our study cohort included 84 patients (56 males, 28 females;  
age range 30–82 years; median age 58 years) with rectal 
cancer and 30 volunteers (24 males, 6 females; age range 
15–72 years; median age 43 years) in the control group 
with a normal rectum. The average tumor volume of those 
with rectal adenocarcinoma was 19.11±13.03 cm3. The 
median time interval between conducting the MRI and 
histopathological assessment was 4 days (range, 3–6 days). 
No other clinical interventions were performed during this 
time interval. No adverse events from performing the MRI 
were witnessed. 

Histopathological findings

Pathological TNM staging of rectal adenocarcinoma was 
extracted from corresponding pathological reports based 
on the eighth edition of the American Joint Committee 
on Cancer (AJCC) classification. A total of 24 tumors 
had invaded within the muscularis propria layer of the 
rectum (T2), 50 tumors extended beyond the muscularis 
propria into the perirectal tissues or mesorectum (T3), 
and 10 tumors encroached on the visceral peritoneum 
or adjacent organs/structures (T4). No metastatic 

lymph nodes were detected in 44 patients (N0), while 
18 patients had no more than 3 metastatic lymph nodes 
(N1), and 22 patients had 4 or more metastatic lymph  
nodes (N2). 

According to the WHO grading criteria, 25 tumors were 
classified as high grade (G3) and 59 tumors were classified 
as low grade, including 6 and 53 tumors that were classified 
as G1 and G2 tumors, respectively. Moreover, 53 patients 
had negative-EMVI status, while 31 patients had positive-
EMVI status, and 62 patients had MRF-negative status, 
while 22 patients had MRF-positive status.

Comparison of PDFF and R2* between patients with rectal 
cancer and control participants

The PDFF of patients with rectal cancer was significantly 
lower than that of control participants (5.35%±1.70% vs. 
11.55%±3.41%; P<0.001). Significantly lower R2* values 
of patients with rectal cancer were found, as compared to 
those of control participants (35.60 ±7.30 vs. 40.15 ±5.72 s–1; 
P=0.003).

Comparison of CSE-MRI and DWI between pathological 
T stage, N stage, histological differentiation, and MRF 
and EMVI status

The mean PDFF was significantly higher in rectal 
tumors with T3 and T4 staging (–6.17%±1.09% vs. 
3.30%±1.12%, P<0.001), nodal involvement (6.43%±1.23% 
vs .  4 .38%±1.48%, P<0.001) ,  higher tumor grade 
(6.56%±1.46% vs. 4.84%±1.54%, P<0.001), and the positive 
MRF (6.63%±1.05% vs. 4.90%±1.66%, P<0.001) and EMVI 
status (6.58%±1.19% vs. 4.64%±1.54%, P<0.001) than in 
rectal tumors with T2 staging, nonmetastatic lymph nodes, 
a lower tumor grade, and negative MRF and EMVI status 
(Table 2). Furthermore, rectal adenocarcinoma with T3 and 
T4 staging (38.78 ±5.21 vs. 27.65 ±5.49 s–1, P<0.001), lymph 
node involvement (39.19 ±5.87 vs. 32.34 ±6.98 s–1, P=0.005), 
higher tumor grade (39.29 ±6.30 vs. 34.04 ±7.17 s–1,  
P=0.003), and positive MRF (39.63 ±5.47 vs. 34.17 ±7.36 s–1,  
P=0.002) and EMVI status (39.44 ±5.69 vs. 33.36 ±7.24 s–1,  
P<0.001) demonstrated higher R2* values than did that with T2 
staging nonmetastatic lymph node, a lower tumor grade, and 
negative MRF and EMVI status. As for ADC, it was statistically 
significant only for the discrimination of the T2 and T3+T4 
stages [(1.09±0.26)×10–3 vs. (1.00±0.11)×10–3 mm2/s; P=0.001]. 
No significant difference was noted in the assessment of 
other histological features (P>0.05; Table 2).
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Correlation of CSE-MRI and DWI with histological 
features of rectal adenocarcinoma

There was a significant positive correlation of mean 
PDFF to the T/N category, tumor grade, MRF status, 
and EMVI status of rectal cancer (r=0.467–0.734; all P 
values <0.001). Furthermore, mean R2* also exhibited a 
positive correlation with the above histological features of 
rectal adenocarcinoma (r=0.306–0.687; P=0.000–0.005). 
A negative correlation of ADC to T stage was observed 
(r=–0.380; P<0.001), but there were no other findings 
that suggested the association between ADC and other 
histological features (Table 3; Figures 2,3).

Diagnostic performance of CSE-MRI and DWI 
for distinguishing histological features of rectal 
adenocarcinoma

The areas under the curve (AUCs) for the discrimination 
of histological features of rectal adenocarcinoma ranged 
from 0.795–0.969 for PDFF, 0.693–0.938 for R2*, and 
0.538–0.743 for ADC (Table 4). PDFF showed significantly 

higher diagnostic performance in distinguishing all the 
histopathological features than ADC except tumor grade 
(z=2.925–3.495; P=0.001–0.003). Significantly higher 
diagnostic abilities were noted for R2* than for ADC 
in distinguishing between the T and N stages of rectal 
adenocarcinoma (z=2.719, P=0.007; z=2.134, P=0.03). The 
diagnostic ability of PDFF in differentiating between the 
T2 and T3/T4 stages included a sensitivity of 95.00% and 
a specificity of 87.50%. The diagnostic ability of R2*in 
differentiating between T2 and T3/T4 stages included a 
sensitivity of 95.00% and a specificity of 79.20%. Both R2* 
and PDFF demonstrated a better diagnostic performance 
than did ADC (Figure 4).

Interobserver agreement 

The ICC between the 2 readers was 0.996 (95% CI: 
0.995–0.998) for PDFF, 0.996 (95% CI: 0.993–0.997) for 
R2*, and 0.998 (95% CI: 0.996–0.998) for ADC for patients 
with rectal adenocarcinoma. The interreader ICC was 
0.996 (95% CI: 0.991–0.998) for PDFF and 0.989 (95% 
CI: 0.976–0.995) for R2* for control participants. These 

Table 2 CSE-MRI and DWI of different histological features of rectal adenocarcinoma

Factors
PDFF (%) R2* (s–1) ADC (10–3mm2/s)

Mean ± SD P value Mean ± SD P value Mean ± SD P value

pT category

T2 (n=24) 3.30±1.12 <0.001 27.65±5.49 < 0.001 1.09±0.26 0.001

T3 +T4 (n=60) 6.17±1.09 38.78±5.21 1.00±0.11

pN category

N0 (n=44) 4.38±1.48 <0.001 32.34±6.98 0.005 1.05±0.21 0.080

N1+N2 (n=40) 6.43±1.23 39.19±5.87 1.00±1.06

Tumor grade

G1+G2 (n=59) 4.84±1.54 <0.001 34.04±7.17 0.003 1.04±0.18 0.066

G3 (n=25) 6.56±1.46 39.29±6.30 0.98±0.12

MRF

Negative (n=62) 4.90±1.66 <0.001 34.17±7.36 0.002 1.03±0.18 0.600

Positive (n=22) 6.63±1.05 39.63±5.47 1.01±0.11

EMVI

Negative (n=53) 4.64±1.54 <0.001 33.36±7.24 < 0.001 1.04±0.19 0.102

Positive (n=31) 6.58±1.19 39.44±5.69 0.99±0.12

SD, standard deviation. CSE-MRI, chemical shift–encoded magnetic resonance imaging; DWI, diffusion-weighted imaging; PDFF, proton 
density fat fraction; ADC, apparent diffusion coefficient; MRF, mesorectal fascia; EMVI, extramural vascular invasion.
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Table 3 Correlations between CSE-MRI and DWI with different histological features of rectal adenocarcinoma

Histological  
features

PDFF (%) R2* (s–1) ADC (10–3 mm2/s)

r value P value r value P value r value P value

pT category 0.734 <0.001 0.687 <0.001 –0.380 <0.001

pN category 0.631 <0.001 0.487 <0.001 –0.192 0.080

Tumor grade 0.467 <0.001 0.306 0.005 –0.202 0.066

MRF 0.492 <0.001 0.324 0.003 –0.058 0.603

EMVI 0.560 <0.001 0.400 <0.001 –0.180 0.102

CSE-MRI, chemical shift–encoded magnetic resonance imaging; DWI, diffusion-weighted imaging; PDFF, proton density fat fraction; ADC, 
apparent diffusion coefficient; MRF, mesorectal fascia; EMVI, extramural vascular invasion.

Figure 2 A 66-year-old male with stage T2 rectal adenocarcinoma (N1; moderately differentiated; EMVI+; MRF–). (A) Axial T2-
weighted imaging demonstrates a moderately hyperintense mass in the rectum. (B) Axial diffusion-weighted imaging shows a mass with a 
heterogeneously high signal (restricted diffusion) in the rectal lumen. (C) The ADC color map (ADC =1.187×10–3 mm2). (D) The PDFF 
map with delineation of corresponding rectal tumor (PDFF =3.22%). (E) The R2* map with delineation of corresponding rectal tumor (R2* 
=28.07 s–1). (F) Histopathological HE staining (100×) revealing that the tumor had invaded the muscularis propria layer of the rectal wall. 
EMVI, extramural vascular invasion; MRF, mesorectal fascia; ADC, apparent diffusion coefficient; PDFF, proton density fat fraction; HE, 
hematoxylin and eosin.
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ICC values indicated excellent agreement between readers. 
Furthermore, an excellent and reliable interobserver 
agreement was noted in Bland-Altman analysis. The Bland-
Altman plots for 2 readers are shown in Figure 5.

Discussion

This investigation used the CSE-MRI sequence to quantify 
the PDFF and R2* of patients with rectal adenocarcinoma 
and control participants. We also assessed the role of 

CSE-MRI and DWI-derived parameters to differentiate 
histopathological features of rectal adenocarcinoma, namely 
T stage, lymph node metastasis, tumor grade, MRF status, 
and EMVI status. This study was a preliminary study based 
on the CSE-MRI technique to measure the intratumoral 
fat and R2* of rectal adenocarcinoma and analyze their 
relationships with histopathological features of tumors. 
Our objective was to identify the value of intratumoral 
fat component and R2* from CSE-MRI in predicting the 
prognostic factors of rectal adenocarcinoma as compare to 

Figure 3 A 64-year-old male with T3 stage rectal adenocarcinoma (N0; poorly differentiated; EMVI+; MRF–). (A) Axial T2-weighted 
imaging demonstrates a moderately hyperintense mass in the rectum. (B) Axial diffusion-weighted imaging reveals a mass with a 
heterogenous high signal (restricted diffusion) in the rectal lumen. (C) The ADC color map (ADC =1.014×10–3 mm2). (D) The PDFF map 
with delineation of corresponding rectal tumor (PDFF =4.85%). (E) The R2* map with delineation of corresponding rectal tumor (R2* 
=30.58 s–1). (F) Histopathological HE staining (100×) revealing that the tumor had invaded the surrounding adipose tissue of the rectum. 
EMVI, extramural vascular invasion; MRF, mesorectal fascia; ADC, apparent diffusion coefficient; PDFF, proton density fat fraction; HE, 
hematoxylin and eosin.
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that of DWI. 
In our study, the interreader reproducibility analysis 

of CSE-MRI and DWI-derived parameters indicated 
excellent agreement between 2 independent readers, 
regardless of years of experience. These results showed 
that the measurements of PDFF, R2*, and DWI were 
reader-independent, and CSE-MRI imaging might be a 
practical and reproducible tool for the assessment of rectal 
adenocarcinoma.

We further found that PDFF and R2* values of patients 
with rectal adenocarcinoma were significantly lower than 
those of control participants. As previously reported, 
rectal adenocarcinoma is mainly composed of tubular or 
glandular structures and is poor in adipose tissue. As for 
the normal rectum, a certain amount of adipose tissue 

is contained in the submucosal and serosal layers of the 
rectum, including the epiploic appendices, which is the 
reason for the significantly higher PDFF values in control 
participants than in patients with rectal adenocarcinoma. A 
previous study found that the R2* parameter was influenced 
the paramagnetic deoxyhemoglobin concentration, oxygen 
status of tissues with microvessels, and blood flow (12). 
Higher R2* values were found in the normal rectum of 
control participants than in the afflicted rectum of those 
with rectal adenocarcinoma. This finding could be explained 
by the different tissue structures, vascular perfusion status, 
and paramagnetic deoxyhemoglobin concentrations in 
relation to various distributions of microvessels.

Higher PDFF and R2* values were noted in rectal 
adenocarcinoma with more aggressive histopathological 

Table 4 ROC analysis of CSE-MRI and DWI in discriminating different histological features of rectal adenocarcinoma

Factors/multi-parameters AUC Cutoff Sensitivity (%) Specificity (%) Youden index P value

pT category

PDFF 0.969 (0.931–1.000) 4.70△ 95.00 87.50 0.825 <0.001

R2* 0.938 (0.882–0.996) 31.85☆ 95.00 79.20 0.742 <0.001

ADC 0.743 (0.614–0.873) 1.03▲ 87.50 61.70 0.492 0.001

pN category

PDFF 0.865 (0.788–0.942) 5.44△ 87.50 75.00 0.625 <0.001

R2* 0.781 (0.682–0.880) 35.15☆ 80.00 68.20 0.482 <0.001

ADC 0.611 (0.490–0.733) 1.06▲ 54.50 70.00 0.245 0.080

Tumor grade

PDFF 0.795 (0.686–0.903) 6.31△ 60.00 89.80 0.498 <0.001

R2* 0.693 (0.573–0.813) 31.85☆ 96.00 35.60 0.316 0.007

ADC 0.627 (0.497–0.758) 0.91▲ 89.80 36.00 0.258 0.066

MRF

PDFF 0.823 (0.736–0.911) 5.59△ 95.50 66.10 0.616 <0.001

R2* 0.713 (0.595–0.830) 32.30☆ 95.50 38.70 0.342 0.003

ADC 0.538 (0.404–0.671) 1.17▲ 17.70 100.00 0.177 0.600

EMVI

PDFF 0.835 (0.750–0.920) 5.48△ 87.10 66.00 0.531 <0.001

R2* 0.740 (0.634–0.845) 32.30☆ 96.80 45.30 0.421 <0.001

ADC 0.607 (0.480–0.735) 0.91▲ 90.60 32.30 0.228 0.102
△, the unit of the cutoff value for PDFF was %; ☆, the unit of the cutoff value for R2* was s–1; ▲, the unit of the cutoff value for ADC was 
10–3 mm2/s. CSE-MRI, chemical shift–encoded magnetic resonance imaging; DWI, diffusion-weighted imaging; PDFF, proton density 
fat fraction; ADC, apparent diffusion coefficient; MRF, mesorectal fascia; EMVI, extramural vascular invasion; ROC, receiver operating 
characteristic curve; AUC, area under the curve.
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features, such as more advanced T stage, lymph node 
metastasis, high tumor grade, and MRF/EMVI invasion. 
MRF and EMVI are 2 independent prognostic factors of 
rectal adenocarcinoma for tumor recurrence and distant 
metastasis other than TNM categories (24,25). Adipose 
tissue was reported to be an important contributor to innate 
immune response mainly via cytokine/adipokine secretion, 
which ultimately leads to hyperplasia, proliferation, and 
carcinogenesis of colorectal cells (26). Especially in the 
tumor microenvironment, adipocytes and adipokines from 
adipose tissue can facilitate colorectal carcinogenesis and 
tumor development (27). Furthermore, adipose tissue–
related angiogenesis might also contribute to the higher T 
stage, nodal involvement, higher tumor grade, and MRF/
EMVI-positive status of rectal adenocarcinoma. Adipose 
tissue could modulate the angiogenic process and participate 
in tumor progression through signaling molecules (28,29). 
Tumor growth, progression, and distant metastasis are 
closely intertwined with angiogenesis (30). Previous studies 
have demonstrated that angiogenesis correlates with lymph 
node involvement, distant metastasis, and poor overall 
survival (31,32). The mutual interaction between adipose 

Figure 4 The diagnostic performance of CSE-MRI and DWI 

for distinguishing the T2 from the T3+T4 stages of rectal 

adenocarcinoma. CSE-MRI, chemical shift–encoded magnetic 

resonance imaging; DWI, diffusion-weighted imaging; PDFF, 

proton density fat fraction; ADC, apparent diffusion coefficient.

Figure 5 Bland–Altman analysis of CSE-MRI and DWI of patients with rectal cancer and control participants by 2 readers. PDFF, proton 
density fat fraction; RC, rectal cancer; CSE-MRI, chemical shift–encoded magnetic resonance imaging; DWI, diffusion-weighted imaging; 
ADC, apparent diffusion coefficient.
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tissue and angiogenesis could further aggravate tumor 
proliferation and progression. Hence, we hypothesize that 
intratumoral adipose tissue could potentially facilitate the 
proliferation of tumor cells and progression in the tumor 
microenvironment of rectal adenocarcinoma.

With regard to the R2* parameter of CSE-MRI 
imaging, a higher R2* value was associated with a higher 
T/N stage, tumor grade, and MRF/EMVI-positive status. 
R2* has been found to reflect the liver iron content and 
tumor hypoxia of breast cancer (33,34). Previous reported 
(14,15) demonstrated that R2* correlated with the status 
of deoxyhemoglobin and blood oxygenation, with the 
increased level of blood deoxyhemoglobin could potentially 
leading to elevated R2* (35). Tumors with advanced stage 
lead to a more hypoxic microenvironment due to the 
rapid proliferation of tumor cells and tumor development 
(36,37), resulting in increased content of deoxyhemoglobin 
and R2* values. Meanwhile, tumor hypoxia further leads 
to angiogenesis, contributing to progression and distant 
metastasis (38). These factors could be the reasons for 
higher R2* values in patients with rectal adenocarcinoma 
and advanced T stage, nodal involvement, high tumor 
grade, and positive MRF/EMVI status.

The abilities of mean ADC and DWI to differentiate 
the T stage of rectal adenocarcinoma were significantly 
different. Mean ADC can quantify the magnitude of water 
molecule diffusion within tumor tissues. In one study, lower 
ADC values were associated with more aggressive tumors 
by virtue of the cytoplasmic protein/viscosity and nuclear 
size (39). No significant results were found concerning 
the ability of ADC to distinguish other histopathological 
features. This finding might be influenced by the single  
b value used, field intensity, and MR equipment with 
different vendors (40).

We studied the diagnostic abilities of CSE-MRI and 
DWI to predict the prognosis-related histopathological 
factors of rectal adenocarcinoma. The ROC analysis 
indicated PDFF and R2* had a better  diagnostic 
performance than did ADC in discriminating some of the 
histopathological features. ADC is easily influenced by 
tumor microcirculation perfusion and motion artifacts. 
Different b values might lead to a bias in ADC values. From 
our investigation, the CSE-MRI sequence could provide 
a better diagnostic ability and additional information 
for the assessment of histopathological features of rectal 
adenocarcinoma.

Our study had some limitations. First, the study sample 
size was relatively small, and inevitable selection bias was 

inevitable. Second, the CSE-MRI imaging acquisition 
was highly dependent upon the homogeneity of the local 
magnetic field intensity. The intraluminal gas and bowel 
movement might lead to a heterogeneity of the magnetic 
field intensity and affect the measurements of CSE-MRI 
parameters, although racanisodamine hydrochloride 
was used to reduce bowel movement for patients with 
rectal cancer. Third, this investigation mainly focused 
on the relationships between CSE-MRI parameters and 
some prognostic factors of rectal adenocarcinoma. More 
prognosis-related factors should be taken into consideration. 
Moreover, factors related to clinical outcomes, including 
disease-free survival and overall survival rate, should also be 
included in future investigations. Fourth, this investigation 
was performed on patients with rectal cancer without a 
prior validation study. A validation study is essential for the 
analysis of the accuracy of this technique in assessing the 
histopathological fat and iron and may be completed in a 
future study using resected specimens. Fifth, the ROI for 
PDFF mapping unavoidably contained native subserosal fat 
tissue of the rectal wall for T3 and T4 stage rectal cancer, 
which might have influenced the value of PDFF. Finally, 
patients with rectal adenocarcinoma were selected for 
CSE-MRI imaging in our study without consideration of 
other histological types of rectal tumors, such as mucinous 
rectal adenocarcinoma, neuroendocrine tumor, and 
gastrointestinal stromal tumor. Further study is necessary to 
investigate the feasibility of using the CSE-MRI technique 
in different subtypes of rectal tumors.

In conclusion, the use of the CSE-MRI technique 
could feasibly characterize rectal cancer. The CSE-MRI 
technique was more effective and had a higher diagnostic 
efficacy than did ADC from DWI for the discrimination of 
histopathological factors of rectal adenocarcinoma.
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