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Abstract. Paracancerous tissues actively communicate with 
the tumor and undergo molecular alterations associated 
with tumorigenesis. Apparent diffusion coefficient (ADC) 
can help distinguish between rectal adenocarcinoma (RA), 
tumor‑adjacent and tumor‑distant tissues. Preoperative deter‑
mining optimal distal resection margin (DRM) is crucial 
for formulating surgical options. The present study aimed to 
assess ADC differences between RA and 1 cm‑layer distal 
paracancerous tissues, providing a potential reference basis 
for preoperatively determining optimal DRM. A total of 
110 consecutive patients with mid‑high RA undergoing preop‑
erative diffusion‑weighted imaging were included. ADCs of 
RA and distal paracancerous tissues located ~1, 2 and 3 cm 
from the tumor margin (defined as D1, D2 and D3, respectively) 
were measured using five b‑value pairs (0 and 50; 0 and 100; 0 
and 800; 0 and 1,000; and 0 and 1,500 sec/mm2). Differences 
in ADCs between RA, D1, D2 and D3 were compared using the 
Friedman test with a post hoc Bonferroni correction. Variables 
that demonstrated statistical differences in multiple pairwise 

comparisons underwent receiver operating characteristic 
(ROC) analysis to assess diagnostic performance of ADCs 
in distinguishing between tissues. ADC at all b‑value pairs 
demonstrated satisfactory performance in distinguishing RA 
from D1, D2 and D3 [areas under the ROC curves (AUCs), 0.838 
to 0.996)]. When the maximum b‑value was ≥800 sec/mm2, 
the ADC of D1 was significantly lower compared with those of 
D2 and D3 (P<0.001). ADC exhibited an optimal performance 
in differentiating D1 from D2 at b‑values of 0 and 800 sec/mm2, 
and D1 from D3 at b‑values of 0 and 1,000 sec/mm2 (AUCs: 
0.652 and 0.692, respectively). However, ADCs of D2 and D3 
demonstrated no differences at all b‑value pairs (all P>0.05). 
In conclusion, ADC may distinguish RA from D1, D2 and D3, 
and D1 from D2/D3, but cannot distinguish between D2 and D3.

Introduction

Colorectal cancer is ranked as the third most prevalent malig‑
nancy globally and the second leading cause of cancer‑related 
mortality. Rectal cancer alone contributes to approximately 
one‑third of these cases, with adenocarcinoma comprising 
>90% (1‑3). Total mesorectal excision remains the standard 
surgical procedure for resectable rectal cancer (4). Despite 
undergoing curative resection, there is still a recurrence rate 
of 5‑10%, with the distal resection margin (DRM) serving 
a crucial role (5‑7). It has been reported that histologically 
normal tissues adjacent to tumors undergo molecular altera‑
tions associated with tumorigenesis, which can be attributed 
to field cancerization (8,9). If the tissue exhibiting a precan‑
cerous state is not surgically excised, it has the potential to 
progress into invasive cancer (10). In rectal cancer surgery, 
an insufficient length of DRM is often associated with a high 
recurrence rate (5), whilst an excessive length of DRM may 
result in inadequate remaining rectum and increase the risk 
of postoperative complications (6). Therefore, it is important 
to preoperatively determine the optimal DRM for formulating 
surgical options.

The apparent diffusion coefficient (ADC), derived from 
the signal intensity of diffusion‑weighted imaging (DWI), 
quantitatively evaluates the mobility of water molecules 
and indirectly reflects the biological characteristics of 
tissues (11‑13). In general, the presence of low ADC values 
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indicates a restriction in the diffusion of water molecules, which 
is commonly observed in several pathological conditions, such 
as inflammatory, fibrotic or neoplastic processes (11,14). It has 
been reported that an increase in both the mobility and quan‑
tity of water molecules during the transition from normal cells 
to cancerous cells leads to differences in water molecule diffu‑
sion within tissues at different stages of tumorigenesis (15). 
In addition, stem cells derived from adjacent tissues of the 
tumor have the potential to induce fibrosis and an inflam‑
matory response (16), thereby affecting the ADC values of 
paracancerous tissues.

Chen  et  al  (17) reported that ADC can be used to 
differentiate between tumor tissues, tumor‑adjacent tissues 
and tumor‑distant tissues in rectal adenocarcinoma (RA); 
however, the investigation of distal paracancerous tissues 
only involved the tissues located ~1 and 2 cm from the tumor 
margin. Currently, there is no exact standard for the length 
of DRM (18‑20), to the best of our knowledge. Therefore, the 
aim of the present study was to evaluate differences in ADC 
values of resectable mid‑high RA and distal paracancerous 
tissues located at several distances from the tumor margin in 
detail, providing a potential reference basis for preoperatively 
determining the optimal DRM.

Materials and methods

Patients. The study protocol was approved by the 
Institutional Review Board of the Affiliated Hospital 
of North Sichuan Medical College (Nanchong, China; 
approval no. 2024ER219‑1), and the requirement for informed 
consent was waived owing to the retrospective nature of the 
present study.

From January 2017 to December 2022, clinical and imaging 
data from 129 consecutive patients with resectable RA who 
underwent preoperative pelvic magnetic resonance imaging 
(MRI) scans were collected from The Affiliated Hospital of 
North Sichuan Medical College (Nanchong, China). Inclusion 
criteria were as follows: i)  Multi‑b‑value DWI sequences 
performed within 2 weeks prior to surgery; ii) no cancer‑related 
treatment administered before undergoing multiple b‑values 
DWI; iii) adenocarcinoma confirmed by pathology; and iv) the 
distal tumor margin (DTM) was positioned ≥3 cm above the 
dentate line, as the dentate line represents the transition between 
rectal columnar mucosa and anal squamous mucosa (21), which 
can result in significant variations in ADC values of the intes‑
tinal wall below and above it. Exclusion criteria were as follows: 
i) No visible tumors on MRI images (n=2); ii) tumors confirmed 
as mucinous adenocarcinoma, attributing to their high ADC 
resulting from the abundant mucinous content (n=5); iii) unsat‑
isfactory image quality due to susceptibility or movement 
artifacts (n=7); iv) abnormal edema exhibited in the intestinal 
wall, leading to elevated ADC values (n=3); and v) incomplete 
MRI images or clinical records of patients (n=2). Finally, a 
total of 110 patients (62 male and 48 female patients; median 
age, 66 years; age range, 28‑84 years) with RA confirmed by 
pathology were included in the present study for analysis.

All patients with RA underwent pelvic MRI including DWI 
2 weeks before radical resection with regional lymph node 
dissection. The tumor differentiation, pathological tumor stage 
(pT) and pathological lymph node stage (pN) for rectal cancer 

were determined based on the postoperative histopathological 
examination. Tumors located within 15 cm from the DTM to 
the anal verge were categorized as rectal neoplasms, further 
classified into low (0‑5  cm), middle (>5‑10  cm) and high 
(>10‑15 cm) rectal tumors based on their respective distances 
from the DTM to the anal verge (22). As the distance from 
the dentate line to the anal verge was 2‑3 cm (21), and DTM 
was required to be >3 cm above the dentate line in the present 
study, patients with mid‑high RA were included.

MRI techniques. For each enrolled patient, imaging was 
performed using a 3.0 Tesla scanner (Discovery™ MR750; 
GE Healthcare) with a 32‑channel phased‑array torso coil 
in the pelvic region. The imaging sequences included axial 
T2‑weighted (T2W) fast‑recovery fast spin‑echo with fat 
suppression sequence, sagittal T2W Propeller with fat suppres‑
sion sequence, axial multi‑b‑value (0, 50, 100, 800, 1,000 and 
1,500 sec/mm2) DWI based on echo‑planar imaging sequence. 
The parameters of all sequences are listed in Table Ⅰ. The 
patients were positioned in a supine posture during the scan‑
ning procedure. The scanning range was from the level of 
the lumbar 4‑5 intervertebral disc to 10 cm below the pubic 
symphysis, ensuring coverage of the entire rectum.

Image analysis. DWI data were transferred to the Advantage 
Workstation (version 4.5; GE Healthcare), and ADC maps were 
automatically generated using the post‑processing Functool 
software (version 10.4.04; GE Healthcare). All images were 
independently evaluated by two abdominal radiologists (radi‑
ologist 1 and radiologist 2, with 7 and 3 years of experience in 
this field, respectively), and any disagreements were resolved 
by another expert with 26 years of experience. The expert and 
two radiologists were blinded to the clinical and histopathology 
information of patients, except for the diagnosis of RA.

The ADC maps and values were derived from DWI 
using five different b‑value pairs (0 and 50; 0 and 100; 0 
and 800; 0 and 1,000; and 0 and 1,500 sec/mm2) based on 
the mono‑exponential model formula: ADC=ln(S0/S1)/(b1-b0), 
where b represents the diffusion gradient value and S0 and 
S1 denote the signal intensity of tissue on DWI at b0 and b1, 
respectively (12,17). The Japanese guidelines recommend a 
DRM of ≥3 cm for rectal cancer located above the peritoneal 
reflection and 2 cm for those below it (19). Moreover, there have 
been very few reports of distal tumor infiltration extending 
<3 cm (5). Thus, a DRM of 3 cm is generally considered a safe 
resection margin for patients with rectal cancer. Subsequently, 
ADC measurements were performed on RA and three distal 
paracancerous tissues located at ~1 (D1), ~2 (D2) and ~3 cm 
(D3) from the DTM.

In the present study, the ADCs of RA, D1, D2 and D3 
were measured using the single‑slice region of interest (ROI) 
method. Firstly, location of RA was determined based on 
the T2W and DWI images, where the tumor presented as an 
irregular thickening of the intestinal wall with isointense or 
hyperintense signal on the T2W image and hyperintense signal 
on the DWI image (Fig. 1A‑C). Secondly, the locations of D1, 
D2 and D3 were determined based on the sagittal T2W images 
(Fig. 1B), whilst the axial DWI images of D1, D2 and D3 were 
captured at the corresponding locations. Thirdly, on the axial 
high b‑value DWI image, the maximum cross‑section of the 
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tumor was selected and an ROI was delineated along the tumor 
margin whilst carefully excluding necrotic, fatty and vascular 
regions (Fig. 1C). In accordance with the method described in 
a previously published report (17), ROIs of D1, D2 and D3 were 
delineated to cover more than a semicircle of the rectal wall, 
and the surrounding adipose tissue, blood vessels and luminal 
gas were excluded (Fig. 1D). After delineating the ROIs for 
the tumor, D1, D2 and D3 on axial high b‑value DWI images, 
corresponding ROIs were automatically generated on the ADC 
maps to obtain ADC values for each region (Fig. 1E and F). 
The ADC measurement was repeated three times for each 
tissue, and the final value was determined by calculating the 
average of these three measurements. Additionally, the ADCs 
of RA, D1, D2 and D3 were independently measured by the 
aforementioned two radiologists to evaluate the interobserver 
agreement.

Statistical analysis. Statistical analyses were performed 
using SPSS software (version 25; IBM Corp.). P<0.05 was 
considered to indicate a statistically significant difference. 
The intraclass correlation coefficient (ICC) was used to assess 
the interobserver agreements for each ADC measurement. 
The ICC was classified into poor (0‑0.20), fair (0.21‑0.40), 
moderate (0.41‑0.60), good (0.61‑0.80) and excellent (0.81‑1.00) 
agreements  (23). If the agreement was good or excellent, 
the measurements of radiologist 1 were used for subsequent 
analysis. If the agreement was unsatisfactory, the average of 
the measurements taken by two radiologists (radiologist 1 and 
radiologist 2) were used for subsequent analysis.

The ADCs of RA, D1, D2 and D3 were compared using 
the Friedman test. In cases where the P‑values indicated 
statistically significant differences, post hoc multiple pair‑
wise comparisons between different tissues were performed 
using the Bonferroni correction test. The results were visu‑
ally represented using boxplots. Subsequently, variables that 
demonstrated statistically significant differences in pairwise 
comparisons underwent receiver operating characteristic 
(ROC) analysis to assess the efficacy of ADCs in distin‑
guishing between different tissues. In addition, considering 
that advanced‑stage RA may have more cell proliferation 
compared with early‑stage RA, and there may be differ‑
ences in the length of safe DRM between the two stages, 

the Mann‑Whitney U test was used to analyze the ADCs of 
different tissues between pT1‑2 and pT3‑4 stages.

Results

Patient characteristics. A total of 110 patients with RA were 
included in the present study, comprising 62 (56.4%) male 
patients and 48 (43.6%) female patients. The median age was 
66 years (range, 28‑84 years). There were 31 (28.2%) tumors 
located in the high rectum and 79 (71.8%) tumors located in 
the middle rectum. The tumor differentiation was observed 
as well‑differentiated adenocarcinoma in 39 (35.4%) patients, 
moderately differentiated adenocarcinoma in 65 (59.1%) 
patients and poorly differentiated adenocarcinoma in 6 (5.5%) 
patients. Regarding the pathological stage, there were 27 
(24.5%) patients classified as pT1‑2 and 83 (75.5%) patients 
classified as pT3‑4. Additionally, there were 65 (59.1%) patients 
classified as pN0 and 45 (40.9%) patients classified as pN1‑2.

Interobserver agreements of ADCs at different b‑value pairs. 
The interobserver agreements for the ADC values of RA, 
D1, D2 and D3 are presented in Table Ⅱ. The interobserver 
agreements for the ADC values at different b‑value pairs 
were excellent (all ICCs >0.80). Therefore, the measurements 
obtained by radiologist 1 were used for subsequent analysis.

Comparisons of ADCs between RA, D1, D2 and D3. The ADC 
values of RA, D1, D2 and D3 obtained from different b‑value 
pairs are summarized in Table Ⅲ. The Friedman test demon‑
strated significant differences in ADCs between the four 
different tissues at all b‑value pairs (all P<0.001). Post hoc 
multiple pairwise comparisons using the Bonferroni correction 
test were performed to further assess the differences in ADCs 
between different tissues (Fig. 2). The tumor exhibited lower 
ADC values compared with D1, D2 and D3 at all b‑value pairs 
(all P<0.001). Furthermore, at b‑value pairs with the maximum 
b‑value of ≥800  sec/mm2 (0 and 800; 0 and 1,000; and 0 
and 1,500 sec/mm2), the ADC of D1 was significantly lower 
compared with those of both D2 and D3 (P<0.001). However, 
no significant differences in ADCs were observed between 
D1, D2 and D3 at b‑value pairs with the maximum b‑value of 
≤100 sec/mm2 (0 and 50, and 0 and 100 sec/mm2; P>0.05). 

Table Ⅰ. Scan parameters of the magnetic resonance imaging sequences.

Parameter	 Axial T2W imaging	 Sagittal T2W imaging	 Axial multi‑b‑value DWIa

Repetition time, msec	 5,050	 7,570	 3,225
Echo time, msec	 120	 60	 57
Flip angle, °	 111	 140	 90
Field of view, cm	 36x36	 36x36	 38x30
Slice thickness, mm	 5	 5	 5
Intersection gap, mm	 1	 1	 1
Matrix	 384x256	 320x320	 128x192
Number of excitations	 2	 3	 1/2/4

aDWI was performed using b‑values of 0, 50, 100, 800, 1,000 and 1,500 sec/mm2 with corresponding numbers of excitations of 1, 2, 2, 4, 4 
and 4 respectively. T2W, T2 weighted; DWI, diffusion‑weighted imaging.

https://www.spandidos-publications.com/10.3892/ol.2024.14843
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There were no significant differences in ADCs between D2 
and D3 at all b‑value pairs (all P>0.05).

ADCs of RA, D1, D2 and D3 between different pT stages. The 
ADC values of RA, D1, D2 and D3 obtained from different 
b‑value pairs at pT1‑2 and pT3‑4 stages are summarized in 
Table Ⅳ. Only when b=0 and 1,000 sec/mm2, and b=0 and 
1,500 sec/mm2, the ADC values of pT1‑2 staged tumors were 
significantly higher compared with those of pT3‑4 staged tumors 
(P<0.05). However, no statistically significant differences 

in ADC values between tumors with different pathological 
stages were demonstrated at the other b‑value pairs (P>0.05). 
Furthermore, there were no statistically significant differences 
in ADC values of D1, D2 and D3 between tumors with different 
pathological stages at all b‑value pairs (all P>0.05). Therefore, 
further subgroup analysis was not performed.

ROC analyses of ADCs for differentiation between RA, D1, 
D2 and D3. The efficacy of ADCs in distinguishing between 
different tissues was assessed using ROC analysis for variables 

Figure 1. Measurement of the ADC values of the tumor and distal paracancerous tissues in a 73‑year‑old male patient with pT3-staged adenocarcinoma of the 
middle rectum. (A) Axial T2‑weighted image shows the tumor is presented as an irregular thickening of rectal wall. (B) Sagittal T2‑weighted image (red line, 
DTM; orange line, D1; green line, D2; blue line, D3). ROIs for the (C) tumor on the largest tumor cross‑section and (D) D1, which covers more than a semicircle 
of the rectal wall, were manually delineated on axial diffusion‑weighted images (b=1,000 sec/mm2). Subsequently, ROIs for the (E) tumor and (F) D1 were 
automatically generated on the corresponding ADC maps (b=0 and 1,000 sec/mm2) to obtain ADC values for each region. The ADC values of the tumor and D1 
were 1.160x10‑3 mm2/sec and 1.530x10‑3 mm2/sec, respectively. ADC measurements for D2 and D3 were performed in a consistent manner with that used for D1. 
ADC, apparent diffusion coefficient; D1, distal paracancerous tissue located ~1 cm from the tumor margin; D2, distal paracancerous tissue located ~2 cm from 
the tumor margin; D3, distal paracancerous tissue located ~3 cm from the tumor margin; DTM, distal tumor margin; ROI, region of interest; pT, pathological 
tumor stage.
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that showed statistically significant differences, based on the 
aforementioned results. This analysis yielded several metrics, 
including the cut‑off value, sensitivity, specificity, accuracy 
and area under the ROC curve (AUC), which are presented 
in Table Ⅴ. ADCs at the maximum b‑value of ≥800 sec/mm2 
exhibited superior discriminatory capability in distinguishing 
RA from D1 (Fig. 3A), RA from D2 (Fig. 3B) and RA from 
D3 (Fig. 3C) compared with those at the maximum b‑value of 
≤100 sec/mm2. Particularly at b‑values of 0 and 1,500 sec/mm2, 
ADC cut‑off values of 1.009x10‑3 mm2/sec, 1.050x10‑3 mm2/sec 
and 1.070x10‑3 mm2/sec demonstrated superior ability in distin‑
guishing RA from D1, from D2 and from D3 (AUCs: 0.982, 
0.992 and 0.996, respectively). Additionally, ADC cut‑off 
values of 1.522x10‑3  mm2/sec (b=0 and 800  sec/mm2) and 
1.539x10‑3 mm2/sec (b=0 and 1000 sec/mm2) exhibited optimal 
diagnostic performance in differentiating D1 from D2 (AUC, 
0.652; Fig. 4A) and D1 from D3 (AUC, 0.692; Fig. 4B).

Discussion

In the present study, the disparities in ADCs between RA and 
distal paracancerous tissues (~1, 2 and 3 cm from the tumor 
margin) were evaluated, and the diagnostic performance of 
ADCs in distinguishing between these tissues was assessed.

As demonstrated in the present study, the tumor exhib‑
ited lower ADC values compared with distal paracancerous 
tissues at all b‑value pairs, which was consistent with the 
results of a previous study (17). A possible explanation for 
this finding is the higher cellular density and irregular cell 
morphology within the tumor, which results in narrower and 
distorted intercellular spaces that restrict the diffusion of 
water molecules (24,25). Consequently, the tumor exhibits 
lower ADC values compared with D1, D2 and D3. Furthermore, 
the present study demonstrated that ADCs at the maximum 
b‑values of ≥800 sec/mm2 (AUCs, 0.963 to 0.996) exhibited 
superior discriminatory capability in distinguishing the tumor 
from distal paracancerous tissues compared with those at 
the maximum b‑values of ≤100  sec/mm2 (AUCs, 0.838 to 
0.843). Particularly at b‑values of 0 and 1,500 sec/mm2, ADC 
demonstrated optimal diagnostic efficacy in distinguishing 
RA from D1, D2 and D3 (AUCs, 0.982 to 0.996). The results 
may be due to the fact that when calculating ADC at the higher 
maximum b‑values, it predominantly reflects the diffusion of 
water molecules; conversely, when computing ADC at the 
lower maximum b‑value, it primarily reflects microcapillary 
perfusion (26).

Diffusion and perfusion are distinct physical and 
biological phenomena, both serving as indicators for 

Table Ⅱ. Evaluation of interobserver agreements for apparent diffusion coefficient values of the tumor, distal paracancerous 
tissue located ~1, 2 and 3 cm from the tumor margin at different b‑value pairs.

	 Interobserver intraclass correlation coefficient (95% CI)
b‑value, 	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
sec/mm2	 Tumor	 D1	 D2	 D3

0 and 50	 0.915 (0.875‑0.942)	 0.876 (0.820‑0.915)	 0.894 (0.845‑0.928)	 0.867 (0.810‑0.908)
0 and 100	 0.832 (0.764‑0.882)	 0.904 (0.858‑0.935)	 0.885 (0.827‑0.923)	 0.878 (0.815‑0.919)
0 and 800	 0.896 (0.844‑0.930)	 0.924 (0.887‑0.949)	 0.933 (0.900‑0.955)	 0.913 (0.869‑0.942)
0 and 1,000	 0.927 (0.865‑0.957)	 0.929 (0.895‑0.952)	 0.951 (0.928‑0.967)	 0.943 (0916‑0.961)
0 and 1,500	 0.900 (0.852‑0.932)	 0.910 (0.870‑0.937)	 0.916 (0.879‑0.942)	 0.927 (0.895‑0.950)

CI, confidence interval; D1, distal paracancerous tissue located ~1 cm from the tumor margin; D2, distal paracancerous tissue located ~2 cm 
from the tumor margin; D3, distal paracancerous tissue located ~3 cm from the tumor margin.

Table Ⅲ. Comparison of apparent diffusion coefficients between the tumor, distal paracancerous tissue located ~1, 2 and 3 cm 
from the tumor margin at different b‑value pairs.

	 Median ADC (25% quantile, 75% quantile), x10‑3 mm2/sec
b‑value, 	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
sec/mm2	 Tumor	 D1	 D2	 D3	 P‑value

0 and 50	 2.080 (1.473, 2.589)	 3.148 (2.598, 3.645)	 3.244 (2.598, 3.783)	 3.224 (2.645, 3.840)	 <0.001
0 and 100	 1.825 (1.382, 2.064)	 2.527 (2.113, 3.059)	 2.557 (2.187, 3.070)	 2.587 (2.173, 2.965)	 <0.001
0 and 800	 1.083 (1.028, 1.141)	 1.505 (1.389, 1.623)	 1.584 (1.500, 1.764)	 1.625 (1.495, 1.730)	 <0.001
0 and 1,000	 1.003 (0.942, 1.051)	 1.405 (1.269, 1.538)	 1.514 (1.377, 1.661)	 1.552 (1.400, 1.647)	 <0.001
0 and 1,500	 0.887 (0.852, 0.937)	 1.247 (1.126, 1.368)	 1.312 (1.230, 1.443)	 1.347 (1.246, 1.430)	 <0.001

ADC, apparent diffusion coefficient; D1, distal paracancerous tissue located ~1 cm from the tumor margin; D2, distal paracancerous tissue 
located ~2 cm from the tumor margin; D3, distal paracancerous tissue located ~3 cm from the tumor margin.

https://www.spandidos-publications.com/10.3892/ol.2024.14843
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several physiological or pathological processes (25). The 
diffusion coefficient has been reported to be a more effec‑
tive diagnostic parameter than the perfusion coefficient in 

distinguishing the tumor from paracancerous tissue (27). 
Additionally, the findings of the present study indicated that 
the ADC values of pT1‑2 staged tumors were significantly 

Figure 2. Multiple pairwise comparisons of ADCs at different b‑value pairs between the tumor, D1, D2 and D3. Comparisons of ADCs at the maximum 
b‑value of (A) ≤100 sec/mm2 and (B) ≥800 sec/mm2 between the tumor, D1, D2 and D3. The boxes represent the interquartile range, and the lines inside the 
box indicate the median; whiskers denote the lowest and highest values within 1.5 times the interquartile range; dots indicate outliers; and asterisks indicate 
significant differences between the tissues assessed using Friedman test with Bonferroni correction ***P<0.001. ADC, apparent diffusion coefficient; D1, distal 
paracancerous tissue located ~1 cm from the tumor margin; D2, distal paracancerous tissue located ~2 cm from the tumor margin; D3, distal paracancerous 
tissue located ~3 cm from the tumor margin.

Table Ⅳ. Comparison of apparent diffusion coefficients of the tumor, distal paracancerous tissue located ~1, 2 and 3 cm from the 
tumor margin between different pathological tumor stages.

	 Median ADC (25% quantile, 75% quantile), x10‑3 mm2/sec
b‑value, 	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
sec/mm2	 Tissue	 pT1‑2 (n=27)	 pT3‑4 (n=83)	 P‑value

0 and 50	 Tumor	 2.110 (1.533, 2.683)	 2.053 (1.440, 2.550)	 0.518
	 D1	 3.210 (2.717, 3.667)	 3.080 (2.553, 3.637)	 0.451
	 D2	 3.277 (2.710, 3.793)	 3.220 (2.563, 3.780)	 0.654
	 D3	 3.123 (2.677, 3.953)	 3.293 (2.540, 3.837)	 0.870
0 and 100	 Tumor	 1.900 (1.427, 2.257)	 1.783 (1.377, 2.033)	 0.202
	 D1	 2.633 (2.220, 3.097)	 2.497 (2.047, 3.055)	 0.485
	 D2	 2.737 (2.317, 2.923)	 2.517 (2.023, 3.297)	 0.534
	 D3	 2.630 (2.373, 2.933)	 2.560 (2.083, 3.100)	 0.710
0 and 800	 Tumor	 1.107 (1.050, 1.193)	 1.080 (1.017, 1.133)	 0.090
	 D1	 1.540 (1.410, 1.723)	 1.490 (1.373, 1.600)	 0.198
	 D2	 1.523 (1.420, 1.780)	 1.600 (1.520, 1.763)	 0.406
	 D3	 1.630 (1.440, 1.717)	 1.623 (1.500, 1.73)	 0.797
0 and 1,000	 Tumor	 1.023 (0.980, 1.113)	 0.989 (0.929, 1.040)	 0.006
	 D1	 1.493 (1.223, 1.580)	 1.397 (1.270, 1.533)	 0.380
	 D2	 1.510 (1.377, 1.677)	 1.523 (1.383, 1.653)	 0.800
	 D3	 1.500 (1.397, 1.637)	 1.553 (1.413, 1.663)	 0.555
0 and 1,500	 Tumor	 0.909 (0.864, 0.974)	 0.879 (0.847, 0.929)	 0.041
	 D1	 1.300 (1.097, 1.400)	 1.243 (1.127, 1.340)	 0.240
	 D2	 1.390 (1.190, 1.480)	 1.300 (1.233, 1.410)	 0.397
	 D3	 1.343 (1.250, 1.423)	 1.347 (1.243, 1.430)	 0.947

ADC, apparent diffusion coefficient; pT, pathological tumor stage; D1, distal paracancerous tissue located ~1 cm from the tumor margin; 
D2, distal paracancerous tissue located ~2 cm from the tumor margin; D3, distal paracancerous tissue located ~3 cm from the tumor margin.
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Table Ⅴ. Receiver operating characteristic curve analyses of apparent diffusion coefficients for the differentiation between the 
tumor and distal paracancerous tissue located ~1, 2 and 3 cm from the tumor margin at different b‑value pairs.

A, Tumor vs. D1

b‑value,	 Cut‑off value,				  
sec/mm2	 x10‑3 mm2/sec	 Sensitivity	 Specificity	 Accuracy	 AUC (95% CI)

0 and 50	 2.714	 0.827	 0.727	 0.777	 0.842 (0.790‑0.894)
0 and 100	 2.277	 0.891	 0.673	 0.782	 0.838 (0.784‑0.891)
0 and 800	 1.329	 0.964	 0.855	 0.909	 0.963 (0.939‑0.987)
0 and 1,000	 1.117	 0.909	 0.973	 0.941	 0.981 (0.966‑0.995)
0 and 1,500	 1.009	 0.936	 0.955	 0.945	 0.982 (0.967‑0.997)

B, Tumor vs. D2					   

b‑value,	 Cut‑off value,			 
sec/mm2	 x10‑3 mm2/sec	 Sensitivity	 Specificity	 Accuracy	 AUC (95% CI)

0 and 50	 2.960	 0.955	 0.645	 0.800	 0.843 (0.790‑0.895)
0 and 100	 2.275	 0.891	 0.727	 0.809	 0.840 (0.786‑0.894)
0 and 800	 1.339	 0.973	 0.909	 0.941	 0.987 (0.976‑0.997)
0 and 1,000	 1.167	 0.936	 0.982	 0.959	 0.990 (0.980‑1.000)
0 and 1,500	 1.050	 0.982	 0.945	 0.964	 0.992 (0.983‑1.000)

C, Tumor vs. D3					   

b‑value,	 Cut‑off value,			 
sec/mm2	 x10‑3 mm2/sec	 Sensitivity	 Specificity	 Accuracy	 AUC (95% CI)

0 and 50	 2.932	 0.936	 0.636	 0.786	 0.842 (0.790‑0.895)
0 and 100	 2.158	 0.818	 0.764	 0.791	 0.839 (0.785‑0.893)
0 and 800	 1.340	 0.973	 0.927	 0.950	 0.989 (0.980‑0.998)
0 and 1,000	 1.220	 0.982	 0.964	 0.973	 0.994 (0.986‑1.000)
0 and 1,500	 1.070	 1.000	 0.945	 0.973	 0.996 (0.991‑1.000)

D, D1 vs. D2					   

b‑value,	 Cut‑off value,			 
sec/mm2	 x10‑3 mm2/sec	 Sensitivity	 Specificity	 Accuracy	 AUC (95% CI)

0 and 800	 1.522	 0.582	 0.682	 0.632	 0.652 (0.580‑0.724)
0 and 1,000	 1.425	 0.564	 0.682	 0.623	 0.651 (0.578‑0.723)
0 and 1,500	 1.249	 0.509	 0.709	 0.609	 0.617 (0.543‑0.691)

E, D1 vs. D3					   

b‑value,	 Cut‑off value,			 
sec/mm2	 x10‑3 mm2/sec	 Sensitivity	 Specificity	 Accuracy	 AUC (95% CI)

0 and 800	 1.559	 0.636	 0.673	 0.655	 0.674 (0.603‑0.745)
0 and 1,000	 1.539	 0.755	 0.536	 0.645	 0.692 (0.623‑0.761)
0 and 1,500	 1.249	 0.509	 0.745	 0.627	 0.658 (0.586‑0.729)

AUC, area under receiver operating characteristic curve; CI, confidence interval; D1, distal paracancerous tissue located ~1 cm from the tumor 
margin; D2, distal paracancerous tissue located ~2 cm from the tumor margin; D3, distal paracancerous tissue located ~3 cm from the tumor 
margin.

https://www.spandidos-publications.com/10.3892/ol.2024.14843
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higher compared with those of pT3‑4 staged tumors at 
certain b‑value pairs (b=0 and 1,000 sec/mm2, and b=0 
and 1,500  sec/mm2), which is consistent with previous 
studies (28,29). This may be due to the increased density 
of tumor cells and reduced extracellular space as the tumor 
progresses, leading to greater restriction of water molecule 
diffusion.

In the present study, the ADC of D1 was lower compared 
with those of D2 and D3 at the maximum b‑values of 
≥800  sec/mm2. Chen et  al  (17) also reported a decrease 
in ADC values of D1 compared with D2 in their assess‑
ment of distal paracancerous tissues, but the ADC values 
between D1/D2 and D3 were not compared and cases of 
lower rectal cancer were not excluded. The result of the 
present study may be attributed to molecular alterations 
during tumorigenesis that can lead to abnormal increases 
in water molecule mobility and quantity (15). In addition, 

the molecular alterations associated with tumorigenesis are 
more pronounced in paracancerous tissues located closer 
to the tumor compared with tumor‑distant tissues  (8,9). 
Furthermore, previous research has demonstrated that the 
more severe the intestinal inflammation and fibrosis, the 
lower the ADC value  (30). Stem cells derived from the 
adjacent tissues of the tumor have the potential to induce 
fibrosis and an inflammatory response (16), indicating that 
inflammation and fibrosis are more pronounced in para‑
cancerous tissues located closer to the tumor compared 
with tumor‑distant tissues. Hence, the diffusion of water 
molecules is more restricted in D1 compared with D2 and D3. 
However, there were no significant differences in ADCs at 
the maximum b‑value of ≤100 sec/mm2 between D1, D2 and 
D3 in the present study. This may be because microcapillary 
perfusion cannot accurately discern the subtle differences 
within these tissues.

Figure 3. ROC analyses of ADCs at different b‑value pairs to differentiate the tumor from D1, D2 and D3. Differentiation of the tumor from (A) D1, (B) D2 and 
(C) D3. These ROC curves demonstrate that the ADCs at the maximum b‑value of ≥800 sec/mm2 can differentiate the tumor from distal paracancerous tissues 
more effectively compared with the ADCs at the maximum b‑value of ≤100 sec/mm2. ROC, receiver operating characteristic curve; ADC, apparent diffusion 
coefficient; D1, distal paracancerous tissue located ~1 cm from the tumor margin; D2, distal paracancerous tissue located ~2 cm from the tumor margin; 
D3, distal paracancerous tissue located ~3 cm from the tumor margin.

Figure 4. Receiver operating characteristic curve analyses of apparent diffusion coefficients at the maximum b‑value of ≥800 sec/mm2 to differentiate D1 from 
D2 and D3. Differentiation of D1 from (A) D2 and (B) D3. D1, distal paracancerous tissue located ~1 cm from the tumor margin; D2, distal paracancerous tissue 
located ~2 cm from the tumor margin; D3, distal paracancerous tissue located ~3 cm from the tumor margin.
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Currently, there is no exact standard on DWI for the defini‑
tion of the length of DRM. The present study demonstrated 
that there were no significant differences in ADCs between 
D2 and D3 at all b‑value pairs, suggesting that D2 and D3 may 
possess similar biological characteristics, such as microstruc‑
ture, cell sequencing and tissue composition. Therefore, we 
hypothesize that the safe DRM in mid‑high RA surgery may 
be reduced to 2 cm. According to the National Comprehensive 
Cancer Network guidelines, patients with mid‑high rectal 
cancer are recommended to have a DRM length of 4‑5 cm (20). 
Japanese guidelines recommend a minimum distance of 3 cm 
for DRM in cases of rectal cancer located above the perito‑
neal reflection and 2 cm for those below it (19). Furthermore, 
there have been very few reports of distal tumor infiltration 
extending <3 cm (5). From a clinical perspective, a DRM 
of 3 cm is generally considered a safe resection margin for 
patients with rectal cancer. A previous metabolomic study by 
Zhang et al (18) may support the finding of the present study, 
which also suggests that a DRM of 2 cm may be considered 
as a safe resection margin. With the advancement of medical 
technology, the length of DRM in rectal cancer surgery has 
been progressively reduced. Manegold et al (31) reported that 
R0 resection of rectal cancer following preoperative chemo‑
radiotherapy achieved excellent outcomes, even with DRM 
<1 cm, without impacting recurrence‑free survival of patients. 
However, a meta‑analysis reported that for patients with rectal 
cancer undergoing surgery alone, DRM <1 cm may not be 
deemed safe (32).

In addition, the results of the present further indicated 
that the ADCs at the maximum b‑values of ≥800 sec/mm2 
exhibited a certain diagnostic value in discriminating between 
D1 and D2/D3 (AUCs, 0.617 to 0.692). The ADCs at b‑values 
of 0 and 800 sec/mm2 or b‑values of 0 and 1,000 sec/mm2 
demonstrated improved diagnostic performance in differ‑
entiating between D1 and D2 (AUC, 0.652 or 0.651), and the 
ADC at b‑values of 0 and 1,000 sec/mm2 exhibited optimal 
diagnostic performance in differentiating between D1 and D3 
(AUC, 0.692). Although ADC could not achieve an excellent 
diagnostic performance in distinguishing between D1 and 
D2/D3, it may still have clinical importance for preoperative 
surgical decision‑making in resectable mid‑high RA.

The present study has several limitations. Firstly, it was 
a single‑center retrospective study, and a prospective study 
across multiple institutions and scanners is needed to validate 
the findings. Secondly, patients with RA who had not under‑
gone preoperative chemoradiotherapy were assessed, and 
further studies are needed for patients who have undergone 
this therapy. Thirdly, the results of the present investigation 
on distal paracancerous tissues located at several distances 
from the tumor margin has not been verified by compre‑
hensive comparison with the corresponding histopathology 
and molecular alterations of these tissues. Relevant research 
should be performed in the future to support the findings of 
the present study.

In conclusion, the results of the present study demonstrated 
that there were differences in ADCs between RA, D1 and D2/
D3, and ADC could distinguish RA from D1, D2 and D3, and 
differentiate D1 from D2/D3 to a certain degree. However, no 
significant differences were demonstrated in ADCs between 
D2 and D3, indicating that they may possess similar biological 

characteristics and that the safe DRM in RA surgery may be 
reduced to 2 cm. The findings suggest that ADC may poten‑
tially serve as a valuable tool for evaluating the optimal distal 
resection range, contributing to the development of surgical 
strategies to reduce the risk of local recurrence and postopera‑
tive complications.
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