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Abstract. Patients with chronic inflammatory bowel disease 
have an increased risk of colorectal cancer, and the differ-
entiation between neoplastic and inflammatory lesions often 
poses a clinical dilemma. The aim of the present study was to 
investigate whether diffusion‑weighted (DW) magnetic reso-
nance (MR) enterography with ultra‑high b‑value facilitates 
the identification of neoplastic lesions in the ileocecal region. 
A total of 76 patients (22 patients with neoplasms, 26 inflam-
matory lesions and 28 normal subjects) from 292 cases of 
suspected bowel disorders were included in the present study. 
All patients were examined with conventional MR enterog-
raphy and DW imaging (DWI) with seven different b‑values 
(400, 600, 800, 1,000, 1,200, 1,500 and 3,000 sec/mm2) in a 3T 
MR scanner. DWI scans with different b‑values were analyzed 
independently by two radiologists for the presence of ileocecal 
lesions. The signal intensity of the majority of inflammatory 
lesions and normal bowel segments gradually decreased to 
the background intensity with increasing b‑values; however, 
neoplastic lesions demonstrated relative hyperintensity 
compared with the background. In addition, ~76% of the posi-
tive findings from b=3,000 sec/mm2 DWI were neoplasms. 
In conclusion, a lesion with consistently high signal intensity 
from DWI images with b‑values increasing to 3,000 sec/mm2 
indicated the presence of neoplasms. The results suggested 
that ultra‑high b‑value (3,000 sec/mm2) imaging may aid the 
clinical differentiation of neoplasms from benign conditions.

Introduction

Chronic right lower quadrant pain is a clinical presentation 
for a spectrum of neoplastic and inflammatory diseases that 
may affect the ileocecal region (1,2). A variety of struc-
tures may be pathologically involved, including the cecum, 
appendix, ileocecal valve and/or terminal ileum; thus, clini-
cally differentiating the source of right lower quadrant pain is 
challenging (2‑4).

At present, cross‑sectional imaging, including computed 
tomography (CT) enterography and magnetic resonance 
enterography (MRE), serve important roles in the detection 
of bowel lesions (5‑7). Recent guidelines regarding patient 
preparation and acquisition for cross‑sectional small bowel 
and colonic imaging have been established (8). Differentiating 
between neoplastic and inflammatory diseases by their 
morphological appearance via imaging may be ambiguous due 
to the considerable overlap in conventional CT or MR features, 
including increased wall thickness, luminal narrowing and 
enlarged adjacent lymph nodes (9,10). Inflammatory bowel 
disease increases the risk of small bowel and colonic adeno-
carcinoma, but may also mimic these malignancies upon 
imaging (11); thus, diagnosing certain cancer types in such 
patients is difficult (9,12).

Diffusion weighted imaging (DWI) is a promising tech-
nique that measures the random motion of water molecules in 
biological tissues (5,13‑15). DWI has been widely applied for the 
differentiation of neoplasms and the evaluation of therapeutic 
response in the solid abdominal viscera (16,17). Additionally, 
DWI may be employed in clinical MRE examination, 
providing similar information to contrast‑enhanced imaging in 
cases where the latter is contraindicated, including pregnancy, 
allergy to contrast agents and renal insufficiency (13,18). 
The b‑value of a DWI sequence indicates the strength of 
the diffusion‑sensitizing gradient, which in part, determines 
image contrast (19‑21). Previous studies have demonstrated the 
utility of higher b‑values, >1,000 sec/mm2, for the detection of 
breast (22) and pancreatic (20) cancer; however, the majority 
of MRE‑based analyses have employed two or three b‑values 
from 0‑1,000 sec/mm2 for DWI (18,23‑25). At present, higher 
b‑values in DWI have not been investigated in this field.
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Therefore, the present study aimed to evaluate the potential of 
DWI with ultra‑high b‑values for the identification of neoplasms 
with endoscopic and surgical data as the reference standard.

Patients and methods

Patient enrolment. The institutional review board of Tongji 
Hospital (Wuhan, China) approved this retrospective study and 
the requirement for informed consent was waived. Analysis of 
the Tongji Hospital database identified the records from 292 
MRE‑based examinations of patients with suspected gastro-
intestinal diseases between September 2014 and December 
2016. Among these patients, 86 MRE examinations met 
the following inclusion criteria: i) Ileocecal segments were 
completely assessed by endoscopy or surgery along with histo-
pathology results; ii) multiple b‑values of DWI (400, 600, 800, 
1,000, 1,200, 1,500 and 3,000 sec/mm2) were included in the 
MRE protocol; and iii) no bowel surgery was performed prior 
to MRE examination. Of the 86 MRE examinations meeting 
these criteria, 6 duplicate MRE examinations for follow‑up 
evaluation and 4 patients with inadequate DWI images due 
to extensive motion artifacts. The remaining 76 patients 
were included in the present study for analysis. A flow chart 
demonstrating the selection of patients is presented in Fig. 1.

MRE protocol. The MRE examination was performed using 
a 3.0‑T GE MR scanner (Discovery MR750; GE Healthcare). 
All patients fasted for ≥6 h prior to the examination. To achieve 
adequate distension of the ileocecal segment, ~1,500 ml isos-
motic mannitol solution was administered orally to each patient 
~45 min prior to MR scanning. To reduce bowel peristalsis, 
10 mg anisodamine was administered intramuscularly 5 min 
prior to the examination in patients without contraindications, 
including glaucoma and/or prostatic hypertrophy. All patients 
were routinely scanned with a 32‑channel phased‑array body 
coil in the supine position. The MRE protocol is summarized in 
Table I. DW images were acquired in the transverse plane using 
the single shot echo planar imaging technique with parallel 
imaging and fat suppression (7). Diffusion‑encoding gradients 
were applied at seven b‑values from 400‑3,000 sec/mm2 (400, 
600, 800, 1,000, 1,200, 1,500 and 3,000 sec/mm2). The number 
of excitations was six for non‑zero b‑values. The total duration 
of acquisition in the entire examination for every patient was 
≤30 min, depending on the respiratory rate of the patients.

Image analysis. All images were transferred to a worksta-
tion (AW 4.5; GE Healthcare). Apparent diffusion coefficient 
(ADC) maps were generated by a mono‑exponential fit using 
b=0 and one of the seven b‑values. Two experienced gastroin-
testinal radiologists independently analyzed the image sets of 
DWI with the seven b‑values and corresponding ADC maps. 
To reduce any bias, the radiologists were blinded to clinical 
details and the ileocolonoscopy and surgical results of the 
patients. The seven image sets were reviewed in a random 
order with a time interval of 4 weeks between readouts. Any 
discrepancies between the results were resolved by consulting 
with a third more experienced radiologist. The consensus of 
results was employed for further statistical analysis.

For the assessment of the image sets, the b‑value of the 
images and the corresponding ADC maps of ileocecal 

segments were evaluated as previously described (18,23) with 
respect to: i) Bowel wall thickening (>3 mm); and ii) increased 
signal on DW images for the lesion. Ileocolonoscopy or 
operative results served as the reference standards. 

Statistical analysis. Statistical analyses were performed 
using SPSS software (version 19; IBM Corp.). Sensitivities, 
specificities, positive predictive values (PPVs) and nega-
tive predictive values (NPVs) for the detection of lesions on 
DWI with different b‑values were calculated by comparison 
with the reference standards. The Youden Index (YI) was 
obtained using the formula: YI=sensitivity + specificity‑1. 
High YI values indicated superior performances. Diagnostic 
performances of DWI with different b‑values were compared 
using a χ2 test. P<0.05 was considered to indicate a statistically 
significant difference. Interobserver agreements between the 
two independent radiologists for the results of the DWI were 
evaluated by κ statistical analysis (κ=0.00‑0.20, slight agree-
ment; κ=0.21‑0.40, fair agreement; κ=0.41‑0.60, moderate 
agreement; κ=0.61‑0.80, good agreement and κ=0.81‑1.00, 
almost perfect agreement) (26).

Results

Patient demographics. A total of 76 patients were included 
in the present study, including 41 males (mean age, 45 years; 
age range, 20‑81 years) and 35 females (mean age, 57 years; 
age range, 20‑80 years), with an overall mean age of 51 years 
(age range, 20‑81 years). Among these 76 patients, 22 patients 
were diagnosed with neoplasms and 26 patients were 
diagnosed with areas of inflammation according to histopath-
ological analysis of samples obtained following endoscopy or 
surgery. The ileocecal segments of the remaining 28 patients 
were normal. A summary of the diagnoses for the 76 patients 
is presented in Table II. Interobserver agreements from the 
results of the two radiologists were rated as good to perfect. 
The κ values were 0.688‑0.881 for DWI with different b‑values 
(Table III).

Performances of DWI with different b‑values for the detection 
of lesions. The sensitivities, specificities, PPVs, NPVs and YI 
from DWI with different b‑values (400, 600, 800, 1,000, 1,200, 
1,500 and 3,000 sec/mm2) for detecting ileocecal lesions 
are presented in Table III. DWI with low b‑values achieved 
higher sensitivity with a relatively lower specificity, while the 
specificity was increased in DWI with higher b‑values. The 
YI reached the maximum (0.702) when the b‑value of DWI 
was 800 sec/mm2, but then decreased as the b‑value increased 
(Fig. 2). The diagnostic performances of the seven b‑values for 
DWI were significantly different compared with each other, 
except for three groups [DWI with b=600 and 800 sec/mm2 
(P=0.250); DWI with b=800 and 1,000 sec/mm2 (P=0.125); 
and DWI with b=1,000 and 1,200 sec/mm2 (P=0.125)].

Effects of variable b‑values on MRI‑based diagnosis. The 
results of DWI using different b‑values are presented in 
Table IV. The percentages of neoplastic lesions were deter-
mined via DWI with different b‑values (Fig. 3). The signal 
intensities of inflammatory lesions and normal ileocecal 
segments decreased to background levels with increasing 
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b‑values (Fig. 4); however, the neoplasms exhibited a high 
signal intensity relative to the background at high b‑values 
(Fig. 5). As presented in Table IV and Fig. 3, the ratio of 
neoplasms to other lesions detected by DWI became greater 
with increasing b‑values. Additionally, 76% of high signal 
intensity lesions on DWI with b=3,000 sec/mm2 were 
neoplasms; 6 patients with inflammatory lesions (3 patients 
diagnosed with Crohn's disease, 2 with chronic mucosal 
inflammation with acute phase alterations, and 1 patient with 
appendicitis and a peri‑appendiceal abscess) demonstrated a 
relatively high signal intensity on DWI with b=3,000 sec/mm2. 
An appendiceal myxoma was deemed normal when b‑values 

>1,200 sec/mm2 were applied and two adenocarcinomas were 
not visible with b=3,000 sec/mm2 DWI.

Discussion

DWI is recommended for routine use by the European Society 
of Gastrointestinal and Abdominal Radiology (ESGAR) 
and the European Society of Pediatric Radiology (ESPR) in 
MRE‑based assessments of inflammatory bowel disease with 
an upper range of b‑values between 600‑900 sec/mm2 (8). In the 
present study, DWI with b=800 sec/mm2 achieved the highest 
YI value in the detection of neoplastic and inflammatory 

Figure 1. Flow chart of the enrolment process of patients in the present study. MR, magnetic resonance; MRI, magnetic resonance imaging; DWI, 
diffusion‑weighted imaging.

Table I. Magnetic resonance enterography parameter settings in a 3.0T MR scanner.

 Coronal/axial Coronal/axial Coronal/axial Axial diffusion‑weighted
Parameter SSFSE FIESTA LAVA imaging

TR, msec A respiratory cycle 3.2 3.8 A respiratory cycle
TE, msec 68 1.2 1.7 80
Flip Angel, ˚ 90 45 15 90
Matrix, pixels 288x288 288x288 260x210 160x128
Slice thickness, mm 4/5 4/5 4.2/5.0 6
Intersection gap, mm 1/1 1/1 0/0 1
Field of view, cm2 Variable Variable Variable 38x30.4
Number of excitations 0.7 1 0.53 6
Fat saturation Spectral Spectral N.A. Fat

FIESTA, fast imaging employing steady‑state acquisition; LAVA, liver acquisition with volume acceleration sequence; N.A., not applicable; 
SSFSE, single shot fast spin echo; TR, repetition time; TE, echo time.
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lesions among the seven assessed b‑values. Overall, differences 
in lesion detection amongst b‑values of 600‑1,200 sec/mm2 
were subtle, consistent with the ESGAR/ESPR recommenda-
tions (8). A higher b‑value (3,000 sec/mm2) for DWI revealed 
the specificity for distinguishing neoplasms from bowel 
inflammation to be increased, with 76% of the positive findings 
representing neoplasms.

DWI has been widely used for the assessment of bowel 
diseases in recent years; however, the majority of studies have 
investigated the detection of neoplasms or inflamed bowel 
loops from normal loops using lower b‑values (18,23,27‑29). 
However, while the differentiation between bowel inflamma-
tion and neoplasms is clinically useful, it remains challenging 
when lower b values DWI are used, as neoplasms and inflam-
mation are detected with high intensities at b‑values between 
400‑1,200 sec/mm2. This is similar to the findings of a previous 
assessment of pancreatic adenocarcinoma on DWI with 
b=1,000 sec/mm2 (30). Due to the application of fast imaging 
acquisition techniques, gradient coils and improvements in MRI 
hardware, the use of higher b‑value DWI has gained increasing 
attention in research and clinical practice (22,31,32). Compared 
with standard b values (≤1,000 sec/mm2), higher b‑values 
(≥1,500 sec/mm2) may enhance the image contrast between 
unaffected bowel and neoplasms, as the greater cellularity in the 
latter restricts free diffusion of water in the tumor tissues (19,20).

The results of the present study demonstrated that the signal 
intensity of normal and inflamed bowel decreased to background 
level at b‑values >1,200 sec/mm2 (Fig. 4). At such b‑values, 
neoplastic lesions exhibited relatively high intensity (Fig. 5) and 
the ratio of neoplasms in the positive DWI findings with higher 
b‑values increased. These findings were consistent with previous 
studies (19,20,32‑34), which proposed that DWI analysis with 
higher b‑values may provide sufficient background suppression 
to reduce the false‑positive diagnoses of neoplasms. Similar 
findings have been reported in the pancreas; Fukukura et al (20) 
revealed that b=1,500 sec/mm2 DWI improved the delineation 

of pancreatic adenocarcinomas from pancreatitis. In the pros-
tate, lesions with increased signal intensity from higher b‑value 
images were predominantly tumors (82%) (34).

In the present study, there were 6 cases of bowel inflam-
mation demonstrating slight hyperintensity on DWI with 
b=3,000 sec/mm2. The basis of restricted diffusion in DWI 
is associated with the cellularity of tissues (31,35); abscesses 
exhibit hyperintensity on high b‑value (3,000 sec/mm2) DWI 
due to the abundance of inflammatory cells with restricted 
motion inside the abscess cavity (36). Thus, the high signal 
intensity of inflammatory lesions on high b‑value DWI could 
be due to the accumulation of inflammatory cells or the forma-
tion of acute micro abscesses; however, further investigation 
is required. In addition, an appendiceal myxoma and two 
adenocarcinomas were not visible on the higher b‑value DWI 
(b=3,000 sec/mm2) in the present study. This could be associ-
ated with the abundance of mucins (37), which was identified 
in these cases via histopathological analysis. Some of these 
shortcomings may be addressed by using a combination of 
conventional MRE sequences alongside high b‑value DWI.

Figure 2. Tendency curve of the Youden Index from diffusion weighted 
imaging with different b‑values for the detection of ileocecal lesions.

Figure 3. Percentages of neoplasms and inflammations in ileocecal segments 
from diffusion weighted imaging with different b‑values (sec/mm2).

Table II. Diagnosis of patients included in the present study.

 Number Sex
Diagnosis of patients (male:female), n

Neoplasms 22 9:13
  Stromal tumor 2 0:2
  Adenocarcinoma 13 4:9
  Lymphoma 5 3:2
  Sarcoma 1 1:0
  Appendix myxoma 1 1:0
Inflammations 26 19:7
  Crohn's disease 11 9:2
  Intestinal tuberculosis 4 2:2
  Ulcerative colitis 1 0:1
  Mucosal chronic inflammation 5 4:1
  Appendicitis 5 4:1
Normal ileocecal segments  28 13:15
Total 76 41:35
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Figure 5. A 37‑year‑old female with ileocecal adenocarcinoma cancer diagnosed by pathological analysis following surgery. The lesion (arrow) was irregular 
and extended to the enteric cavity as determined via (A) conventional axial T2 weighted image, (B) T1 weighted image and (C) DWI with b=0 sec/mm2. 
The lesion demonstrated a sustained high signal intensity on DWI with increasing b‑values of (D) b=400 sec/mm2, (E) b=600 sec/mm2, (F) b=800 sec/mm2, 
(G) b=1,000 sec/mm2, (H) b=1,200 sec/mm2, (I) b=1,500 sec/mm2 and (J) b=3,000 sec/mm2. DWI, diffusion‑weighted imaging.

Figure 4. Ileocecal valve of a 20‑year‑old male clinically diagnosed with Crohn's disease. The ileocecal valve (arrow) was thickened as determined by 
(A) coronal single shot fast spin echo T2 weighted image magnetic resonance enterography and (B) DWI with b=0 sec/mm2. Analysis demonstrated high 
intensity on DWI with (C) b=400 sec/mm2, (D) b=600 sec/mm2, (E) b=800 sec/mm2, (F) b=1,000 sec/mm2, (G) b=1,200 sec/mm2 and (H) b=1,500 sec/mm2. 
(I) The lesion was indistinguishable from the background on DWI with b=3,000 sec/mm2. DWI, diffusion‑weighted imaging.

Table III. Sensitivity, specificity, PPV, NPV and YI of diffusion‑weighted imaging with different b‑values for the detection of 
ileocecal lesions, and interobserver agreement between independent assessments by two radiologists.

b‑value,  Sensitivity Specificity PPVs NPVs
sec/mm2 (95% CI) (95% CI) (95% CI) (95% CI) YI κ (95% CI)

400 0.958 (0.846‑0.993) 0.536 (0.342‑0.720) 0.780 (0.649‑0.873) 0.882 (0.623‑0.979) 0.494 0.789 (0.629‑0.950)
600 0.938 (0.818‑0.984) 0.714 (0.511‑0.860) 0.849 (0.719‑0.928) 0.870 (0.653‑0.966) 0.652 0.688 (0.510‑0.867)
800 0.917(0.791‑0.973) 0.786 (0.5854‑0.910) 0.880 (0.750‑0.950) 0.846 (0.643‑0.950) 0.702 0.858 (0.738‑0.978)
1,000 0.854 (0.766‑0.961) 0.821 (0.624‑0.932) 0.891 (0.766‑0.961) 0.767 (0.624‑0.932) 0.676 0.754 (0.603‑0.904)
1,200 0.792 (0.623‑0.875) 0.857 (0.706‑0.972) 0.905 (0.785‑0.980) 0.706 (0.517‑0.831) 0.649 0.841 (0.719‑0.963)
1,500 0.688 (0.579‑0.843) 0.929 (0.750‑0.988) 0.943 (0.805‑0.991) 0.634 (0.500‑0.804) 0.616 0.842 (0.720‑0.963)
3,000 0.521 (0.374‑0.665) 1 (0.850‑1.000) 1.000 (0.834‑1.000) 0.549 (0.405‑0.686) 0.521 0.881 (0.767‑0.994)

CI, confidence interval; NPVs, negative predictive values; PPVs, positive predictive values; YI, Youden index.

Table IV. Number of positive results on DWI with different b‑values.

b‑value,  Positive  Inflammatory  % of positive findings
sec/mm2 DWI findings Neoplasms, na lesions, na Normal, na representing neoplasms

400 59 22 24 13 37.3
600 53 22 23 8 41.5
800 50 22 22 6 44.0
1,000 46 22 19 5 47.8
1,200 42 21 17 4 50.0
1,500 35 21 12 2 60.0
3,000 25 19 6 0 76.0

aResults confirmed by colonoscopy or surgery. DWI, diffusion‑weighted imaging.
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In conclusion, persistent hyperintensity of ileocecal lesions 
on DWI with higher b‑values suggests the presence of neoplasms 
rather than inflammatory bowel conditions. Thus, the use of 
higher b‑values for DWI in MRE may aid in the distinction of 
neoplasms from other bowel‑associated pathologies. Due to the 
limitations in sensitivity and decreased signal to noise ratios, 
high b‑value DWI may be most valuable as an adjunct sequence 
to DWI performed with conventional b‑values (~800 sec/mm2).
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