
Normative Pancreatic Stiffness Levels and Related Influences 
Established by Magnetic Resonance Elastography in Volunteers

Youli Xu, BS#1, Xiaoli Cai, BS#1, Yu Shi, MD1,*, Meng Yin, PhD2, Gongyu Lan, MD1, Xianyi 
Zhang, BS1, Ruoyun Ji, BS1, Chang Liu, BS1

1Department of Radiology, Shengjing Hospital of China Medical University, Shenyang, China

2Department of Radiology, Mayo Clinic, Rochester, Minnesota, USA

# These authors contributed equally to this work.

Abstract

Background: Large-scale normative studies of pancreatic stiffness and potential influences have 

yet to be pursued via magnetic resonance elastography (MRE).

Purpose: To determine normative MRE-based pancreatic stiffness values and to examine related 

influential factors.

Study Type: Prospective.

Subjects: In all, 361 volunteers (men, 199; women, 162) with a median age of 54.0 years and a 

median body mass index (BMI) of 22.86 kg/m2 were prospectively recruited. Those with no 

histories of smoking, alcohol abuse, and diabetes mellitus (DM) were grouped as healthy 

volunteers, designating all others as positive controls.

Field Strength/Sequence: Each volunteer underwent 3.0T pancreatic MRI at a frequency of 

40 Hz.

Assessment: Pancreatic stiffness values, pancreatic width and volume, waist circumference, and 

wave distance were measured in all subjects.

Statistical Tests: Multiple linear regression analyses were performed to determine variables that 

influence MRE-determined stiffness.

Results: The mean pancreatic stiffness in all volunteers was 1.20 ± 0.16 kPa. Stiffness levels in 

positive control volunteers proved significantly greater than levels in healthy volunteers (1.29 ± 

0.17 kPa vs. 1.14 ± 0.13 kPa; P < 0.001). In multiple linear regression analysis, sex (P = 0.004), 

BMI (P < 0.001), pancreatic width (P = 0.005), smoking (P < 0.001), alcohol abuse (P < 0.001), 

and DM (P = 0.001) emerged as significant independent factors impacting pancreatic stiffness. 

Smoking, alcohol abuse, DM, and wide pancreas were associated with greater pancreatic stiffness 
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(coefficients = 0.202, 0.183, 0.149, and 0.160, respectively), while reduced pancreatic stiffness 

corresponded with female sex and larger BMI (coefficient = −0.155 and −0.192, respectively).

Data Conclusion: MRE-based pancreatic stiffness values are impacted by sex, BMI, pancreatic 

width, smoking, alcohol abuse, and DM. Reference values are essential for future clinical studies.

Level of Evidence: 1

Technical Efficacy: Stage 2

PANCREATIC DISEASES in aggregate, including primary cancers, cystic lesions, and 

acute or chronic pancreatitis, affect >10% of the world’s population, imposing significant 

burdens on healthcare systems worldwide.1–3 Early diagnosis of these disorders is extremely 

important, especially the screening of pancreatic cancer and its precursor lesions.4 However, 

current imaging modalities and screening methods often fall short, failing to detect early 

disease in a highly sensitive and specific manner.5,6

Magnetic resonance elastography (MRE) is a newly emergent MR-based functional 

technique for quantifying mechanical properties of tissues in vivo. In a number of pancreatic 

diseases, particularly those involving solid tumors, fibrosis, and inflammation, pancreatic 

stiffness is significantly altered. This has been documented by prior small-scale clinical 

studies (all <100 samples), even in the early phases of chronic pancreatitis.7–11 To accurately 

gauge abnormal stiffness, a range of normal pancreatic stiffness values must first be 

established. At present, there are few articles on MRE-based pancreatic stiffness addressing 

the distribution of pancreatic stiffness in a normal population, and their sample sizes have 

been relatively small (14–22 subjects).12–14 A recent systematic review3 has also shown that 

tobacco use, obesity-related diabetes mellitus (DM), and alcohol abuse (all common in 

populations at-large), are associated with significantly heightened risks of pancreatic disease 

worldwide.15–17 Whether these factors impact pancreatic stiffness and thus may be viewed 

as confounders of so-called “normal pancreatic stiffness” is still unclear.

Thus, this study aimed to determine the distribution of pancreatic stiffness on a large scale, 

assessing the impact of risk factors (smoking, alcohol abuse, DM), demographics (sex, age, 

body mass index [BMI]), and morphologic parameters (pancreatic width and volume, waist 

circumference [WC], wave distance) on pancreatic stiffness.

Materials and Methods

Study Participants

This prospective study complied with the Health Insurance Portability and Accountability 

Act (HIPAA) and was approved by the Institutional Review Board. Once details were fully 

explained, each participant granted written informed consent. A total of 397 volunteers >18 

years old, all nearby community members with urban population accounting for 65% (n = 

258) and semiurban population of 35% (n = 139), were recruited between December 2016 

and November 2018. Initially, no preexisting abdominal conditions (other than diabetes) 

were evident. Those with evidence of abdominal disease (including but not limited to 

pancreatitis, cystic fibrosis, and neoplasms), surgical interventions involving pancreas or 

biliary ducts, or abnormal hepatic or pancreatic laboratory tests (eg, liver function tests and 
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serum CA 199, lipase, or amylase levels) were subsequently disqualified. Another 34 were 

excluded on the following grounds: 1) pregnancy (n = 1); 2) cystic (n = 9) or solid (n = 2) 

masses as incidental MRI findings (detected by a senior radiologist with 21 years of 

experience in abdominal imaging); 3) MRE failures in 13 volunteers (~3.5%) including 

intolerance to vibration (n = 2), poor breath holding (n = 5), or insufficient wave penetration 

(n = 6); 4) severe pancreatic atrophy, maximum parenchymal width <1 cm (n = 2) at each 

subregion, without any intention to exclude those with lobulated pancreatic atrophy and fat 

infiltration; and 5) contraindications to MRI (n = 3); and (6) refusal to grant informed 

consent (n = 4).

Questionnaire and Data Collection

A self-administered standardized questionnaire was completed by each volunteer to collect 

social and demographic data (ie, sex, age, current weight, body size, smoking status, alcohol 

consumption, etc.), and past medical records of participants were screened for pertinent facts 

(ie, medical history of DM). Smoking was defined as a habit of at least one cigarette on 

average per day for at least 3 months18 or had smoked at least 100 cigarettes during their 

life-time.19 Alcohol abuse was equated with intake >50 g/day in male and >30 g/day in 

female on average for >1 year.20 This study was confined to type 2 DM (T2DM), although 

not intentionally. Diagnostic criteria of DM were fasting plasma glucose (FPG) >7.0 

mmol/L and/or 2-hour plasma glucose (2hPG) >11.1 mmol/L after a 75-g oral glucose 

tolerance test (OGTT).21 Subjects with any of these three qualifiers (smoking, alcohol abuse, 

or DM) above were grouped as positive controls, designating all others as healthy 

volunteers.

Ultimately, 361 volunteers (men, 199; women, 162) qualified for the study. The median age 

was 54.0 years (range, 19–82 years), and median BMI was 22.86 kg/m2 (range, 15.75–42.12 

kg/m2). Demographic characteristics of the volunteer population are shown in Table 1.

Imaging Acquisition

All examinations were performed using a 3.0T MR system (Signa HDX; GE Healthcare, 

Milwaukee, WI) equipped with an eight-channel phased-array body coil. All volunteers were 

instructed to fast for 6–8 hours beforehand. During examinations they were placed in supine 

position. An active pneumatic driver system situated outside the scan room generated 

mechanical vibrations at a fixed frequency of 40 Hz for delivery to the upper abdomen via a 

plastic tube. The frequency of 40 Hz was chosen based on previous preclinical and clinical 

studies, proving that the wave images at 40 Hz showed a significantly higher amplitude of 

wave motion and better wave pattern than those obtained at 60 Hz.10,14 The flat passive 

driver at its terminus served to propagate waves deep into the pancreas. Volunteers used a 

rectangular flexible soft driver (19 × 14 cm), and a rigid round passive driver (19 cm in 

diameter) was optionally used in case of insufficient wave data via semi-soft driver, as 

described else-where.7,10 Both drivers were developed at the Mayo Clinic (MR Touch, 

Resoundant, Rochester, MN) and supplied to us through service agreements. The acquisition 

included 4 × 22 sec and 1 × 11 sec of breath-holding. Settings of the imaging parameters 

were as follows: repetition time (TR), 1375 msec; echo time (TE), 39.4 msec; phase offsets, 

3; field of view (FOV), 350–430 mm; acquisition matrix, 96 × 96; parallel imaging 
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acceleration factor, 3; slice total, 32; slice thickness, 3.5 mm; and pixel size, 1.4 × 1.4 mm to 

1.7 × 1.7 mm.10 To ensure consistent positioning of the pancreas, care was taken to monitor 

the level of expiration for each acquisition. In addition to MRE sequences, we also obtained 

routine plain pancreatic MRI studies, including respiratory-triggered T2-weighted imaging 

with/without fat suppression and T1-weighted imaging (T1WI), to screen for pancreatic 

lesions. The total time in the scanner (MRE + routine pancreatic MRI) was ~15 minutes.

Image Analysis

A direct inversion algorithm supplied by the Mayo Clinic enabled automated within-scanner 

processing of 3D original complex data into elastograms (stiffness maps).14 XYZ curled 

wave images, magnitude images, and local frequency estimation (LFE) confidence maps 

were also automatically generated. The wave images and confidence maps were used to 

control image quality (Fig. 1).

Volumetric regions of interest (ROIs) were drawn slice-by-slice for head, body, tail, and the 

entirety of pancreatic parenchyma, using an in-house MatLab script (v. 2018a; MathWorks, 

Natick, MA) to define 3D stiffness voxels. The mean value of each bulk was calculated by 

averaging all voxel values within the volumetric ROIs. Care was taken for pancreatic 

boundaries, avoiding artifacts, pancreatic/biliary ducts, large vessels, and surrounding 

tissues. For each ROI, stiffness was displayed by a colorimetric scale (0–4 kPa).14 

Interreader reproducibility was directed at two radiologists (first and second readers) with 7 

and 4 years of experience in MRE, respectively. Intrareader reproducibility reflected 

performance by each radiologist at 1-month intervals, separated in time to avoid memory 

bias. Overall pancreatic stiffness was ultimately calculated as the mean of these four 

measurements. Anterior–posterior (A-P) pancreatic width was recorded as the average of 

maximum dimensions at head, body, and tail of pancreas on axial T2-weighted images. 

Since the driver was fastened firmly to the anterior abdominal wall, the minimum 

perpendicular distance between anterior abdominal wall and the body of the pancreas was 

estimated as the distance of wave propagation (ie, wave distance), which was also obtained 

from axial T2-weighted images, and pancreatic volume estimates were calculated as the 

product of voxel count and voxel size by our MatLab script. The voxel size was calculated as 

the product of slice thickness (3.5 mm) and the MRE pixel size. All measurements logged 

are shown in Fig. 1.

Statistical Analysis

After testing the normality of continuous variables by a Shapiro–Wilk test, normally 

distributed variables, such as pancreatic stiffness, were expressed as means ± SD; whereas 

abnormally distributed variables, such age and BMI, were expressed as median with first and 

third interquartile range (IQR). Categorical variables were expressed as counts. The Mann-

Whitney U-test was used for groupwise comparisons of continuous variables (stiffness, age, 

BMI, etc.), applying the chi-square test to categorical variables (eg, sex) and invoking 

Bonferroni post hoc analysis as needed for multiple comparisons. LOESS (locally weighted 

scatterplot smoother) curve analysis, showing the relation between stiffness and age or BMI, 

was used to fit a smooth curve and suggest cutpoints for age (<25 years, 25–60 years, 60–75 

years, and >75 years) and BMI (<24 kg/m2, 24–30 kg/m2, >30 kg/m2) (Figure S1 in the 
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Supplemental Material). Levels of inter- and intrareader agreement in gauging stiffness were 

assessed via the intraclass correlation coefficient (ICC) and Bland-Altman test. The within-

subject coefficient of variation (CV) represented the mean intrinsic variability within ROI 

measurements of each volunteer, calculated as the ratio of SD to average within ROIs. 

Between-subject CV signified the variability among subjects within each group, calculated 

as the ratio of SD to average within individual groups.

Multiple linear regression analysis with stepwise selection of variables served to evaluate the 

impact of demographics (sex, age, BMI), morphologic pancreatic parameters (A-P width, 

volume, WC, wave distance), and other risk factors (smoking, alcohol abuse, DM) on 

stiffness, using variables of significance (P < 0.10) in univariate analysis (Spearman 

correlation analysis for continuous variables, t-test, or Mann–Whitney U-test [sex] for binary 

variables). For stiffness levels not normally distributed, nonlinear transformation (eg, log-

transformation) was implemented to assume a linear model. Multicollinearity was also tested 

to avoid strong intercorrelation among variables (tolerance >0.2; variance inflation factor 

<5.0).22 Strengths of associations were expressed as standardized coefficients with 95% 

confidence intervals (CIs).

All computations were driven by standard software (R freeware v. 3.6.0 [R Foundation for 

Statistical Computing, Vienna, Austria] and SPSS v. 22.0 [IBM, Armonk, NY]), 

constructing bar graphs separately (Prism v. 7.00; GraphPad Software, San Diego, CA). 

Statistical significance was set at P < 0.05.

Results

Volunteer Characteristics

Overall, 36.8% of volunteers (133/361) were with BMI >24 kg/m2; 10.5% (38/361) were 

obese (BMI >30 kg/m2); 27.4% (99/361) were smokers; 16.3% (59/361) appeared to abuse 

alcohol; and 11.9% (43/361) had histories of T2DM. There were 34 concurrent alcohol and 

tobacco users (9.4%), accounting for 34.3% of smokers and 57.6% of alcohol abusers. 

Smoking and alcohol abuse differed dramatically by sex (both P < 0.001) and were largely 

restricted to men (smoking: 82.8% vs. 17.2%; alcohol: 84.7% vs. 15.3%), although diabetes 

failed to exhibit such disparity (P = 0.818). As indicated in Table 1, healthy volunteers and 

positive controls differed significantly by sex, age, A-P width, and WC (all P < 0.001).

Pancreatic Stiffness Measurements by Readers and Subregion

The overall agreement in MRE readings was excellent at both interreader (ICC = 0.862, 95% 

CI: 0.843–0.879; Bland–Altman bias: [−16.7] to 11.9%) and intrareader (ICC = 0.900, 95% 

CI: 0.886–0.913; Bland–Altman bias: [–12.0] to 11.7%) levels across timepoints (Table 2).

Mean pancreatic stiffness in all volunteers was 1.20 ± 0.16 kPa, with a median value of 1.19 

(IQR: 1.08–1.31 kPa; range: 0.84–1.70 kPa). Mean stiffness readings at the pancreatic head, 

body, and tail were 1.20 ± 0.14 kPa, 1.19 ± 0.13 kPa, and 1.22 ± 0.16 kPa, respectively, 

showing no significant difference (P = 0.233). Regional stiffness determinations of both 

readers in healthy and positive control volunteers were likewise consistent across subregions 
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(all P >0.05) (Table 3). The overall mean stiffness (kPa) in healthy pancreas was 

significantly lower than that of positive control (kPa) across readers and subregions.

Pancreatic Stiffness in Healthy Volunteers

As illustrated in Table 4 and Fig. 2, the mean pancreatic stiffness in men significantly 

exceeded that in women (1.18 kPa vs. 1.12 kPa; P = 0.002) (Fig. 2b). Although pancreatic 

stiffness at lower BMI levels (<24 kg/m2 and 24–30 kg/m2) did not differ significantly, both 

subsets differed significantly from the highest BMI group (P = 0.030 and P = 0.007, 

respectively) (Fig. 2c), men and women demonstrating similar trends by BMI group (Fig. 

2d). When stratifying subjects by age (<25, 25–60, 60–75, >75 years) (Fig. 3), pancreatic 

stiffness beyond age 75 was significantly less than in the other age groups (<25 years: P = 

0.046; 25–60 years: P = 0.002; 60–75 years: P = 0.003). However, pairwise comparisons of 

three lower age groups showed no significant differences (Fig. 3b). In men, pancreatic 

stiffness increased marginally with age, peaking at 60–75 years, declining significantly 

thereafter. Pancreatic stiffness in women remained consistent until age 75, again waning 

significantly thereafter (Fig. 3c). Mean A-P width peaked in years 25–60 and declined 

thereafter (1.83 cm, 1.86 cm, 1.73 cm, and 1.56 cm, respectively; P < 0.001), as did 

pancreatic volume (63.74 cm3, 70.23 cm3, 58.76 cm3, and 45.22 cm3, respectively; P < 

0.001). Men significantly surpassed women in mean A-P width (1.93 cm vs. 1.70 cm; P < 

0.001) but showed no significant difference in pancreatic volume (65.58 cm3 vs. 61.84 cm3; 

P = 0.223).

Effects of Smoking, Alcohol Abuse, and Diabetes on Pancreatic Stiffness

As Fig. 4 indicates, smokers displayed significantly greater stiffness than nonsmokers (1.31 

± 0.17 kPa vs. 1.16 ± 0.14 kPa; P < 0.001). Alcohol abuse (1.32 ± 0.20 kPa vs. 1.18 ± 0.14 

kPa; P < 0.001) and diabetes (1.28 ± 0.16 vs. 1.19 ± 0.13 kPa; P = 0.001) also increased 

pancreatic stiffness significantly, compared with healthy volunteers. As opposed to singular 

use of tobacco (1.28 ± 0.15 kPa; P = 0.009) or alcohol (1.27 ± 0.20 kPa; P = 0.018), 

concurrent alcohol and tobacco use corresponded with dramatic stiffening (1.36 ± 0.19 kPa), 

yielding the three highest levels (1.6–1.7 kPa) in this cohort.

Multiple Linear Regression Analysis

Upon performing natural log transformation, pancreatic stiffness appeared normally 

distributed (Shapiro–Wilk test, P = 0.20). In multiple linear regression analysis, logged 

pancreatic stiffness was independently related to sex (coefficient = −0.155; P = 0.004), BMI 

(coefficient = −0.192; P < 0.001), A-P width (coefficient = 0.160; P = 0.005), smoking 

(coefficient = 0.202; P < 0.001), alcohol abuse (coefficient = 0.183, P < 0.001), and diabetes 

(coefficient = 0.149; P = 0.001) (Table 5). Hence, 60% of total stiffness variability in this 

model was attributable to these variables (adjusted R2 = 0.276; F = 23.874; P < 0.001). In 

healthy volunteers, the width of the pancreas was the sole significant factor associated with 

pancreatic stiffness (coefficient = 0.197; P = 0.012) (Table 6).
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Discussion

To our knowledge, the present study incorporates the largest population as yet investigated 

by either MRE or ultrasound (US)-based elastography for factors impacting pancreatic 

stiffness. Our analysis indicates excellent inter- and intrareader agreement in gauging 

pancreatic stiffness by MRE. Men generally exhibited greater stiffness than female 

counterparts, whereas softening was apparent in overtly obese subjects (BMI >30 kg/m2) 

and those of advanced age (>75 years). Smoking, alcohol abuse, and diabetes were identified 

as factors significantly linked to pancreatic stiffening. Joint use of tobacco and excessive 

alcohol culminated in the highest levels of stiffness within this population.

A few earlier MRE studies of pancreas have reported stiffness values of ~1.12 kPa at 40 Hz 

in volunteers.7,8,10,14 Despite higher values determined by Itoh et al12 and Kolipaka et al13 

at 60 Hz, we recorded similar levels at 40 Hz (~1.1–1.3 kPa) in our healthy subjects. 

Pancreatic head, body, and tail showed no regional differences. However, our findings depart 

from US-based elastography outcomes23–25 that show variation in shear-wave velocities at 

head, body, and tail. Inconsistencies of this sort may well be rooted in the technique 

limitation in US-based elastography. Most US-based elastography methods are 2D instead of 

3D. That is to say, the ultrasound only collects motion travels along the probe axis, not all 

three orthogonal directions. Complex geometry and the boundary condition of pancreas 

causes apparent inhomogeneous measurements. MRE enables imaging of the entire pancreas 

and production of volumetric elastograms. Thus, the homogeneity of pancreatic stiffness is 

better demonstrated.

Age-related changes in the pancreas, such as fibrosis, lymphoplasmacytic infiltration, fatty 

replacement, and lobulocentric atrophy26,27 may cause difficulties in discriminating between 

true pathology and degenerative phenomena. In theory, the aging pancreas should stiffen due 

to ongoing fibrosis and lymphoplasmacytic influx.28,29 On the other hand, parenchymal 

atrophy or fatty deposits may cause it to soften. Studies of the aging pancreas are therefore 

imbued with controversy. It has been determined by ultrasound strain elastography that 

pancreatic stiffness gradually declines after 40 years of age.30 However, another study based 

on shear-wave velocity has demonstrated significant stiffening of the pancreas after age 60. 

These contradictory findings might be due to the age distributions bias within cohorts. The 

former analysis involved a limited number of patients <40 years old, and there were few 

subjects past age 60 in the latter. In assessing subjects 20–64 years of age, Kolipaka et al13 

reported that MRE-determined pancreatic stiffness in older adults (>45 years) significantly 

exceeded that of younger group members (<45 years). Nonetheless, sex was not addressed in 

any of these efforts. To some extent, then, our results are consistent with the above data, 

showing peak stiffness at age 60–75 in men but not in women, and declines in both genders 

after age 75. The peak at age 60–75 ostensibly indicates a preponderance of degenerative 

stiffness, with atrophy or deposition of fat after age 75 accounting for later softening.

Although the obese subjects (>30 kg/m2) we examined, men and women alike, displayed a 

significantly low stiffness, our data failed to establish a negative correlation between 

increments of BMI and stiffness, thus aligning with the results of Puttmann et al31 and 

Saglam et al,32 but conflicting with other sources.25 A higher BMI presumptively signals 
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increased risk of fatty deposition in various organs. Fat is softer than normal pancreatic 

parenchyma (<1 kPa at 40 Hz)14 and its presence may lead to a subsequent reduction in the 

pancreatic stiffness. Yet there is still debate over apparent fat deposition in overweight 

subjects (24–30 kg/m2), in whom we found no loss of pancreatic stiffness, compared with 

those of normal BMI. The softening effect of infiltrating fat is seemingly confined to states 

of overt obesity. Our data additionally confirmed earlier US elastography results showing no 

difference in volunteers grouped as BMI <25 or BMI >25.25

Another perceived influence in US study reports is wave propagating distance. Healthy 

volunteers with higher BMIs have thicker abdominal walls that further separate organ and 

driver, potentially weakening wave energy and reducing stiffness readings. However, wave 

distance and pancreatic stiffness were unrelated in our study, refuting its importance in the 

realm of MRE. Moreover, we checked wave amplitudes and confidence maps to ensure 

quality control. Six subjects with poor wave propagation were subsequently excluded.

Gender is clearly a significant contributor to pancreatic stiffness, reportedly playing a role in 

liver as well.33 Aside from innate hormonal differences, the significantly broader dimensions 

of pancreas in men might account for the greater stiffness observed.

Our investigation into the effects of smoking, alcohol, and diabetes on stiffness reading 

revealed significant associations. Alcohol and smoking contribute greatly to the development 

of chronic pancreatitis, and the risks are likely multiplicative.34 As several studies have 

corroborated, smoking stimulates inflammation and fibrosis in the pancreas, increasing its 

stiffness.35,36 However, the impact of alcohol intake is more contentious. Although Stumpf 

et al25 found no significant relation between stiffness and alcohol, pancreatic stiffness 

correlated significantly with active alcohol consumption and alcoholic liver disease in Conti 

et al’s study.37

Consistent with Conti et al’s study, we similarly observed alcohol-related increases in 

stiffness, and alcohol abuse is known to incite chronic inflammation and fibrosis in the 

pancreas. Moreover, many of the alcohol abusers (34/59, 57.6%) we studied were also 

smokers. Voluminous consumers of alcohol tend to smoke more cigarettes.38 This 

cooccurrence of smoking and alcoholism conferred the highest stiffness within our cohort, 

underscoring the synergistic impact of these two risk factors.

Limitations

Certain limitations of the present study should be acknowledged. First, despite excluding 

pancreatic pathology detectable by routine MR sequences and laboratory testing, we could 

not offer histologic proof that mild pancreatitis or other subliminal disorders were absent. 

However, this approach would be untenable in volunteers. Second, smoking, alcohol abuse, 

and diabetes were the only risk factors we assessed. The duration of these variables and 

other lifestyle habits (diet, exercise, etc.) were not addressed. Third, younger volunteers 

outnumbered older ones, particularly those beyond age 75. Future studies should include a 

more balanced mix of elderly participants. Fourth, we did not quantify pancreatic fat and 

examine the relationship of pancreatic fat with stiffness. Finally, we did not carry out a long-

term follow-up of our volunteers to confirm the volunteers’ backgrounds.
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Conclusion

We have compiled normative pancreatic stiffness values determined by MRE. MRE-based 

pancreatic stiffness values are impacted by sex, BMI, pancreatic width, DM, smoking, and 

alcohol abuse. Reference values are essential for future studies on quantitative evaluation of 

abnormal pancreatic mechanical properties signaling both diffuse and focal pancreatic 

diseases.
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FIGURE 1: 
Regions of interest drawn on pancreatic head, neck, body, and tail (first row); representative 

images for measuring waist circumference (WC), wave distance, anterior–posterior (A-P) 

width. and 3D volume estimate (left to right) (second row); the XYZ wave images and the 

confidence map for wave quality control (left to right) (third row). The pancreatic neck was 

not discussed separately due to the small size of this area.

Xu et al. Page 12

J Magn Reson Imaging. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 2: 
Pancreatic axial magnitude imaging (upper row, pancreas outlined in blue) and elastograms 

(lower row, pancreas outlined in yellow) in three BMI groups, stratified by (a) female and 

male gender, with bar graphs of (b) M/F subsets, (c) BMI groups, and (d) M/F subsets in 

each BMI group. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 3: 
Pancreatic elastograms of (a) four age groups in women (upper row) and men (lower row), 

pancreas outlined in yellow; bar graphs of (b) four age groups and (c) M/F subsets in each 

age group.
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FIGURE 4: 
Representative pancreatic axial magnitude images (first column, pancreas outlined in blue) 

and elastograms (second column, pancreas outlined in yellow) grouped by smoking, alcohol 

abuse, and diabetes, with bar graphs of healthy (No) and positive control (Yes) volunteers.
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