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Abstract

Background Patients with chronic pancreatitis often have irreversible pancreatic insufficiency before a clinical diagnosis.
Pancreatic cancer is a fatal malignant tumor in the advanced stages. Patients having high risk of pancreatic diseases must
be screened early to obtain better outcomes using new imaging modalities. Therefore, this study aimed to investigate the
reproducibility of tomoelastography measurements for assessing pancreatic stiffness and fluidity and the variance among
healthy volunteers.
Methods Forty-seven healthy volunteers were prospectively enrolled and underwent two tomoelastography examinations
at a mean interval of 7 days. Two radiologists blindly and independently measured the pancreatic stiffness and fluidity at
the first examination to determine the reproducibility between readers. One radiologist measured the adjacent pancreatic
slice at the first examination to determine the reproducibility among slices and measured the pancreas at the second exam-
ination to determine short-term repeatability. The stiffness and fluidity of the pancreatic head, body, and tail were com-
pared to determine anatomical differences. The pancreatic stiffness and fluidity were compared based on sex, age, and
body mass index (BMI).
Results Bland–Altman analyses (all P>0.05) and intraclass correlation coefficients (all >0.9) indicated near perfect reproduc-
ibility among readers, slices, and examinations at short intervals. Neither stiffness (P¼0.477) nor fluidity (P¼0.368) differed
among the pancreatic anatomical regions. The mean pancreatic stiffness was 1.45 6 0.09 m/s; the mean pancreatic fluidity
was 0.83 6 0.06 rad. Stiffness and fluidity did not differ by sex, age, or BMI.
Conclusion Tomoelastography is a promising and reproducible tool for assessing pancreatic stiffness and fluidity in healthy
volunteers.
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Introduction

Pancreatic cancer is a highly fatal malignant tumor with a very
low 5-year survival rate (<10%) because 80%–85% of cases are ei-
ther unresectable or metastatic [1]. To achieve better patient
outcomes, patients at high risk must be screened to detect pan-
creatic tumors during the early stages of the disease [2].
Similarly, patients with chronic pancreatitis (CP) can benefit
from early detection because they often have irreversible pan-
creatic insufficiency before their clinical diagnosis, and active
intervention can slow the disease’s progression [3, 4]. Various
imaging modalities for pancreatic diseases exist, but each has
limitations [3]. An accurate diagnosis of pancreatic cancer or CP
during the early stages remains challenging with the current
imaging approaches.

New imaging techniques for pancreatic diseases have been
presented based on the mechanical properties of the pancreas
[5, 6]. Fibroblast activation and intratumoral collagen deposition
gradually lead to dense fibrosis in pancreatic cancer [7]. CP is an
inflammatory disease that causes progressive, irreversible fibro-
sis in the pancreas [8]. This fibrosis leads to increased pancre-
atic stiffness, which distinguishes it from the healthy
pancreatic parenchyma [7–9]. Moreover, pancreatic cancer and
autoimmune pancreatitis both exhibit increased fluidity [5].
Therefore, rather than focusing on morphological changes,
clinicians should determine the mechanical properties of the
pancreas to detect pancreatic diseases during the early stages.

Magnetic resonance elastography (MRE) facilitates the quan-
titative and spatially resolved determination of soft tissue vis-
coelastic parameters [10]. However, conventional elastography
exhibits limited anatomical resolution owing to noise and insuf-
ficient elastic deformation, and thus currently cannot be used
as a tomographic modality alone [10]. Tomoelastography is a
novel MRE technique that includes compressed-air-driven sur-
face-based actuators, multi-frequency wave data acquisition,
and noise-robust data processing [10]. This technique provides
quantitative maps of biomechanical properties that reveal
highly resolved anatomic details [6, 11]. Until now, only a few
studies have been conducted in which tomoelastography was
used to characterize the viscoelastic properties of pancreatic tis-
sues in patients [5, 6]. However, the reproducibility of using
tomoelastography still requires further investigation because
previous studies lacked the short-term and slices repeatability.
Therefore, the present study was conducted to investigate the
measurement reproducibility of tomoelastography for assessing
pancreatic stiffness and fluidity of the pancreas and the vari-
ance among healthy volunteers as a function of anatomical re-
gion, sex, age, and body mass index (BMI).

Materials and methods
Healthy volunteer population

The Institutional Review Board of The First Affiliated Hospital,
Sun Yat-sen University (Guangzhou, China) approved this pro-
spective study (ethical approval reference number: 2021–721),
which was conducted in accordance with the Declaration of
Helsinki (as revised in 2013). All volunteers provided written in-
formed consent. The inclusion criteria were healthy people
with willingness to fast and undergo an MR examination and
provision of signed informed consent. The exclusion criteria
were as follows: age �18 years; BMI �16 or �28 kg/m2; history of
pancreatitis, pancreatic tumors, or pancreatic surgeries; history
of diabetes or hypertension; history of malignancies; and

claustrophobia. Forty-seven volunteers were enrolled. All vol-
unteers underwent two examinations at intervals of 7 6 2 days
to test the feasibility and repeatability of the pancreatic
tomoelastography.

Imaging acquisition

MR sequences
The MR examinations were performed using a 3.0-Tesla imag-
ing system (MAGNETOM Prisma; Siemens Healthcare, Erlangen,
Germany) with 18-channel phased-array surface coils. All vol-
unteers were required to fast for 6–8 hours before the examina-
tion. The volunteers were placed in the supine position inside
the imaging system, and all of them underwent the same scan
protocol, which included coronal half-Fourier acquisition
single-shot turbo spin-echo breath-hold T2-weighted imaging
(T2WI), axial trigger turbo spin-echo fat-saturated (fs) T2WI, ax-
ial multi-echo Dixon volume-interpolated breath-hold (VIBE),
and pancreatic tomoelastography. Table 1 lists the sequence
parameters. Except for tomoelastography, all sequences were
designed to check for pancreatic lesions.

Multi-frequency harmonic vibrations were generated by four
small plastic driver pads driven by compressed-air pulses with
0.6-bar amplitude (size 8.0� 4.0� 1.0 cm), which were placed on
the anterior (two pads) and posterior (two pads) surface projec-
tion of the pancreas. Parallel imaging with an acceleration fac-
tor of two was used with eight time steps over a vibration
period. During free breathing, 3D wave fields with four vibration
frequencies of 30, 40, 50, and 60 Hz were acquired continuously.
Multi-frequency wave field data were obtained using a single-
shot, spin-echo, echo planar imaging sequence with
flow-compensated, first-order motion-encoding gradients
(MEGs) using frequencies of 37.20, 37.20, 37.48, and 44.88 Hz, and
a MEG amplitude of 45 mT/m. The entire pancreas, covered by
35 contiguous axial sections, was scanned in 7 minutes and
22 seconds. Table 1 lists additional imaging parameters.

Tomoelastography image post-processing
We processed the multi-frequency wave field data using the
processing pipeline available at https://bioqic-apps.com. The
multi-frequency wave number-based processing algorithm gen-
erated full field-of-view, high-spatial-resolution maps of the
shear wave speed (c) [12]. As c was directly proportional to the
square root of the storage modulus (the real part of complex
shear modulus), it was considered a substitute for tissue stiff-
ness [13]. The Laplacian operators-based processing method
generated the phase angle of the complex shear modulus (u)
images [14]. The range of u is 0 to p/2, which described the con-
tinuous transition of tissue’s behavior from pure solid to pure
fluid [15]. Hence, the u parameter was related to the tissue fluid-
ity. We used c and u in the text to report quantitative measures
while the terms “stiffness” and “fluidity” were reserved for de-
scribing qualitative changes.

Image analysis

Two radiologists with 12-year (Reader 1) and 6-year (Reader 2)
experience using pancreatic MR imaging analysed the images
using ImageJ software (version 1.51). The image data sets of the
healthy volunteers were anonymous and case numbers were
arranged randomly. The readers were blinded to the volunteers’
sex, age, and BMI. Each reader evaluated measurements of pan-
creatic stiffness and fluidity, pancreatic diameter, and pancre-
atic fat fraction independently (marked as Reader 1A and
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Reader 2). During the measurements of pancreatic stiffness
and fluidity, the clearest and largest slices of the pancreas at
the c map and u map were selected and then adjusted to the
appropriate brightness and contrast. Manually drawn regions
of interest (ROIs) (�1.0 cm in diameter) were then placed on
the segments of the head, body, and tail on the c map to mea-
sure stiffness. These ROIs on the c map were copied to the u

map to measure fluidity. Reader 1 repeated the measure-
ments 2 weeks later (marked as Reader 1B). Reader 1 also
measured the adjacent slices for pancreatic stiffness and flu-
idity (marked as Reader 1C). We measured the largest width
of the pancreas to represent the pancreatic diameter. During
the measurements of the pancreatic fat fraction, the ROIs
were placed on the pancreatic head, body, and tail on multi-
echo Dixon images and the mean value of three regional fat
fractions was calculated (Figure 1). Reader 1 then measured
the pancreatic stiffness and fluidity at the second examina-
tion (marked as Reader 1D).

Statistical analysis

Continuous data were averaged and are expressed as means 6

standard deviation if normally distributed according to the
Shapiro–Wilk test or as medians (interquartile range) if non-
normally distributed. Categorical data are presented as numbers
(percentages) and were compared using the chi-square test or
Fisher’s exact test. Inter-observer and intra-observer agreements
were assessed using Bland–Altman analysis and intraclass correla-
tion coefficients (ICCs). The inter-observer agreement was graded
as follows: 0–0.20, slight; 0.21–0.40, fair; 0.41–0.60, moderate; 0.61–
0.80, substantial; and 0.81–1.00, near perfect [16]. To compare the
differences among pancreatic anatomical regions, the stiffness
and fluidity of the pancreatic head, body, and tail were compared
using an analysis of variance or Kruskal–Wallis test according to
the variance homogeneity test. The variables were compared by
sex, age, and BMI, and violin plots were drawn accordingly. A value
of P< 0.05 was considered statistically significant.

Table 1. Sequence parameters of the pancreatic magnetic resonance imaging protocol

Sequence T2-haste-cor-bh T2-trigger-tse-fs-tra Vibe-q-dixon-tra-bh (6 Echos) Contmre-pancreasa

TR/TE (ms) 1,000/77 2,000/78 9.00/1.05–2.46–3.69–4.92–6.15–7.38 4,140/69
FA (�) 160 103 4 90
Section thickness (mm) 5 3 2 2
FOV (mm) 400 350 426 256
Acquisition time (s) 18 300–400 20 431
Acquisition matrix 168� 256 288� 384 111� 160 128�128
Acceleration factor 3 3 4 2
Receiver bandwidth (Hz/Px) 1,221 766 1,080 1,086

aMagnetic resonance elastography frequencies: 30.30, 40.00, 50.00, and 59.88 Hz.

TR, repetition time; TE, echo time; FA, flip angle; FOV, field of view; cor, coronal; bh, breath-hold; tse, turbo spin-echo; fs, fat-saturated; tra, transverse; VIBE,

volume-interpolated breath-hold.

Figure 1. Examples of the regions of interest (ROIs) used to measure different variables. The ROIs are placed on the pancreas to measure pancreatic stiffness on the

c map (A) and then copied to the u map (B) to measure pancreatic fluidity. ROIs are placed on the pancreas to measure the pancreatic fat fraction (C) and pancreatic

diameter (D) on the multi-echo Dixon image.
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Results

We enrolled 47 healthy volunteers, 32 of whom were women.
For the entire cohort, the median age was 30 years (range, 23–
59 years) and the mean BMI was 21.91 6 2.89 kg/m2.

The ICC values were 0.907–0.969 for pancreatic stiffness and
0.958–0.976 for pancreatic fluidity (all P< 0.001). The Bland–
Altman analysis and ICCs demonstrated near perfect intra-
observer agreements, slices, and short-term reproducibility.
Figure 2 shows the detailed results.

The pancreatic head, body, and tail stiffnesses were
1.43 6 0.12, 1.46 6 0.15, and 1.46 6 0.10 m/s, respectively. The
pancreatic head, body, and tail fluidity values were
0.83 6 0.08, 0.84 6 0.10, and 0.82 6 0.08 rad, respectively.
Stiffness (P¼ 0.477) and fluidity (P¼ 0.368) did not differ
among the pancreatic anatomical regions. The mean pancre-
atic stiffness was 1.45 6 0.09 m/s and the mean pancreatic
fluidity was 0.83 6 0.06 rad. Figure 3 shows the frequencies of

the mean pancreatic stiffness and fluidity, which did not dif-
fer by sex, age, or BMI (Tables 2–4 and Figure 4).

Discussion

Tomoelastography is a promising technique for determining
pancreatic stiffness and fluidity. We found that tomoelastography-
derived pancreatic stiffness and fluidity were almost perfectly
reproducible in healthy volunteers. The pancreatic stiffness and
fluidity did not statistically differ by age, sex, or BMI in our cohort.

Early studies used direct-inversion, single-frequency MRE to
measure pancreatic stiffness in healthy volunteers [17, 18].

However, many factors are reported to affect pancreatic stiff-
ness, indicating that more effective drivers and noise-robust
image processing are needed to resolve the confounding factors
when performing pancreatic MRE [19]. Tomoelastography is po-
tentially less affected by noise than other MRE techniques

Figure 2. Bland–Altman analyses of reader agreement, slice selection, and short-term reproducibility. Reader 1A: Reader 1 measured the images from the first examina-

tion. Reader 1B: Reader 1 measured the images from the first examination, separated by a 2 week interval. Reader 1C: Reader 1 measured the adjacent slice of the

images from the first examination. Reader 1D: Reader 1 measured the images from the second examination. Reader 2: Reader 2 measured the images from the first ex-

amination. S1–4: Bland–Altman analyses of reader agreements in pancreatic stiffness; F1–4: Bland–Altman analyses of reader agreements in pancreatic fluidity.
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because it uses multiple drivers and extracts shear wave speed
through single-order derivative operators [6]. During standard
direct inversion, this single-order, finite-difference operator
propagates less noise than a second-order operator [12].
Additionally, the robustness of tomoelastography-derived
pancreatic stiffness must be determined because the pancreas
is an elongated organ deep in the abdomen. In this study, the
inter-observer and intra-observer agreements for the pancre-
atic stiffness and fluidity measurements were nearly perfect,
indicating that tomoelastography-derived pancreatic stiffness
was reproducible, which was similar to the findings of other
studies [5, 6]. Notably, no extensive training is needed to mea-
sure pancreatic stiffness and fluidity; therefore, the

quantitative tomoelastography-derived pancreatic stiffness
and fluidity data should be applicable and reliable for radiolog-
ists. Tomoelastography technology should be standardized to
better screen pancreatic diseases and promote this technology
in clinical work. Consistently with the current study, previous
studies have shown good consistency between readers [5, 6].
Our study also indicated near perfect repeatability among sli-
ces and short-term intervals for the first time.

In two studies that used the same tomoelastography proto-
col, the mean pancreatic stiffness values were 1.25 6 0.09 m/s
(mean age, 44 years) [6] and 1.32 6 0.05 m/s (median age,
52 years) [5], which were slightly lower than the measurements
found in our study (1.45 6 0.09 m/s; median age, 30 years). This
may be due to possible age, sex, and BMI distribution biases
within cohorts. Recent studies have reached inconsistent con-
clusions regarding the effect of pancreatic stiffness. Some stud-
ies indicated that age, sex, and BMI affected pancreatic stiffness
[19–21], whereas other studies failed to establish associations
between these parameters [6, 22], which is consistent with our
results. Moreover, one study has found that both fat and fibrosis
increased with age [23], whereas other studies showed no asso-
ciation [24] or negative association between these factors [25].
These contradictory results might be attributable to age, sex,
and BMI distribution biases within cohorts. The pancreas can
undergo age-related changes, such as fibrosis, fat replacement,
and lobular central atrophy [26, 27]. Theoretically, an aging pan-
creas may stiffen owing to ongoing fibrosis and the influx of

Figure 3. Frequencies of pancreatic stiffness (A) and fluidity (B)

Table 2. Comparison of variables by sex

Variable Total Female Male P
(n¼ 47) (n¼ 32) (n¼ 15)

Age (years) 30 (26, 49) 27.5 (25, 46) 45 (29, 50) 0.027*
BMI (kg/m2) 21.91 6 2.89 20.78 6 1.92 24.32 6 3.17 <0.001*
Stiffness (m/s) 1.45 6 0.09 1.46 6 0.08 1.44 6 0.12 0.720
Fluidity (rad) 0.83 6 0.06 0.83 6 0.07 0.83 6 0.05 0.885
Diameter (mm) 26.25 6 4.22 26.43 6 4.46 25.87 6 3.79 0.660
Fat fraction 0.03 (0.02, 0.04) 0.02 (0.01, 0.03) 0.04 (0.03, 0.05)<0.001*

BMI, body index mass.
*P<0.05.

Table 3. Comparison of variables by age

Variable Total Age <40 years Age �40 years P
(n¼ 47) (n¼ 30) (n¼ 17)

Sex 0.484
Female 32 (68%) 22 (73%) 10 (59%)
Male 15 (32%) 8 (27%) 7 (41%)

BMI (kg/m2) 21.91 6 2.89 20.96 6 2.6 23.58 6 2.65 0.002*
Stiffness (m/s) 1.45 6 0.09 1.46 6 0.09 1.44 6 0.09 0.479
Fluidity (rad) 0.83 6 0.06 0.83 6 0.06 0.83 6 0.07 0.827
Diameter (mm) 26.25 6 4.22 26.98 6 4.23 24.96 6 4.01 0.113
Fat fraction 0.03 (0.02, 0.04) 0.02 (0.01, 0.03) 0.04 (0.03, 0.05)<0.001*

BMI, body index mass.
*P<0.05.

Table 4. Comparison of variables by BMI

Variable Total BMI <24 kg/m2 BMI �24 kg/m2 P
(n¼ 47) (n¼ 37) (n¼ 10)

Sex <0.001*
Female 32 (68%) 31 (84%) 1 (10%)
Male 15 (32%) 6 (16%) 9 (90%)

Age (years) 30 (26, 49) 28 (26, 46) 42 (30.25, 49.75) 0.062
Stiffness (m/s) 1.45 6 0.09 1.46 6 0.09 1.43 6 0.11 0.512
Fluidity (rad) 0.83 6 0.06 0.83 6 0.06 0.83 6 0.06 0.929
Diameter (mm) 26.25 6 4.22 26.27 6 4.63 26.18 6 2.34 0.931
Fat fraction 0.03 (0.02, 0.04) 0.03 (0.01, 0.03) 0.04 (0.03, 0.05) 0.012*

BMI, body index mass.
*P<0.05.
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lymphoplasmic cells [28]. However, parenchymal atrophy or
fatty deposition may cause the pancreas to soften [19]. The de-
tailed mechanisms of fibrogenesis and fatty deposition interac-
tions and their effects on pancreatic stiffness require further
study. Another study found no regional variation in pancreatic
stiffness values across the pancreatic sub-regions in healthy
individuals [6], which was consistent with our results using the
same tomoelastography protocol.

It is necessary to understand the role of pancreatic fluidity;
however, at present, few studies have analysed the fluidity of
tissues and organs in normal or diseased states. Fluidity is
reported to be unassociated with water content in tissues, and
increases even after the material dries [29]. Notably, Shahryari
et al. [15] showed that fluidity u is related to both the amount of
water in biological tissues and the inherent mechanical friction
induced by extracellular matrix components or cell adhesion.
To our knowledge, only one study has discussed pancreatic flu-
idity [5]. Zhu et al. [5] observed that fluidity increased as the
stiffness increased in patients with pancreatic cancer and auto-
immune pancreatitis compared with those of healthy individu-
als. During pancreatic cancer development and progression,
some events may help increase fluidity, such as activation of
stellate cells and accumulation of hydrophobin in the extracel-
lular matrix of the tumor, depletion of glycosaminoglycans, and
transition of the collagen content from an organized chain pat-
tern to a more randomly aligned pattern [5]. Fluidity of the distal
pancreatic parenchyma in pancreatic ductal adenocarcinoma
was reported to be unaffected by obstruction [5], indicating that
the microenvironment of the pancreatic parenchyma remained
stable, and that the solid and fluid biomechanical properties of
the pancreatic parenchyma were almost unchanged by obstruc-
tive changes. Zhu et al. [5] found that the mean pancreatic fluid-
ity was 0.81 6 0.04 rad, which was similar to our results
(0.83 6 0.06 rad). These results should be verified using more
participants with wider age and BMI distributions. More studies
are needed to better understand the characteristics of pancre-
atic fluidity.

Fibrosis and inflammatory cell infiltration due to CP and
pancreatic ductal adenocarcinoma lead to histological changes
in normal pancreatic structures. These mechanical property
changes provide an impetus for exploring tomoelastography as
a potential tool for detecting the stiffness and fluidity of the
pancreas of patients with pancreatic diseases. In our study,

tomoelastography-derived pancreatic stiffness and fluidity in
healthy volunteers were almost perfectly reproducible between
readers, slices, and examinations at short intervals. These nor-
mal range values of pancreatic stiffness and fluidity can be used
as a reference for pancreatic diseases in young and middle-
aged, non-obese patients.

Although these results are encouraging, this study had sev-
eral limitations. First, the sample size was relatively small, and
the age and BMI distributions were not broad enough. Future
studies should enroll patients with a higher BMI and older
patients with pancreatic atrophy and fatty infiltration. Second,
this study enrolled only healthy volunteers; therefore, further
research is needed to determine a reference range for specific
diseases. Finally, we did not confirm the absence of pancreatic
diseases in our volunteers through serological testing or other
imaging examinations. Although the participants were thor-
oughly screened by reviewing their medical history and existing
medical records, the possibility of unknown or unrecognized
pancreatic disease remains.

Conclusions

In summary, tomoelastography is a robust, multi-frequency
MRE technique that can provide reproducible pancreatic stiff-
ness and fluidity measurements. These data will enable future
studies of tomoelastography as a potential clinical tool.
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