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RESEARCH ARTICLE

Single Breath-Hold MR Elastography
for Fast Biomechanical Probing

of Pancreatic Stiffness
Anne-Sophie van Schelt, MSc,1,2* Lukas M. Gottwald, PhD,1

Nienke P.M. Wassenaar, MSc,1,2 Jurgen H. Runge, MD, PhD,1,3 Ralph Sinkus, PhD,4,5

Jaap Stoker, MD, PhD,1,6 Aart J. Nederveen, PhD,1 and Eric M. Schrauben, PhD1

Background: Pancreatic ductal adenocarcinoma (PDAC) stromal disposition is thought to influence chemotherapy efficacy
and increase tissue stiffness, which could be quantified noninvasively via MR elastography (MRE). Current methods cause
position-based errors in pancreas location over time, hampering accuracy. It would be beneficial to have a single breath-
hold acquisition.
Purpose: To develop and test a single breath-hold three-dimensional MRE technique utilizing prospective undersampling
and a compressed sensing reconstruction (CS-MRE).
Study Type: Prospective.
Population: A total of 30 healthy volunteers (HV) (31 � 9 years; 33% male) and five patients with PDAC (69 � 5 years;
80% male).
Field Strength/Sequence: 3-T, GRE Ristretto MRE.
Assessment: First, optimization of multi breath-hold MRE was done in 10 HV using four combinations of vibration fre-
quency, number of measured wave-phase offsets, and TE and looking at MRE quality measures in the pancreas head. Sec-
ond, viscoelastic parameters delineated in the pancreas head or tumor of CS-MRE were compared against (I) 2D and
(II) 3D four breath-hold acquisitions in HV (N = 20) and PDAC patients. Intrasession repeatability was assessed for CS-MRE
in a subgroup of healthy volunteers (N = 15).
Statistical Tests: Tests include repeated measures analysis of variance (ANOVA), Bland–Altman analysis, and coefficients
of variation (CoVs). A P-value <.05 was considered statistically significant.
Results: Optimization of the four breath-hold acquisitions resulted in 40 Hz vibration frequency, five wave-phases, and
echo time (TE) = 6.9 msec as the preferred method (4BH-MRE). CS-MRE quantitative results did not differ from 4BH-MRE.
Shear wave speed (SWS) and phase angle differed significantly between HV and PDAC patients using 4BH-MRE or CS-
MRE. The limits of agreement for SWS were [�0.09, 0.10] m/second and the within-subject CoV was 4.8% for CS-MRE.
Data Conclusion: CS-MRE might allow a single breath-hold MRE acquisition with comparable SWS and phase angle as
4BH-MRE, and it may still enable to differentiate between HV and PDAC.
Level of Evidence: 2
Technical Efficacy Stage: 2

J. MAGN. RESON. IMAGING 2023.

Pancreatic ductal adenocarcinoma (PDAC) is the fourth
leading cause of cancer-related deaths worldwide, with a

5-year survival of 8%.1 Treatment with systemic chemotherapy

increases overall survival and can render previously irresectable
patients eligible for resection.2 However, chemotherapy has
a poor performance status with a treatment efficacy of only
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36% (for becoming eligible for surgery) and has a high toxicity,
reducing quality of life.3

Typically, PDAC is characterized by prolific stromal
deposition, and recently it has been hypothesized that this
stromal deposition affects chemotherapy efficacy.4 As stromal
deposition, tumor, and surrounding healthy tissue may all
have differing biomechanical properties, the local tissue stiff-
ness could be a potential biomarker to predict stromal deposi-
tion and hence chemotherapy efficacy,5 which has been
exploited in, for example, diffusion MRI.6 As such, prior
insight in the underlying mechanical structure of a pancreatic
tumor could influence treatment plans.

Imaging by MR elastography (MRE) allows for nonin-
vasive determination of tissue visco-elastic properties.7 Longi-
tudinal (over time) or local (over space) differences in tissue
stiffness might add to the growing knowledge of pancreatic
disease pathophysiology. Specifically, MRE research to date
has mainly focused on large organs, such as the liver and
brain.8 Assessment of the pancreas with MRE remains chal-
lenging due to its small size, elongated shape, and central
abdominal location. Shear wave quality is paramount to
obtaining reliable results regarding biomechanics, which rely
on the analysis and reconstruction of the propagation of shear
waves into and through the pancreas.7 Consequently, pancre-
atic MRE requires careful MRI sequence parameter optimiza-
tion. Moreover, the quantitative accuracy of MRE in small
structures depends on the local stability of the tissue being
imaged over all wave-offsets and motion-encoding directions.9

Multiple abdominal MRE acquisition strategies have been
reported, which include three-dimensional (3D) MRE using
spin-echo echo planar imaging (SE-EPI) in six breath-holds,10

multi-slice multi-frequency SE-EPI in free-breathing,11,12

gradient-echo (GRE) EPI in three consecutive breath-holds,13

and GRE sequences in breath-holding.14 Free-breathing
acquisitions are more comfortable for patients, however they
introduce respiratory-dependent position-based errors in spa-
tial sampling of consecutive wave-phase (WP) offsets through-
out the acquisition, when sequence repetition time (TR) and
respiratory rhythm are not in sync.

The reference MRE acquisition method at our institu-
tion is the Ristretto sequence in combination with a gravita-
tional transducer.15,16 The Ristretto sequence is a generalized
multi-shot GRE acquisition with fractional motion encoding,
encompassing an intrinsic delay for optimal acquisition.15

The gravitational transducer relies on the centrifugal force
exerted on the transducer casing by an eccentric rotational
mass. This method requires four consecutive (�16 seconds)
breath-holds, which may introduce respiratory position-based
errors in pancreas location, limit spatial and temporal resolu-
tion, and can be particularly uncomfortable for patients.17,18

Compressed sensing (CS) is an acceleration technique
that uses prospective incoherent undersampling of k-space
paired with an iterative reconstruction algorithm using a
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sparsifying transformation and nonlinear optimization.19 This
allows for faster image acquisition while maintaining similar
image quality, and to date CS has been used in a number of
MRI techniques in multiple organs of the body.20–22 While
not previously investigated, this suggests that CS could be
used to accelerate the MRE acquisition to a single breath-
hold, whilst still providing reliable and high-quality images.

The aim of this study was twofold: 1) to optimize the
rapid interleaved (Ristretto) GRE acquisition for pancreatic
MRE, and 2) to develop and test a prospectively under-
sampled and CS-reconstructed single breath-hold 3D MRE
in the pancreas.

Materials and Methods
This prospective study was approved by the local institutional review
board and all participants gave written informed consent. A total
number of 30 healthy volunteers and five patients diagnosed with
PDAC were included. Patients were recruited in the context of a
larger project on the assessment of pancreatic stiffness using MRE.
Patients were eligible with pathological proven PDAC independent
of staging or prior treatment and were >18 years old. Healthy volun-
teers were excluded when they had a history concerning pancreatic
diseases (such as pancreatitis, pancreatic masses, or diabetes mellitus)
and were under the age of 18.

All scanning was done at 3.0 T (Ingenia, Philips, Best, the
Netherlands) with participants positioned head first supine. All participants
fasted hours prior to scanning. A gravitational transducer was used, which
uses an eccentric mass to induce shear waves in the abdomen.16 The trans-
ducer with a 3D-printed curved polyactic-plate (to increase the contact
area of the transducer with the participant) was strapped at the approxi-
mate level of the pancreas head. A reusable gel pad was placed between
the transducer plate and the participant for more comfort and better wave
transmission. The axial field of view (FOV) was: 336 � 192 � 27 mm
and 384 � 252 � 27 mm depending on participant size, with (3 mm3)
isotropic voxels in nine slices. T2-weighted images were acquired for ana-
tomical reference for every participant (voxel size 1.2 � 1.2 � 3 mm,
20 slices, TR/echo time [TE] = 378/80 msec).

The aims are accomplished in three consecutive experiments:
1) the application of Ristretto GRE-MRE (hereafter, MS-MRE) in
the pancreas is optimized in healthy volunteers; 2) the feasibility of
pancreatic CS-MRE is assessed and optimized in healthy volunteers
and PDAC patients; and 3) the repeatability of CS-MRE is assessed
in healthy volunteers.

Experiment 1: Optimization of Multi Breath-Hold
Ristretto GRE-MRE for Pancreas
In this experiment we describe the optimization of fractionally
encoded multi breath-hold multi-slice GRE-MRE in the pancreas.
This was performed in 10 healthy volunteers (female = 4, mean

Table 2. Baseline characteristics of the healthy volunteer cohorts and patient cohort

Characteristics Healthy Volunteers

PDAC Patients

1 2 3 4 5

Age (years) 30.9 � 9.2 68 63 73 76 67

Sex (% male) 33% M M M M F

Weight (kg) 70.8 � 9.3 70 90 82 81 62

Height (cm) 176 � 8 170 178 190 185 169

BMI (kg/m2) 22.9 � 2 24 28 23 24 22

Diagnosis at time of MRI - 2 2 1 3 3

Resectable PDAC (1)

Metastatic PDAC (2)

LAPC (3)

Tumor location - 1 3 2 2 1

Head (1)

Corpus (2)

Tail (3)

Chemotherapy (sessions) - >12 >8 0 0 >12

Time after diagnosis (months) - 8 11 1 1 2

Average tumor size (mm) - 20 6 7 3 4

BMI, body mass index; PDAC, pancreatic ductal adenocarcinoma; MRI, magnetic resonance imaging, M, male, F, female.
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age = 27 � 3 years) using four combinations of vibration frequency,
number of measured WP offsets, and TE. Table 1 provides a sum-
mary of the different combinations tested and motivations for the
optimization parameters are given below.

Consideration for the lower vibration frequency was based
on a deeper penetration depth, which potentially is beneficial for
application in the pancreas.23 This is a trade-off between penetra-
tion depth and longer wavelengths for lower frequencies, which
decreases resolution of elastographic details. Furthermore, a higher
number of WP offsets can improve accuracy of the reconstruction

algorithm, as it increases number of sampling points. Lastly, a lon-
ger TE allows for longer motion-encoding gradients, which
increases the phase accrual caused by the wave-induced displace-
ment of tissue. This improves the accuracy of shear wave quantifi-
cation in regions of low wave amplitude due to an increased
sensitivity to motion. However, it prolongs breath-hold duration,
which should be below a clinically feasible breath-hold time
(15–20 seconds24).

The preferred acquisition strategy was established by deter-
mining which acquisition showed the parameters with the highest

FIGURE 1: (Left) T2-weighted image of a representative volunteer with the pancreas delineated in blue on bottom. The subsequent
images for the optimal method of the wave amplitude, nonlinearity, and shear wave speed map delineated in red from top to
bottom. On the shear wave speed map the pancreas, liver, and kidney are delineated in blue, yellow, and purple, respectively.
(Right) From top to bottom: the average wave amplitude, the average nonlinearity, and the average shear wave speed (SWS) in the
pancreas head for each method (*P = .01, ***P ≤ .001, ****P ≤ .0001).
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quality for the pancreas. The highest quality was defined as the
method with the highest MRE quality parameters, which are
described in postprocessing.

Experiment 2: Implementation of Prospective
Undersampling and CS Reconstruction for Single
Breath-Hold Ristretto GRE-MRE
Single breath-hold 3D Ristretto GRE-MRE testing was performed
on 20 healthy volunteers (female = 11, mean age = 30 � 8 years).
In addition, five PDAC patients were included (male = 4, mean
age = 69 � 5 years). MRE acquisitions were performed using the
determined optimized parameters from experiment 1: nine slices
with 40 Hz vibration frequency, 5 WP, and TE = 6.9 msec. Three
consecutive pancreatic MRE scans were performed: (I) standard
multi-slice (MS) in four breath-holds (MS-MRE); (II) 3D four
breath-hold acquisition (3D-MRE); and (III) 3D CS-accelerated sin-
gle breath-hold acquisition (CS-MRE). Scan parameters are reported
in Table 1. In patients, placement of the gravitational transducer was
guided by the T2-weighted images to be as close as possible to the
tumor. Patients underwent scans I and III only, to limit scan time
and number of breath-holds.

To incorporate prospective CS undersampling a 3D acquisi-
tion is recommended, as it gives more freedom in optimal
undersampling pattern design.25 Incoherent undersampling was

achieved using a variable-density Poisson disc, which was varying in
undersampling patterns in the WP offset dimension, repeated for
each encoding direction.26 Furthermore, a phase-conjugate symme-
try method (half-scan) in both ky (67%) and kz (89%) directions
was introduced. Acceleration factors were chosen to ensure a clini-
cally feasible breath-hold duration (<18 seconds). For CS acquisi-
tions, reconstruction was performed offline using ReconFrame
(version 4.4.4, Gyrotools, Zurich, Switzerland) in MATLAB (version
2021a; The MathWorks Inc., Natick, MA, USA) together with the
Berkeley Advanced Reconstruction Toolbox (version 0.5.00, BART;
https://mrirecon.github.io/bart/) using a total variation sparsifying
transform in time (λ = 0.01, 50 iterations).27 The sparsifying trans-
form was applied in the WP offset dimension.

Experiment 3: Repeatability of Compressed
Sensing
Repeatability of in vivo CS-MRE was tested in 15 of the 20 healthy
volunteers who had undergone experiment 2 (female = 10, mean
age = 32 � 8 years). Two consecutive single breath-hold MRE
acquisitions were performed without repositioning, to test the
within-session repeatability. Prospective CS undersampling
and reconstruction were done in the same manner as described
earlier.

FIGURE 2: Shear wave speed maps of the pancreas overlaid on T2-weighted images of a 73-year-old male patient with pancreatic
ductal adenocarcinoma from left to right: scan I (MS 4BH) and scan III (CS-MRE) with the tumor delineated in purple.
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Postprocessing
Inversion of the data to extract the visco-elastic properties was done
using dedicated software (ROOT, as described by Fovargue et al).28

Briefly, phase data were unwrapped and smoothed, and a Gaussian
filter was applied (σ = 0.75, 3 � 3 � 3 pixels) before a 3D Fourier
transformation was applied using a 3D Blackman-Harris window.
This resulted in a 3D shear wave field. The shear wave displacement
was calculated locally per voxel and a finite element method was
used to extract the visco-elastic properties, including shear wave

speed (SWS), phase angle (φ), elasticity (Gd), and viscosity (GI).
Visco-elastic properties were depicted spatially in an elastogram.
Average visco-elastic values were calculated by manually drawing
regions of interest (ROIs) on the anatomical magnitude elastography
images over the pancreatic head and the tumor for healthy volun-
teers and patients, respectively. ROIs were drawn by a researcher
(AS) with over 4 years of experience in pancreatic MRI. Parameters
that were used to compare data quality were the local shear wave
amplitude, the nonlinearity, and wave signal-to-noise ratio (SNR).

FIGURE 3: Shear wave speed and phase angle maps of the pancreas overlaid on T2-weighted images of a 63-year-old male patient
with pancreatic ductal adenocarcinoma from left to right: scan I (MS 4BH) and scan III (CS-MRE) with the tumor delineated in purple.
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The nonlinearity gives an indication of the deviation of the phase
signal from a perfect sinusoidal wave and should be below 50%.29

The process of drawing ROIs was done with careful consideration of
the nonlinearity. The jqj/jdivj, or wave SNR, is the curl of the dis-
placement vector field over the divergence of the vector field (which
is zero up to 10�6 precision due to the incompressible nature of tis-
sue), with a higher ratio indicating increased quality.

Statistical Analysis
Statistical testing was done using SPSS (version 28; IBM Corp.,
Armonk, NY, USA). Repeatability was assessed using Bland–Altman
analysis30 and between-subject and within-subject coefficients of var-
iation (CoVs). Data were tested for normality using the Shapiro–
Wilk test. Comparison between healthy volunteers and patients was
done using an unpaired t test or Mann–Whitney U test in case of
skewed data separately for scans I and III to verify if differences in
visco-elastic parameters remain after acceleration. Repeated measures
of analysis of variance (ANOVA) were performed with a subsequent
multiple comparisons with a Bonferroni correction. Data are
expressed as mean � standard deviation (SD) or median (ranges) as
appropriate. An (adjusted) P-value <.05 was considered statistically
significant.

Results
Study Population
The clinical population consisted of five patients diagnosed
with PDAC, regardless of staging, supplemented by
30 healthy volunteers. Three patients received chemotherapy
treatment before scanning. One of the five patients under-
went a resection 1 week after inclusion. Baseline characteris-
tics are presented in Table 2.

Experiment 1: Optimization of Multi Breath-Hold
Ristretto GRE-MRE for Pancreas
Results of experiment 1 are shown in Fig. 1. The mean
shear wave amplitude in the pancreas head was observed to
be 65 � 21, 75 � 29, 90 � 28, and 82 � 27 μm for
combinations A, B, C, and D, respectively. Statistical analysis
exhibited significant differences between the four methods (F
[3, 27] = 11). Combination C displayed a significant
increase in shear wave amplitude when compared to combi-
nation A and B. While A–B (P = .560), A–D (P = .076),
B–D (P = .118), and C–D (P = 1.000) remained constant.
Nonlinearity showed no significant differences between all
combinations (F[3, 27] = 1.5, P = .232). The average shear
wave speed was 1.17 � 0.23, 0.97 � 0.2, 0.98 � 0.2, and
0.96 � 0.19 m/second for combinations A, B, C, and D,
respectively. Multiple comparisons demonstrated a significant
difference in SWS between combination A–B, A–C, and
A–D.

The preferred approach was identified as combination
C (40 Hz vibration frequency, 5 WP offsets, and a TE
of 6.9 msec) due to the significantly higher shear wave ampli-
tude, absence of variations in shear wave speed and
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nonlinearity, and the capability of clinical implementation
with a feasible breath-hold time.

Experiment 2: Implementation of Prospective
Undersampling and CS Reconstruction for Single
Breath-Hold Ristretto GRE-MRE
In Figs. 2 and 3, shear wave speed and phase angle maps are
shown of a representative patient for each scan. Comparison of
visco-elastic parameters between scans revealed no differences

in healthy volunteers (F[2, 38] = 0.462, 0.789, 2.620, 0.054,
and P = .633, .462, .086, .948 for SWS, φ, Gd, and Gl,
respectively). Similarly, no significant differences were observed
in patients between scans I and III (P = .225, .345, .893, .498
for SWS, φ, Gd, and Gl, respectively). The findings for both
healthy volunteers and PDAC patients are summarized in
Table 3 and Fig. 4.

The results showed significant differences in all visco-
elastic parameters between healthy volunteers and PDAC

FIGURE 4: Visco-elastic parameters: (a) shear wave speed (SWS), (b) phase angle (φ), (c) elasticity (Gd), and (d) viscosity (GI), for all
scans. I) MS 4 breath-hold, II) 3D sense accelerated 4 breath-holds, and III) 3D compressed sensing accelerated single breath-hold for
the pancreas head in healthy volunteers and tumor in PDAC patients. Mean values for healthy volunteers and PDAC patients are
compared separately for scan I and III (*P ≤ .05, **P ≤ .01, ***P ≤ .001).

FIGURE 5: (a) Healthy volunteers in blue and PDAC tumor SWS in red; (b) nonlinearity for healthy volunteers (HV) and patients
(PDAC); (c) Curl over divergence (wave SNR) for HV and PDAC; (d) STDEV within the ROI for healthy volunteers (HV) and patients
(PDAC) (*P ≤ .05).
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patients (Fig. 4). However, phase angle and viscosity differ-
ences were not evident in scan I (φ: P = .083 and Gl:
P = .060). The ratio for SWS of healthy pancreatic tissue in
healthy volunteers and tumor tissue in patients with PDAC
were 0.71 and 0.72 for scans I and III, respectively.

Figure 5 summarizes comparisons of MRE quality
parameters between MS (I) and 3D MRE (II) with 4 breath-
holds and the single breath-hold CS MRE (III). A significant
decrease was found in nonlinearity in healthy volunteers
between scans I and II. Nonetheless, wave SNR and SD
within an ROI of the SWS demonstrated no significant dif-
ferences (F[2, 38] = 2.312, P = .113 and F[2, 38] = 1.435,
P = .251, respectively).

Experiment 3: Repeatability of Compressed
Sensing
The average visco-elastic parameters for scan 1 and scan
2 both were 0.97 � 0.07 m/second. Bland–Altman analysis
of the average SWS showed limits of agreement (LoA) of
[�0.09, 0.10] m/second and a bias of �0.006 m/second
(Fig. 6). LoA for the φ were [�0.12, 0.11] rad. For SWS the
within-subject CoV was 4.8%.

Discussion
Ristretto GRE-MRE accelerated with CS (CS-MRE) allows a
single breath-hold MRE acquisition with comparable MRE
parameters as conventional four breath-hold multi-slice
Ristretto MRE. In addition, both methods displayed compa-
rable MRE quality parameters, such as nonlinearity and wave
SNR. Differences were found in pancreatic SWS and elastic-
ity between healthy volunteers and patients with PDAC.
These significant differences also hold for the single breath-
hold acquisition. We found no significant differences in vis-
cosity nor phase angle in a four breath-hold acquisition
between healthy volunteers and patients with PDAC. How-
ever, differences were found between healthy volunteers and
patients with PDAC for viscosity and phase angle when accel-
erating to a single breath-hold acquisition.

The increased SWS in PDAC patients could be corre-
lated to the increased stiffness of tumorous tissue. Differences
in tumor stiffness have been hypothesized to be related to
stromal disposition and have been utilized by surgeons by
means of palpation.31 Moreover, the phase angle, which is
the ratio of elasticity over viscosity, has been associated with
the fluidity of soft tissue. Previously published literature that
looked at the shear modulus phase angle found a difference
between healthy volunteers and PDAC.32 The increase in vis-
cosity and phase angle found when accelerating up to a single
breath hold could be caused by high vascularity and perme-
able vessels, the existence of necrotic tissue, or a shift in the
amount of collagen.33

The ratio of SWS between healthy pancreatic tissue of
healthy volunteers and tumor tissue in patients remained simi-
lar for the multi breath-hold and a single breath-hold acquisi-
tion. These findings may indicate that a single breath-hold
acquisition can still differentiate between healthy and diseased
pancreatic tissue. Furthermore, the SWS for healthy pancreas
and PDAC were overall lower when compared to previously
published literature performed at a 40-Hz vibration fre-
quency.10,34 This could be due to differences in inversion algo-
rithms. While a direct inversion is most commonly used, the
assumptions such as local homogeneity or incompressibility
vary. The differences found in stiffness between healthy volun-
teers and patients with PDAC were comparable to previously
published studies for both the four and single breath-hold
MRE acquisitions.10,32,35

Imaging with CS has become widely used in a number
clinical applications.36 The choice for an acceleration factor of
12 was determined through careful balancing of scan time
(a clinical feasible single breath-hold time for healthy controls
and patients of <18 seconds), the loss of spatial resolution
introduced by the undersampling, the 3D volumetric cover-
age (large enough to cover the entire pancreatic head/tumor),
and the use of the optimal scan parameters from experiment
1. While sampling and reconstruction parameters were empir-
ically optimized for these criteria, further research is
warranted for single breath-hold CS-MRE in other organs,
FOVs, or disease types.

The use of a 3D approach in CS-MRE did not have a
negative impact on the acquisition efficacy. The flip angle was
optimized for the 3D acquisition, which led to an adjusted flip
angle of 10 degrees to accommodate the repeated whole-
volume excitation compared to 20 degrees in a multi-slice
acquisition. Although the longer TR will decrease signal inten-

sity, this is counteracted by a
ffiffiffi

3
p

gain in signal intensity
achievable with the 3D approach. Moreover, a 3D acquisition
allows for lower motion encoding gradient frequencies at a
fixed TE, due to a shorter radio frequency (RF) pulse and
slab selective gradients, thereby increases encoding efficiency.

Pancreatic MRE using a gravitational transducer and
a Ristretto GRE-MRE sequence with fractional motion

FIGURE 6: Bland–Altman analysis of the repeatability of the
shear wave speed (SWS). Limits-of-agreement (LoA) were �0.09
and 0.10 m/second and the bias was �0.006 m/second.
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encoding is feasible. Wave penetration may be the most
important factor in the pancreas and was crucial for successful
pancreatic MRE. With decreasing shear wave amplitudes, the
shear wave displacement may be lower than the noise level
and hence becomes indistinguishable from noise.37 Therefore,
a mechanical frequency of 40 Hz was chosen as the optimal
frequency for application in the pancreas. Compared with
other MRE setups which use multiple transducers,11,38 the
single gravitational transducer here was situated near the pan-
creatic tumor. Multiple transducers may provide a greater
depth of penetration but come at the cost of destructive wave
interference. Furthermore, discretization effects can introduce
errors if there are not enough pixels sampled per wavelength.
It has been reported that the optimal ratio is six to nine
voxels per wavelength for direct inversions.7 The ratio in
healthy volunteers was 8 voxels per wavelength for both
40 Hz and 50 Hz, indicating that both methods are within
the appropriate range. For tumor tissue this ratio increases up
to 10, thus indicating that the wavelength becomes larger
than the voxel size and inversion could be highly affected by
low SNR.

The results obtained for both the within-subject CoV
and LoA showed improved results compared to previously
published work.10,14,39,40 Shi et al reported a lower within-
subject CoV of 13.4% at 40 Hz compared to 60 Hz.10 An
et al reported 95% LoA of [�0.51, 0.60] kPa between two
scans obtained a day apart.39 These improved results support
the hypothesis of superior repeatability that would result from
the stable positioning of the pancreas within a single breath-
hold compared to deviations in positioning between multiple
breath-holds for the other acquisitions. Nonetheless, in a
more recent study by Shi et al, the 95% LoA reported were
[�0.072, 0.088] m/second at an approximately 7-day interval
using a multi-frequency approach.40

Limitations
Only a very small cohort of patients with PDAC was
included. To investigate differences in underlying mechanical
structures within the patient population a larger cohort is nec-
essary. Furthermore, in this study no validation of measured
biomechanical properties through histopathology or ex vivo
shear testing was done. Ex vivo validation is warranted to sub-
stantiate the findings and ensure accuracy. Moreover, the
gravitational transducer allows for high amplitude shear waves
with accuracy in inversion due to the precise fundamental
vibration frequency. However, this single transducer approach
does not easily allow adjustable placement and due to the
high intrinsic attenuation of shear waves, caused by gas or
scattering in the abdomen, vibration of the entire abdomen is
challenging from a single point of shear wave introduction
(i.e., a single transducer). Lastly, the nonlinearity was slightly
higher in PDAC patients compared to healthy volunteers for

the multi and single breath-hold acquisitions, stretching
towards 50%. However, accuracy of MRE inversion is only
guaranteed for a nonlinearity below 50%, thus our findings
could be considered borderline acceptable as the ROI shows
an average nonlinearity that is just below 50%.16 Moreover,
for some individual pixels viscosity values were found below
zero, which is in violation of conservation of energy and gives
an indication for insufficient data quality for assessment of
this parameter. This could be caused by the low mechanical
frequency and the high acceleration factor that could hamper
precision in the inversion, especially in tissues with high stiff-
ness. However, this increase was not substantial compared to
nonlinearity and viscosity in healthy volunteers, indicating
that this effect is negligible for acceleration up to a single
breath-hold. Further research is necessary to ascertain differ-
ences within PDAC patients in quantification of stromal dis-
position and investigate the possibility of single breath-hold
MRE as a biomarker for PDAC chemotherapy efficacy.

Conclusion
The use of Ristretto GRE-MRE accelerated with CS may
allow for a single breath-hold MRE acquisition with compara-
ble SWS as four breath-hold multi-slice Ristretto MRE. The
differences found in SWS and phase angle between healthy
volunteers and patients with PDAC were comparable for both
the four and single breath-hold MRE.
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