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ABSTRACT

MR elastography (MRE) is validated for liver fibrosis but remains highly challenging for renal imaging. Our aim was to optimize
a prototype MRE sequence developed by Philips Healthcare for accurate and repeatable stiffness measurement using stand-
ardized phantoms and pipeline and to translate it to in vivo kidney imaging. Hence, in this prospective single-center study, 21
silicone-based phantoms with known stiffness ranging between 2 and 57.7kPa were imaged at 1.5-Tesla using a 2D-gradient echo
MRE acquisition. Mechanical vibrations were generated through a pneumatic driver with an actuator fixed on a dedicated 3D-
printed phantom container. Four frequencies (60, 80, 100, and 120 Hz), three orientations (axial, sagittal, and coronal), and three
MRE postprocessing algorithms were investigated (local frequency estimation [LFE], multifrequency dual elasto-visco inversion
[MDEV], and wavenumber-based MDEV [KMDEV]). Acquisitions were repeated twice and coregistered. The best combinations
of frequency, orientation, and postprocessing in terms of repeatability (measured with intraclass correlation coefficient [ICC])
and accuracy (measured with using root mean square error [RMSE]) were translated on five healthy volunteer's kidneys. The
lowest/best RMSE was obtained with sagittal orientation, 120Hz and LFE (RMSE =8.9). The highest ICC was obtained with
axial orientation, 120Hz and LFE (ICC=0.864, p<0.0001). On phantoms with stiffness < 25kPa, the best performing combi-
nation was sagittal orientation, 60 Hz and LFE (RMSE =4.2). Multiple-way analysis of variance showed a strong influence of
frequency (F=47.8, p<0.0001) and postprocessing (F=49.5, p<0.0001), but not orientation (p =0.4771). Best image quality in
volunteers was obtained with coronal orientation and mechanical vibrations of 60 Hz with anterior—posterior direction and LFE.

Abbreviations: ANOVA, Analysis of variance; CKD, chronic kidney diseases; 95%CI, 95% confidence interval; E, Young's modulus of elasticity; GES, generalized
eta-squared; ICC, intraclass correlation coefficient; kMDEV, wavenumber-based multifrequency dual elasto-visco inversion; LFE, local frequency estimation; MDEV,
multifrequency dual elasto-visco inversion; MRE, magnetic resonance elastography; PDMS, polydimethylsiloxane; RMSE, root mean square error; ROI, region of
interest; u, shear modulus elastography; V, shear wave velocity.
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In conclusion, our study showed that vibration frequency of 120Hz provided the highest MRE accuracy across all phantoms

(2-57.7kPa), while 60 Hz was more suitable for stiffness values < 25kPa and in vivo. Postprocessing significantly influenced

stiffness values, with LFE offering superior accuracy and repeatability, whereas the orientation had minimal effect.

1 | Introduction

Magnetic resonance elastography (MRE) was first described in
1995 by Muthupillai et al. from the Mayo Clinic [1]. They de-
veloped a noninvasive technique based on motion-sensitive
phase imaging, relying on the propagation of a mechanical wave
through the tissue and produced by an external device, followed
by the application of wave inversion algorithms to quantify the
tissue stiffness. The same technique is still used today and re-
mains the reference MRE method [2]. During the last two de-
cades, the technique underwent significant clinical development
particularly in liver diseases, facilitated by the liver proximity to
the skin, allowing for the use of low-frequency vibrations [3]. For
instance, regarding the quantification of liver fibrosis, a meta-
analysis involving more than 3000 patients demonstrated higher
diagnostic performance of MRE compared to acoustic radiation
force impulse (ARFI), especially for early stages of fibrosis [4].
Thus, MRE is currently emerging as the gold standard for he-
patic fibrosis quantification [5].

Regarding kidney, MRE has been far less investigated, mostly on
small cohorts of animal models [6-8] and healthy adult volunteers
[9-13]. These preliminary studies found highly variable renal stiff-
ness ranging between 2.2 and 9.4kPa in healthy kidneys [9-14].
Actually, these studies agree that many features could influence
this stiffness, such as acquisition parameters (i.e., spin echo ver-
sus gradient imaging, 2D versus 3D sequence, pulse frequency,
sequence orientation), the direct environment (i.e., anisotropy,
digestive gas), the procedural conditions (i.e., hydration, fasting,
motion artifacts) [15, 16], and postprocessing (notably the recon-
struction algorithm to derive the quantitative stiffness maps from
the mechanical waves propagating through the tissues) [17-19].
The few clinical studies have emphasized the potentials of MRE
to distinguish subtypes of small renal tumors [20] and to estimate
and monitor the renal fibrosis in chronic kidney diseases (CKD)
[21-23]. However, important stiffness overlaps and standard devia-
tions were observed between different tumors and between differ-
ent CKD stages requiring more accurate MRE sequences.

Moreover, while most MRE studies focus on average stiffness
values within large regions of interest (ROIs) encompassing en-
tire kidneys or whole tumors, significant variability in stiffness
can exist within these ROIs, with some voxels exhibiting values
exceeding 20kPa [20, 24]. This variability is not surprising, given
the well-documented intratumoral heterogeneity observed in
many cancers and the heterogeneous distribution of renal fibro-
sis throughout the kidney [25]. Therefore, MRE sequences and
postprocessing capable of accurately capturing a range of stiffness
values—high, intermediate, and low—within segmented regions
could substantially enhance the diagnostic and prognostic utility
of MRE by incorporating detailed textural analysis. To achieve
accurate assessment across the wide range of stiffness observed
in human tissues and kidney diseases, a noninvasive approach
could involve investigating the correlations between MRE-derived

stiffness measurements and reference stiffness values obtained
using dedicated physical systems in well-calibrated phantoms.

Therefore, our aims were as follows: (i) to calibrate an opti-
mal MRE sequence (including vibration frequency, acquisition
orientation and postprocessing) capable of detecting the full
spectrum of stiffness observed in both healthy and pathologi-
cal kidneys with high accuracy and reproducibility using phan-
tom of known stiffness, (ii) to understand the impact of each
varying characteristics in the sequence building, and (iii) to test
the best MRE sequences for kidney imaging in healthy adult
volunteers.

2 | Material and Methods

This prospective observation single-center study was approved
by the institutional review board of Bordeaux university hospi-
tal, France, in agreement with good clinical practice and appli-
cable laws. Signed written informed consent was collected for
each volunteer.

Figure 1 represents the overall study workflow.

2.1 | Development of Calibrated Phantoms

Twenty-one phantoms were fabricated using a same dedicated
aluminum mold with a rectangular parallelepiped shape. Their
dimensions were subsequently standardized at 50 X 50 X 60 mm?.
The phantoms were made at the Paul Pascal Research Center
(Talence, France), using polydimethylsiloxane (PDMS), an
organosilicon polymer that is widely used in biomedical engi-
neering and microfluidics due, notably, to its flexible and elastic
properties of which the stiffness can be controlled. Herein, to
obtain a wide range of PDMS stiffness within each phantom,
three components were mixed as follows: a platinum-catalyzed
silicone rubber (reactant A, Ecoflex™ 00-20, Smooth-On Inc.,
Macungie, Pennsylvania, USA), a platinum-cure silicone
rubber (reactant B, DragonSkin™ 10 Slow, Smooth-On Inc.,
Macungie, Pennsylvania, USA), and a nonreactive silicone fluid
designed to control and lower the viscosity of silicone rubber
products (Thinner, Smooth-On, Smooth-On Inc., Macungie,
Pennsylvania, USA). The thinner component was mixed with
the reactant A, before mixing the A and B reactants. The ratio
of the three components mixed within each phantom is given in
Table 1. Once the reactive species had been mixed together for
3min, they were poured into the aluminum mold, degassed, and
let rest for 4h at room temperature before unmolding.

The next step was to accurately measure the reference stiffness
of each phantom using the gold standard method, namely, a ten-
sile and compression testing machine (ZwickRoell Z2.5/TN1S
apparatus, ZwickRoell GmbH & Co., Ulm, Germany).
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Translation on kidney imaging of healthy adults

FIGURE1 | Study workflow. Abbreviations: G, real stiffness; G', estimated stiffness; ICC, intraclass correlation coefficient; LFE, local frequency

estimation; MDEV, multifrequency dual elasto-visco inversion; MRE, magnetic resonance elastography; RMSE, root mean squared error. §: the com-

bination of all frequencies could only be postprocessed with MDEV and kMDEV.

For each formula of each phantom (Table 1), five tensile test
specimens of 1.1-mm thickness, 50-mm length, and 10-mm
width were prepared to conduct the tensile experiments.
These specimens were produced using a dedicated mold,
following the exact same formulation and during the same
preparation session as the larger phantoms prepared for MRE,
ensuring identical composition and mechanical properties.
The tensile test specimens were specifically designed to be
compatible with the ZwickRoell testing system. Subsequently,
material hardness was assessed using the same machine,
which applies a precisely calibrated force to the specimen's
surface. The depth and shape of the resulting indentation pro-
vide quantitative information about the material's resistance
to deformation, thereby offering insight into its mechanical
behavior under physiological stress.

The measurements were performed at constant tensile speed of
100mm/min. In the linear elastic regime, Hooke's law is verified
as follows:

c=EXe

where we have the following:

« 0=F/S is the normal stress calculated from the normal
force (F) and the sample cross-section area (S),

« e=(1-1y) /1, with 1 and I are the sample lengths before and
during tension, respectively,

« E is the Young's modulus of elasticity, which is linked to
the shear modulus elastography (G) in kPa or kN/m?, by
a factor of 3 (E=3XG), derived from the shear wave ve-
locity (V) in m/s (i.e., E=3 X px V2, where p is the tissue
density) [26].

Thus, for the five tensile specimens corresponding to each phan-
tom, the stiffness was measured and then averaged to obtain the
real reference stiffness (i.e., gold standard measure) of the corre-
sponding phantom.

2.2 | Development of a Phantom Container
for Reproducible MRE Positioning and Measurement

A rigid polyvinyl chloride (PVC) container was designed to en-
sure consistent positioning of the phantoms and the mechani-
cal vibration device, which includes an active pneumatic driver
and a passive actuator with an 18-cm diameter (Resoundant,
Inc., Mayo Clinic, Rochester, Minnesota, USA) (Figure 2). The
container was designed using TinkerCad freeware (https://
www.tinkercad.com/) and 3D-printed at the TechnoShop from
Bordeaux university in France. It features a cylindrical shape
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TABLE1 | Preparation of the phantoms: Recipe and stiffness on corresponding tensile test specimens.

Measured Young Shearwave
Phantom Percentage Percentage Percentage of modulus of modulus - reference
ID of ecoflex of thinner dragonskin elasticity (E, kPa) stiffness (G, kPa)
1 40 60 0 5.84 2.00
2 50 50 0 9.73 3.24
3 70 30 0 16.3 5.4
4 40 40 20 18.6 6.2
5 80 20 0 26 8.7
6 85 15 0 27.2 9.1
7 90 10 0 28.7 9.6
8 31 31 38 30.3 10.1
9 33 33 34 31.7 10.6
10 95 5 0 38 12.7
11 100 0 0 48.9 16.3
12 90 0 10 53.9 18.0
13 85 0 15 56.6 18.9
14 25 25 50 64.6 21.5
15 75 0 25 71.6 239
16 18.5 18.5 63 72.8 24.3
17 16.5 16.5 67 86.8 28.9
18 60 0 40 89.8 30.0
19 50 0 50 105 35.0
20 40 0 60 121 40.3
21 30 0 70 173 57.7

Note: The measured Young's modulus of elasticity (E, kPa) was obtained from compression testing of small standardized tensile test specimens using the ZwickRoell
testing machine. The corresponding shear modulus (G, kPa), referred to as the shear wave modulus or reference stiffness, was derived using the standard linear elastic
approximation G =E/3. These G values served as the reference stiffness values for MRE-based estimations and subsequent RMSE calculations.

tailored to accommodate the vibration device on its upper face
and a parallelepiped cage at the bottom center to securely hold
the phantom. The container was filled with ultrasound gel, ap-
plied in a sufficient and uniform layer around the phantom to
ensure optimal coupling. Indeed, embedding the phantoms in
ultrasound gel enabled to minimize magnetic susceptibility ar-
tifacts at the air-phantom interface, which could compromise
MRE quality. Additionally, the ultrasound gel acted as a cou-
pling medium that facilitates the uniform propagation of shear
waves into the phantom during mechanical excitation. It also
provided mechanical stability, preventing unwanted displace-
ment of the phantom during image acquisition. Finally, this
setup helped to simulate a soft tissue-like environment, ensur-
ing more physiologically relevant experimental conditions.

2.3 | MRE Acquisitions in Phantoms

The MRI experiments were conducted on a same 1.5-Tesla MR-
system (Achieva dSTREAM, Philips Medical Systems, Best, the

Netherlands). The phantom was placed inside the container,
surrounded and covered with ultrasound gel, and the vibration
device was then placed on top. The entire setup was then se-
cured within the head coil (with 16 elements) and immobilized
using gel pads and weighted wedges.

A rapid T2-weighted sequence (single shot turbo spin echo) was
utilized to localize the phantom.

The MRE sequence was a prototypal work-in-progress se-
quence provided by Philips Healthcare with the possibility
to utilize various frequencies of the mechanical vibration,
motion-sensitizing gradient direction, and motion-sensitizing
gradient strength. Herein, it corresponded to a multislice
2D gradient echo sequence (fast field-echo) with a repeti-
tion time of 50ms, an echo time of 12ms, a field-of-view of
250%219x29mm?3, three slices with a slice thickness of
10mm, and an acquired voxel size of 1.5x4.68x10mm?3.
Mechanical vibrations with low amplitude and different fre-
quencies (60, 80, 100, and 120 Hz) were generated thanks to
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FIGURE 2 | Development of a standardized phantom container to ensure reproducible magnetic resonance elastography (MRE) acquisition and
stiffness measurements. (A) Phantoms with standardized composition, shape and size (5x5x6cm?). (B) Technical drawing of the phantom con-
tainer. The upper side was open with a cylindrical shape of a same diameter (18 cm) as the device generating the mechanical vibration with a stop
to prevent its movement (black arrow) and a small rounded notch for the cable to pass through (black arrowhead). (C) 3D-printing of the phantom
container. The phantom was inserted in the central cage (white arrow) and the container was filled with ultrasound gel, applied in a sufficient and
uniform layer around the phantom to ensure optimal coupling. (D) MRE acquisition inside the head coil with pads to all around the container and

coil to prevent motion.

the device described above fixed on the phantom container.
This MRE sequence was then acquired in the axial, sagittal,
and coronal planes for each phantom, at each different fre-
quency. Each phantom underwent two full MRI examinations
during two separate sessions in order to assess the repeatabil-
ity of the sequence.

2.4 | MRE Reconstruction and Analysis

Three inversion methods were investigated to perform the MRE
postprocessing: (i) local frequency estimation (LFE) [17], (ii)
multifrequency dual elasto-visco inversion (MDEV) [18], and
(iii) wavenumber-based MDEV (kMDEV) [19]. Briefly, LFE is
the standard, fastest, and simplest algorithm that estimates stiff-
ness based on local frequency of shear waves. Its limitation is
a possible low accuracy in regions with complex wave patterns
and noise [17]. MDEV is a more advanced algorithm that di-
rectly solves the Helmholtz equation (a partial differential equa-
tion describing how mechanical waves propagate in a medium)
and is supposed to provide higher resolution and more accurate
stiffness map [18]. KMDEYV is k-space extension of MDEV with

an improved precision and noise resistance incorporating multi-
scale information [19].

The LFE-based maps were reconstructed on the acquisition
console using the dedicated commercially available algorithms
supplied by Philips Healthcare (MREView software, v5.7) and
producing amplitude, phase, colorized wave propagation, and
elastogram images. A confidence mask automatically excluded
voxels with a <95% threshold confidence index.

The MDEV and kMDEV postprocessing were achieved
using the free online application provided by the Charité
- Universitdtsmedizin Berlin on their public server (https://
biogic-apps.charite.de/). These inversion methods produced a
magnitude of complex shear modulus map (absG-map, in kPa)
for MDEV and a shear wave velocity map (c-map, in m/s) for
kMDEV. As the shear wave velocity (V) is directly proportional
to the stiffness (u), as expressed by the formula u=pxV? (with
a known phantom density p=1.070kg/m?), the stiffness map
could be easily reconstructed by applying it to each voxel from
the shear wave velocity map. The MDEV and kMDEYV postpro-
cessing were applied on individual frequency and also on their

50f 14

85UB017 SUOLILLOD AI8ID 3ot dde 8y} Aq peuenoB a2 sajolLe YO 8SN JO S9IN1 10} Afeid1 8UIIUQ AB]IAA UO (SUONIPUOD-PUE-SWLBI /LY A8 | IM' Akeq U1 |Uo//SdNY) SUO R IPUOD pue swie | 8y} 88S *[5202/90/2T] U0 ARiq1T 8ul|uo AB|IM ‘Xespiog ap a1 PAIUN AQ £5002 WAU/Z00T OT/I0p/W00" A8 1M Ale1q1jBU L UO'S eUIN0 BouB 10s o nA feue//:sAny WO pepeojumoq 9 ‘5202 ‘Z6vT660T


https://bioqic-apps.charite.de/
https://bioqic-apps.charite.de/

combination (i.e., the MRE acquisitions performed for 60, 80,
100, and 120Hz were processed altogether in the algorithms
providing “all-frequency” stiffness maps).

Afterwards, the stiffness maps were exported in the nifti for-
mat and coregistered altogether (for a given frequency and
a given orientation) using a rigid coregistration (“extranstr”
package, https://github.com/muschellij2/extrantsr) in R
(v4.1.0, the R foundation for statistical computing, Vienna,
Austria).

Next, the postprocessed images were imported to the LIFEx
freeware (v7.4.0, Saclay, France) [27]. A senior board-certified
radiologist with 10years of experience in MRI (E.J.) manually
placed a squared 2D region-of-interest (ROI) of 10x 10mm? in
the center of the phantom on the stiffness map from the first ses-
sion LFE and propagated it onto the other stiffness maps from
the two sessions created with the other algorithms. The correct
ROI propagation was systematically verified manually by the
radiologist. The mean stiffness value inside the ROI was then
exported.

2.5 | MRE in Healthy Volunteers

Then, the optimal MRE sequences (i.e., optimal combinations of
vibration frequency, orientation and postprocessing to reach the
highest accuracy and repeatability) were transposed for kidney
imaging in five healthy adult volunteers. The left and the right
kidneys were imaged separately. The patients were positioned
on dorsal decubitus with the vibration device placed on the lum-
bar fossa of the homolateral kidney.

The abdominal coil (with eight elements) was placed on
the abdominal wall and the spine coil (with 8 elements, in-
tegrated in the MRI table, was also activated). Acquisition
parameters  were field-of-view=200x180mm2, ma-
trix = 240 x 240, initial voxel size = 2.5 x 3 mm? (reconstructed
voxel size =0.83x0.83mm?) TE=25msec, TR =50msec, flip
angle =25° high amplitude of the mechanical vibration, no
parallel imaging, and one repetition. The other acquisition
and postprocessing parameters were determined according to
the results of the phantom experiments.

Presaturation bands were positioned below the kidney and at its
medial and lateral faces, and motion encoding gradients were
applied in the slice-select direction.

One stack of three slices of 15-mm thickness per slice was ac-
quired twice during 18-s breath-holds.

Two radiologists (A.C. and E.J., with 14 and 10years of experi-
ence in MRI, respectively) reviewed the image quality and man-
ually segmented the whole kidneys in consensus on the stiffness
maps to extract the average renal stiffness.

2.6 | Statistical Analysis

Statistical analyses were also performed in R. All tests were two-
tailed. A P-value less than 0.05 was deemed significant.

2.6.1 | Repeatability of the Stiffness Measurements
in Phantoms

The repeatability of MRE stiffness measurements across the
21 phantoms was assessed for each combination of vibration
frequency, orientation, and postprocessing method using the
intraclass correlation coefficient (ICC) with a 95% confidence
interval (95% CI). The analysis employed a “one-way” model
with “consistency” type and “single” unit settings (“irr” pack-
age, https://github.com/cran/irr). ICC values were interpreted
as follows: 0 to 0.50 indicates poor reproducibility, 0.50 to 0.75
moderate reproducibility, 0.75 to 0.90 good reproducibility, 0.90
to 0.99 excellent reproducibility, and an ICC of 1 reflects perfect
reproducibility. The Bland-Altman plot for the best combination
was drawn [28].

2.6.2 | Accuracy of the Stiffness Measurements
in Phantoms

The mean stiffness obtained during the two acquisitions per-
formed for each phantom and for each combination of fre-
quency, orientation and postprocessing was averaged for this
analysis.

Afterwards, for each combination of frequency, orientation,
and postprocessing, the root mean square error (RMSE) was
calculated to estimate the accuracy of the MRE acquisitions
over the 21 phantoms compared to the reference stiffness ob-
tained with the tensile and compression testing machine, as
follows:

RMSE(frequence,0rientation,postprocessing) =

(StiffnessMRE - StiffnessReference ) ’

-

1l
_

n

The 95%CI for the RMSE was determined by bootstrapping the
results with 1000 replicates of the initial population (“boot”
package, https://github.com/cran/boot/).

The analyses of accuracy and repeatability were also per-
formed in the subgroup of phantoms ranging from 0 to 25kPa
(i.e., the stiffness range most frequently encountered in
oncology).

2.6.3 | Features Influencing the Stiffness
Measurements in Phantoms

Next, the factors influencing the stiffness measurements were
examined using a three-way repeated-measures ANOVA. The
potential explanatory factors included postprocessing (LFE,
MDEYV, and kMDEYV), frequency (60, 80, 100, or 120Hz), and
slice orientation (axial, coronal, or sagittal) (“rstatix” R package,
https://github.com/kassambara/rstatix). Effect sizes were quan-
tified using generalized eta-squared (GES), which represents the
proportion of total variance explained by each factor, account-
ing for the overall design of the experiment. GES was calculated
to provide a generalizable measure of effect size across different
conditions.
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Figures were created using the ‘ggplot2’ and ‘cowplot’ packages
(https://github.com/tidyverse/ggplot2 and https://github.com/
wilkelab/cowplot).

3 | Results

A total of 1764 stiffness maps were calculated for 21 phantoms
with real stiffness ranging between 2 and 57.7kPa, including 18
phantoms with real stiffness < 25kPa. (Figure 1). There was a
total of 42 combinations of parameters. No acquisition had to
be removed during the quality control. Figure 3 shows a typical
image dataset for one phantom.

3.1 | Repeatability of Stiffness Measurements on
Phantom Acquisitions

Figure 4A shows the ICC obtained each pair of acquisitions,
and Table 2 provides the 10 highest ICCs. The highest ICCs
and the MRE parameters were the following: (1) ICC =0.864
(95%CI: 0.699-0.942, p<0.0001) for frequency=120Hz,
axial orientation, and LFE postprocessing; (2) ICC=0.691
(95%CTI: 0.386-0.861, p=0.0001) for frequency =60 Hz, axial

Sagittal

orientation, and LFE postprocessing; and (3) ICC=0.676
(95%CI: 0.362-0.854, p=0.0002) for frequency =100 Hz, axial
orientation, and LFE postprocessing. Conversely, the lowest
ICC was reached with the combination of all frequencies, cor-
onal orientation, and MDEV postprocessing (ICC=-0.305
(95%CI: —0.640-0.132, p=0.9178).

Figure 4B shows the Bland-Altman plot for the combination
with highest ICC demonstrating no proportional or system-
atic bias.

3.2 | Precision of Stiffness Measurements on
Phantom Acquisitions

Figure 4C shows that the ICC obtained each pair of acquisitions,
and Table 2 also provides the 10 lowest RMSEs. The acquisitions
that minimized the errors between real and estimated stiff-
ness were as follows: (1) RMSE=8.9 (95%CI: 6.8-12.8) for fre-
quency =120Hz, sagittal orientation and LFE postprocessing;
(2) RMSE=9.0 (95%CI: 6.9-12.9) for frequency=60Hz, axial
orientation and kMDEV postprocessing; and (3) RMSE=9.6
(95%CT: 7.3-13.8) for frequency = 60 Hz, sagittal orientation and
kMDEYV postprocessing.

Coronal Axial

wave LFE

LFE MDEV kMDEV
: WS Y

120 Hz 100 Hz 80 Hz 60 Hz

Magnetic Resonance Elastography

1cm

T2-WI

5cm

)
E

MDEV kMDEV LFE

6cm

Gmap! 0 w8 kPa

Scales: Cmap? 0 mem—g .5

FIGURE3 | Example of an image dataset obtained for one phantom and one of the two acquisition sessions. Herein, the phantom had a real stiff-

ness of 4kPa. Four frequencies of the mechanical vibrations were investigated (i.e., 60, 80, 100, and 120 Hz)—displayed on the rows, as well as three

orientations (axial, coronal and sagittal) and three postprocessing algorithms (LFE, MDEV and kMDEV) as well as the wave image—displayed on

columns. In addition, all frequencies could be included in the MDEV and kMDEYV algorithms, which provided the ‘All’ (frequencies) map. The last

row correspond to the T2-weighted imaging (WI) of the phantom. !: scale for LFE and MDEYV, 2: scale for kMDEV. The size scale is given at the bot-

tom of the columns.
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FIGURE4 | Performances of the MRE sequences on the 21 phantoms. (A) Intraclass correlation coefficients (ICC) with 95% confidence intervals
(95%CTI) depending on the wave orientation, wave frequency and postprocessing. The dotted lines represent the usual cut-offs (0.5, 0.75 and 0.9) to
qualify ICC. A black arrowhead indicates the combination providing the highest ICC. (B) Bland Altman plot for this best combination (frequen-
cy=120Hz, axial orientation, LFE postprocessing) showing that 19 out of 21 points remain in the limits of agreements without systematic or pro-
portional bias. (C) Root mean squared error (RMSE, with 95%CI) depending on the wave orientation, wave frequency and postprocessing. A black
arrowhead also indicates the combination providing the lowest RMSE. (D) Correlation plot between the real and measured stiffness (G and G") of
this best combination (frequency =120 Hz, sagittal orientation, LFE postprocessing).
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TABLE 2 | Ten best performing combinations of acquisition and postprocessing parameters in terms of repeatability and accuracy for stiffness

measurements on the 21 phantoms.

Repeatability Rank Frequency Postprocessing

1 120 LFE

2 60 LFE

3 100 LFE

4 All kMDEV
5 60 kMDEV
6 100 LFE

7 120 LFE

8 100 kMDEV
9 100 MDEV
10 60 LFE

Accuracy Rank Frequency Postprocessing

1 120 LFE

2 60 kMDEV
3 60 kMDEV
4 120 LFE

5 60 kMDEV
6 60 LFE

7 100 LFE

8 80 LFE

9 100 LFE
10 80 LFE

Orientation ICC (95%CI) p-value
Axial 0.864 (0.699-0.942) < 0.0001%**
Axial 0.691 (0.386-0.861) 0.0001***
Axial 0.676 (0.362-0.854) 0.0002%**
Coronal 0.657 (0.332-0.844) 0.0004%**

Axial 0.646 (0.315-0.839) 0.0005%**
Sagittal 0.633(0.294-0.832) 0.0006***
Coronal 0.600 (0.245-0.815) 0.0013**
Sagittal 0.593 (0.234-0.811) 0.0015**

Axial 0.578 (0.214-0.803) 0.0020**
Sagittal 0.570 (0.203-0.799) 0.0024**

Orientation RMSE (95%CTI)

Sagittal 8.9 (6.8-12.8) —

Axial 9(6.9-12.9) —
Sagittal 9.6 (7.3-13.8) —
Coronal 10 (7.6-14.4) —
Coronal 10 (7.7-14.5) —
Sagittal 10.4 (7.9-15) —
Coronal 11 (8.4-15.9) —
Sagittal 11.8 (9-17) —

Axial 12.2 (9.3-17.6) —

Axial 13.2(10.1-19) —

Abbreviations: 95%CI, 95% confidence interval; ICC: intraclass correlation coefficient; LFE, local frequency estimation; MDEV, multifrequency dual elasto-visco

inversion; RMSE, root mean square error.
*p<0.05.

**p <0.005.

**%p <0.001.

Conversely, the highest RMSE was 77.2 (95%CI: 59-111.4) and
found for frequency=120Hz, coronal orientation, and kMDEV
postprocessing. Figure 4D shows the correlation plot for the best
combination.

3.3 | Repeatability and Precision Subanalyses on
Phantoms With Real Stiffness < 25kPa

Table 3 and Figure 5 display the results of the subanalyses on
phantoms with real stiffness < 25kPa. The setting that provided
the highest repeatability (ICC=0.868, 95%CI: 0.671-0.951,
p<0.0001) was frequency =100Hz, axial orientation, and LFE
postprocessing. The best setting on the full range of stiffness
obtained the third rank in this subanalysis, that is, ICC=0.804
(95%CTI: 0.534-0.926, p<0.0001) for frequency=120Hz, axial
orientation, and LFE postprocessing.

Regarding measurement accuracy, the best performing com-
bination was frequency=60Hz, sagittal orientation, and LFE
postprocessing and provided RMSE =4.2 (95%CI: 3.1-6.5). The

best setting on the full range of stiffness obtained the ninth rank
in this subanalysis, that is, RMSE = 5.6 (95%CI: 4.1-8.6) for fre-
quency =120 Hz, sagittal orientation, and LFE postprocessing.

3.4 | Factors Influencing the Stiffness
Measurement on Phantom Acquisitions

Table 4 shows the three-way ANOVA outputs. The most influ-
ential characteristics on stiffness were in descending order as
follows: the postprocessing (F=49.5, GES=0.377, p<0.0001),
followed by the frequency of the mechanical vibration (F=47.8,
GES=0.218, p<0.0001), the interaction between the frequency
and postprocessing (F=23.2, GES=0.173, p <0.0001), the inter-
action between the frequency and the postprocessing (F=9.5,
GES=0.049, p=0.0049), and the interaction between the fre-
quency and the orientation (F=5.01, GES=0.018, p=0.0162).
The orientation alone and the interaction between the three
explanatory variables (i.e., frequency, orientation, and post-
processing) were not significant (p=0.4771 and p=0.0580,
respectively).
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TABLE 3 | Ten best performing combinations of acquisition and postprocessing parameters in terms of repeatability and accuracy for stiffness

measurements on the 18 phantoms with real stiffness < 25kPa.

Repeatability Rank Frequency Postprocessing Orientation ICC (95%CI) p-value
1 100 LFE Axial 0.868 (0.671-0.951) 0
2 100 LFE Sagittal 0.849 (0.629-0.944) 0
3 120 LFE Axial 0.804 (0.534-0.926) 0
4 All kMDEV Coronal 0.797 (0.52-0.923) 0
5 120 kMDEV Coronal 0.724 (0.383-0.893) 0.0004
6 80 LFE Axial 0.709 (0.356-0.887) 0.0005
7 100 MDEV Axial 0.673 (0.295-0.871) 0.0012
8 120 MDEV Sagittal 0.669 (0.287-0.869) 0.0013
9 80 MDEV Sagittal 0.648 (0.254-0.86) 0.0019
10 60 LFE Axial 0.644 (0.248-0.858) 0.0021

Accuracy Rank Frequency Postprocessing Orientation RMSE (95%CI)
1 60 LFE Sagittal 4.2 (3.1-6.5) —
2 60 KMDEV Sagittal 4.7 (3.5-7.3) —
3 60 LFE Axial 4.9 (3.6-7.6) —
4 80 MDEV Sagittal 5(3.7-7.7) —
5 60 kKMDEV Coronal 5.2 (3.9-8.1) —
6 120 MDEV Sagittal 5.3(3.9-8.2) —
7 100 MDEV Axial 5.5(4.1-8.5) —
8 120 LFE Sagittal 5.6 (4.1-8.6) —
9 All MDEV Sagittal 5.6 (4.1-8.6) —
10 100 LFE Coronal 5.6 (4.1-8.6) —

Abbreviations: 95%CI, 95% confidence interval; ICC: intraclass correlation coefficient; LFE, local frequency estimation; MDEV, multifrequency dual elasto-visco

inversion; RMSE, root mean square error.
*p<0.05.

**p <0.005.

**%p <0.001.

3.5 | Translation on Volunteers

The LFE postprocessing consistently ranked the highest and
was therefore selected for use with the five volunteers. While the
axial and sagittal orientations showed promising performance,
the three-way ANOVA indicated only a moderate influence of
orientation. Additionally, the limited kidney coverage in axial
and sagittal views, combined with the increased susceptibility to
motion and artifacts from the nearby digestive tract, led us to se-
lect the coronal view with an anterior-posterior wave direction.
Two frequencies were identified as relevant: 120 Hz for the full
range of stiffness values and 60 Hz for the 0-25kPa range. These
two combinations were tested in five healthy volunteers (three
men, median age: 25years, range: 23-26). From a qualitative
perspective, both radiologists consistently preferred the MRE at
60Hz over 120Hz, as it provided a more anatomically realistic
view, with less distortion, fewer uncalculated voxels, and better
differentiation between the renal medulla and cortex (Figure 6).

The mean stiffness of the right kidney was 1.88+0.97kPa at
60Hz and 1.81+0.72kPa at 120 Hz, while for the left kidney, the

mean stiffness was 2.26 +1.04kPa at 60Hz and 2.79 +1.39kPa
at 120Hz.

4 | Discussion

This study presents a comprehensive evaluation of MRE se-
quence parameters for acquisition and postprocessing using a
systematic phantom-based approach followed by translation to
kidney imaging of healthy volunteers. Our results demonstrate
that frequencies of the mechanical vibration and postprocess-
ing method have the most significant influence on the stiffness
values and that the best setting in in vivo human kidney corre-
sponded to the coronal view, antero-posterior vibration with a
60-Hz frequency postprocessed with the LFE algorithm.

First, the phantom experiments highlighted key factors influ-
encing the accuracy and repeatability of MRE measurements.
The choice of postprocessing method had the most significant
impact on stiffness measurements, as evidenced by the highest
GES in the ANOVA results. The LFE algorithm consistently
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FIGURES5 | Performances of the MRE sequences on the 18 phantoms with lower stiffness (< 25kPa). (A) Intraclass correlation coefficients (ICC)
with 95% confidence intervals (95%CI) depending on the wave orientation, wave frequency and postprocessing. The dotted lines represent the usual
cut-offs (0.5, 0.75 and 0.9) to qualify ICC. A black arrowhead indicates the combination providing the highest ICC. (B) Bland Altman plot for this best
combination (frequency =100 Hz, axial orientation, LFE postprocessing) showing that 17 out of 18 points remain in the limits of agreements without
systematic or proportional bias. (C) Root mean squared error (RMSE, with 95%CI) depending on the wave orientation, wave frequency and postpro-
cessing. A black arrowhead also indicates the combination providing the lowest RMSE. (D) Correlation plot between the real and measured stiffness
(G and G") of this best combination (frequency =60 Hz, sagittal orientation, LFE postprocessing).
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outperformed other methods, particularly in terms of repeat-
ability. The frequency of applied vibrations was the second
most influential factor. Interestingly, different frequencies per-
formed optimally depending on the stiffness range, with 120 Hz
of performing best across the full range (0-57.7kPa) and 60 Hz
performing best for the 0-25kPa range, which may be more
clinically relevant for both renal tumors and renal failure and
fibrosis. The MDEV method appeared less reliable across all
stiffness measurements, while kMDEV showed limitations for
lower stiffness values but performed better at higher stiffnesses.

TABLE4 | Summary of the three-way repeated-measures analysis of
variance ANOVA to investigate the impact of the frequency, orientation,
and postprocessing on the measured stiffness of the 21 phantoms.

Effect F-value p-value GES
Frequency 47.8 < 0.0001***  0.218
Orientation 0.6 0.4771 0.001
Postprocessing 49.5 < 0.0001****  0.377
Frequency: orientation 5.0 0.0162* 0.018
Frequency: 23.2 < 0.0001***  0.173
Postprocessing

Orientation: 9.5 0.0049** 0.049
Postprocessing

Frequency: Orientation: 3.2 0.0580 0.023
Postprocessing

Note: The colons between two characteristics indicate that the studied effect
corresponds to their interaction.

Abbreviation: GES, generalized eta-squared

*p<0.05.

%1 <0.005.

55D < 0,001,

These findings are consistent with the study by Meyer et al. [29],
which demonstrated the ability of KMDEYV to differentiate high
stiffness inclusions due to its kernel density estimation-based
calculation and higher spatial resolution [30].

The increase in measured stiffness with increasing frequency,
independent of orientation and postprocessing, is consistent
with previous studies on healthy volunteers and kidney trans-
plant recipients [10, 13, 15], likely due to the dispersive and vis-
coelastic properties of renal tissue.

While less impactful than postprocessing and frequency, the
orientation of image acquisition slightly influenced results, par-
ticularly in interaction with other parameters. These findings
underscore the importance of carefully selecting and optimizing
MRE parameters for specific applications and tissue types.

Regarding MRE repeatability, the high ICCs achieved, partic-
ularly for the 120Hz—axial orientation—LFE combination
(ICC=0.864), demonstrate the potential for excellent repeatabil-
ity in renal MRE, which is crucial for longitudinal studies and
monitoring disease progression or treatment response.

Interestingly, the standardized phantom set and 3D-printed
container could be reused to calibrate MRE sequences in future
studies and to ensure consistency of MRE measurements across
different MR systems or over time, both in clinical practice and
in multicenter or longitudinal studies.

Regarding the clinical translation from phantoms to human
kidney imaging, our tests on healthy volunteers helped refine
the sequence for the inhomogeneous conditions of the kidney
within the retroperitoneum. Indeed, we observed that the 60-Hz
frequency provided superior image quality and anatomical de-
tail compared to 120 Hz, despite the latter's better performance

Om T =6 kPa
2cm
FIGURE 6 | Application of the best MRE combinations for kidney imaging in a healthy volunteer. Coronal views of the right kidney are shown

with: (A) a frequency of 60 Hz, anterior-posterior orientation, and LFE postprocessing; and (B) a frequency of 120 Hz, anterior-posterior orientation,

and LFE postprocessing. T2-weighted imaging was overlaid in the background with 30% opacity to visualize kidney deformation and stiffness decay

captured by MRE.

12 of 14

NMR in Biomedicine, 2025

85UB017 SUOLILLOD AI8ID 3ot dde 8y} Aq peuenoB a2 sajolLe YO 8SN JO S9IN1 10} Afeid1 8UIIUQ AB]IAA UO (SUONIPUOD-PUE-SWLBI /LY A8 | IM' Akeq U1 |Uo//SdNY) SUO R IPUOD pue swie | 8y} 88S *[5202/90/2T] U0 ARiq1T 8ul|uo AB|IM ‘Xespiog ap a1 PAIUN AQ £5002 WAU/Z00T OT/I0p/W00" A8 1M Ale1q1jBU L UO'S eUIN0 BouB 10s o nA feue//:sAny WO pepeojumoq 9 ‘5202 ‘Z6vT660T



in phantoms. This highlights the importance of in vivo fac-
tors such as tissue complexity and physiological motion when
translating phantom results to clinical applications. The coro-
nal orientation was preferred for kidney imaging due to better
anatomical coverage and reduced susceptibility and motion
artifacts, despite not being the top-performing orientation in
phantom studies. This underscores the need to balance tech-
nical performance with practical clinical considerations. The
measured kidney stiffness values in healthy volunteers (rang-
ing from 1.81 to 2.79kPa, i.e., < 5kPa) are consistent with pre-
vious literature reports [11, 12, 31], providing initial validation
of our optimized protocol. However, the low stiffness of healthy
kidneys limits our ability to assess the sequence performance
at higher stiffness values, which may be encountered in patho-
logical conditions. This highlights the need for further studies
including patients with various renal pathologies.

The virtual elastography technique using diffusion-weighted
imaging (DWI), developed by Le Bihan et al. on 3T-MR sys-
tems, could present an interesting alternative to traditional
MRE [32]. Adapting DWI elastography for kidney imaging
could help overcome some of the limitations of standard MRE,
particularly in terms of availability and reproducibility. It also
allows for respiratory gating and may benefit from enhanced
image resolution, thanks to artificial intelligence algorithms
already in use for conventional DWI and reduced field-of-view
DWI [33]. However, the equation used to estimate stiffness from
signal intensities across different b-values may need to be ad-
justed for kidney imaging, different magnetic field strengths,
and specific b-values. Further studies will be required to opti-
mize these parameters, with MRE serving as the reference stan-
dard for in vivo imaging.

Our study has limitations. First, the phantom materials, while
carefully selected to mimic a range of tissue stiffnesses, can-
not fully replicate the complex mechanical properties of kidney
tissue. Future work could explore more sophisticated tissue-
mimicking materials or ex vivo kidney samples. Second, other
frequencies, combinations of frequencies, and nature of MRE
sequence (notably, spin echo-echo planar imaging MRE) could
have been tested in the phantom study [11]. Third, the small
number of healthy volunteers limits the generalizability of our
in vivo findings. Larger studies including patients with var-
ious renal pathologies are needed to fully validate the clinical
utility of our optimized protocol. Fourth, alternative inversion
algorithms could have been explored. For example, artificial
neural networks have been trained and compared to conven-
tional direct inversion techniques, demonstrating comparable
or superior performance, with more stable stiffness maps and
reduced test-retest variability [34]. More recently, Ma et al.
advanced deep learning-based MRE analysis by integrating
optimization-based displacement extraction with a novel trav-
eling wave expansion-based neural network. This network was
trained on simulated wave data across varying noise levels and
combined with multifrequency and multidirectional data fusion
to enhance shear modulus mapping. Their method showed min-
imal error compared to conventional techniques in both liver
and brain applications [35]. In parallel, McGarry et al. developed
a transverse isotropic nonlinear inversion (TI-NLI) approach to
better account for tissue anisotropy, particularly in the brain.
This method uses a specialized finite element model to simulate

direction-dependent wave propagation along and across fiber
tracts, resulting in reduced artifacts and improved stiffness
estimation accuracy [36]. However, it should be noted that we
selected LFE, MDEV, and kMDEYV for this study due to their
availability via a publicly accessible and user-friendly web-based
platform, unlike the aforementioned advanced methods, which
are not currently available for public use.

In conclusion, our systematic approach to optimizing renal
MRE-combining phantom studies with in vivo adaptation lays
a foundation for future clinical applications and deepens under-
standing of how acquisition and postprocessing choices impact
MRE results. The identified optimal parameters enhance both
the accuracy and repeatability of kidney stiffness measure-
ments. As renal MRE technology advances, this work may sup-
port its development into a robust, noninvasive tool for assessing
kidney structure and function in various pathologies.
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