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INTRODUCTION

Magnetic resonance elastography (MRE) is an emerging magnetic resonance imaging 
(MRI) technique capable of quantitatively evaluating tissue biomechanical properties, 
and was first documented by Muthupillai et al. in 1995 [1]. This method provides a form 
of quantitative, noninvasive palpation that has been used as an effective clinical diag-
nostic technique for centuries [2]. 

MRE has been widely used to evaluate chronic parenchymal liver disease, and is regard-
ed as an excellent method for assessing liver fibrosis [3]. In addition, numerous studies 
have suggested its applicability for evaluating other organs, such as the brain [4,5].

However, the wide variety of acquisition and processing methods, combined with the 
results presented in different metrics, addressing MRE studies challenging [2]. In this gen-
eral review of MRE, emphasis is placed on elucidating the fundamental principles under-
pinning MRE, rather than exploring the specific results of studies related to individual 
organs or diseases, catering to readers with limited prior knowledge of MRE. The follow-
ing topics are discussed: 1) mechanical properties of soft tissues; 2) methodology of 
MRE; 3) clinical applications of MRE in the liver, brain, and other organs; and 4) limita-
tions, recent advancements, and future perspectives of the technique.
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Magnetic resonance elastography (MRE) is an emerging magnetic resonance imaging 
(MRI) technique capable of quantitatively evaluating the biomechanical properties of tis-
sue. MRE has been widely used in the evaluation of chronic parenchymal liver diseases. 
However, numerous studies have suggested its applicability in evaluating other organs. 
The MRE data acquisition process consists of three main steps: 1) generation of mechani-
cal waves in soft tissues; 2) adoption of a modified phase-contrast MRI sequence to cap-
ture tissue displacements produced by the propagation of applied waves; and 3) applica-
tion of an inversion algorithm to transform the wave image into maps of viscoelastic 
properties. As efforts are made to standardize MRE terminology and protocols, more ex-
tensive clinical investigations using MRE are expected in the future.
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Mechanical Properties of Soft Tissue
Waves propagate faster and have longer wavelengths in 

stiffer materials. In soft tissues, longitudinal waves travel at 
high speeds (approximately 1540 m/s) with long wavelengths, 
and their velocities remain relatively consistent across different 
tissues. However, shear (transverse) waves within the frequency 
range of interest for MRE propagate at speeds between 1–5 m/s 
with variability in speed among different tissues. Therefore, 
MRE utilizes shear wave propagation within the target tissues 
to delineate the relationship between shear strain and shear 
stress, which is termed the ‘shear modulus’ (Fig. 1).

In addition to shear modulus, elasticity and viscosity are 

two fundamental concepts in MRE. Elasticity refers to the 
ability of an object or material to return to its initial size or 
shape once deforming forces are removed. Conversely, viscosi-
ty is a material property that relates the stresses in a material 
to the rate of change in deformation, and involves the absorp-
tion of mechanical energy during deformation [2,6]. Under the 
assumption that materials are isotropic and purely elastic, the 
shear modulus μ is calculated as follows:

μ = ρυs
2 and υs = λf	 Eq. (1)

where ρ is the soft tissue density, which is assumed to be 
1000 kg/m3 [7], υs represents the speed of the shear wave (m/s), 
λ denotes the wavelength of the shear wave (m), and f is the 
frequency of the shear wave (Hz) [8]. Hence, if the local wave-
length λ or velocity υs of propagating shear waves is measured, 
the shear modulus can be calculated.

However, most soft tissues simultaneously display both 
elastic and viscous characteristics, behaving slightly like solids 
and fluids, making them ‘viscoelastic.’ For such materials, the 
term ‘complex shear modulus (G*)’ is commonly introduced in 
MRE:

G* = G' + iG".	 Eq. (2)

It comprises a storage modulus (G' ), the real part of the com-
plex shear modulus, which represents elasticity, and a loss 
modulus (G"), the imaginary part, which represents viscosity. 
In addition, the damping ratio (ζ), defined as G”/(2G‘), is an-
other commonly used parameter to quantify the magnitude of 
the loss modulus relative to that of the storage modulus. 

These can be represented in polar coordinates using the 
magnitude |G*| and phase angle φ (also called as loss tan-
gent) of the complex shear modulus G* (Fig. 2):

Fig. 1. Figures from the first MRE publication demonstrating the 
propagation of shear waves in a gel phantom. A: Wave image illus-
trating different patterns of shear wave propagation within two cyl-
inders embedded in a tissue-simulating gel phantom. The left cylin-
der, which was stiffer, exhibited a longer wavelength than the 
surrounding gel, whereas the softer cylinder on the right showed a 
shorter wavelength. B: Quantitative map of the shear modulus com-
puted from the local wavelength of the wave image. Adapted with 
permission from Muthupillai et al. [1], Science 1995;269:1854-1857. 
MRE, magnetic resonance elastography; MR, magnetic resonance.
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Fig. 2. Vector diagram of the complex shear modulus G*. G‘ denotes 
the storage modulus and indicates a material’s capacity to store ener-
gy. G“ denotes the loss modulus, related to the amount of energy loss 
via viscous processes. The complex shear modulus G* is represented as 
G* = G‘ + iG“. These can be represented in polar coordinates using the 
magnitude |G*| and phase angle φ.
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|G*| =  G' 2 + G"2 and φ	= arctan ( G"
G'

). 	 Eq. (3)

In this context of viscoelastic materials, the shear modulus 
μ can vary with frequency. The data from MRE can be de-
scribed using the term ‘shear stiffness (Gs or μ),’ which indi-
cates the ‘effective’ shear modulus at a particular frequency, 
through the following equation with its relationship to the 
complex shear modulus, under the assumption that the den-
sity ρ equals 1 g/cm-3 [8,9]:

Gs = ρυs
2 = 

2|G*|2

G‘ + |G*|
.	 Eq. (4)

In purely elastic materials, there is no phase lag or energy 
dissipation; thus, the loss modulus G" becomes zero. In con-
trast, a greater phase angle φ or damping ratio ζ indicates 
more viscous behavior in the tissue. The magnitude |G*| en-
compasses both elasticity and viscosity, and has been reported 
to closely approximate the information obtained by manual 
palpation [5]. Conversely, the phase angle φ has been reported 
to reflect the complexity of the tissue architecture [10]. Tech-
nically, the phase angle φ denotes the relationship between 
elasticity and viscosity. However, it is frequently reported as 
an indicator of tissue viscosity because the loss moduli are an 
order of magnitude smaller than the storage moduli [5]. 

However, the aforementioned parameters depend on the 
applied frequency, making them specific to certain experi-
mental conditions. Because the majority of soft tissues show 
distinct wave speeds at different frequencies, using multifre-
quency MRE and reporting frequency-independent material 
parameters may be preferred for measuring their viscoelastic 
properties [11]. This is achieved by fitting the MRE data ac-
quired across different vibration frequencies to a specific 
mathematical representation known as the rheological model 
[12-15]. There are several rheological models, some of which 
can describe the viscoelastic behavior of materials under dy-
namic (oscillating) stresses, as is the case in MRE [6]. Among 
these, the spring-pot model, in which the tissue is character-
ized by a hierarchical arrangement of elastic ‘springs’ and vis-
cous ‘dashpots,’ has been reported to represent the biological 
tissue behavior better than other models within the MRE fre-
quency range [6,13]. In the spring-pot model, the complex 
shear moduli data over different frequencies were fitted us-
ing the following equation:

G* = k (i ∙ 2π ∙ f	)α and k	= μ (1-α)ηα.	 Eq. (5)

The variable k	can be transferred to a spring-pot parameter 
μ by assuming the viscosity	η at an empirical value, for ex-
ample, a value of 3.7 Pa ∙ s for brain tissue and 7.3 Pa ∙ s for liver 
[12,15]. Finally, two frequency-independent parameters, spring-

pot parameter μ and power-law coefficient α are obtained. 
The spring-pot parameter μ integrates both elastic and vis-
cous information, illustrating the tissue’s solid-fluid character-
istics as an indicator of the adhesion and connectivity of soft 
tissue [13]. However, the power-law coefficient α is known as 
the geometry parameter and reflects material complexity 
[14,16]. A purely elastic solid has α = 0, while a viscous fluid 
without energy restoration is characterized by α = 1. Funda-
mentally, the power-law coefficient α is not directly compara-
ble to the phase angle φ of the complex shear modulus, which 
is frequency-dependent. However, for complex and irregular 
materials like biological tissues, φ becomes less sensitive to 
frequency. Consequently, φ	= α	× π/2 could be applicable [17]. 
Therefore, viscosity may be parameterized by the power-law 
coefficient α in MRE [2].

Notably, a common method to describe the mechanical 
properties of soft tissue is to refer to its 'stiffness.’ However, 
from a biomechanical perspective, the term ‘stiffness’ is not 
precise; there are several different definitions of stiffness, 
such as structural stiffness, bending stiffness, and torsional 
stiffness [18]. Therefore, the MRE Guidelines Committee re-
cently recommended using the term 'stiffness' solely for quali-
tative statements or, if used otherwise, to specify the defini-
tion of stiffness being referred to [2]. Nonetheless, numerous 
studies have used the term ‘stiffness’ in various contexts. Simi-
larly, the term ‘shear stiffness’ has been defined in various 
ways, with some referring to the magnitude |G*| and others 
to that derived from the wave speed estimation [19,20]. 
Therefore, care should be taken when interpreting and com-
paring those results.

The various terminology and metrics employed by different 
research groups make it challenging to understand and inter-
pret MRE study results. Although these metrics may not be 
directly comparable, they can be broadly categorized into two 
groups based on their relative sensitivity or relevance to spe-
cific mechanical properties: stiffness- and viscosity-related 
metrics (Table 1).

Table 1. Metrics in MRE grouped by their relative sensitivity or rele-
vance to specific mechanical properties

Metrics more related to stiffness Metrics more related to viscosity

Storage modulus (G ‘) Loss modulus (G”)

Magnitude of the complex shear 
modulus (|G*|)

Phase angle of the complex 
shear modulus (φ)

Shear stiffness (ρυs
2) Loss tangent

Shear wave speed Damping ratio (ζ)
Spring-pot parameter μ Spring-pot parameter α
MRE, magnetic resonance elastography.
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Methodology of MRE
The MRE data acquisition process consists of three main steps: 

1) generation of mechanical waves in soft tissues; 2) adoption 
of a modified phase-contrast MRI sequence to capture tissue 
displacements produced by the propagation of applied waves; 
and 3) application of an inversion algorithm to transform the 
wave image into maps of viscoelastic properties.

Generation of Mechanical Waves in Soft Tissues
Because MRE rely on the response of soft tissues to mechani-

cal waves, a vibration source is essential to introduce these 
waves into the target tissue under investigation. The typical 
frequency range of the waves used in MRE is 20–100 Hz [21]. 
Various approaches have been suggested for generating me-
chanical waves, including pneumatic [22-24], electromechan-
ical [25,26], piezoelectric [27,28], and gravitational transducer 
systems [29-31]. Among these, pneumatic MRE driver systems 
are widely used in commercial MRE and are available from 
various MRI vendors [2]. The pneumatic system consists of a 
non-MRI-compatible active driver and an MRI-compatible 
passive driver. The active driver is located outside the scan-
ning room and generates acoustic wave motion. The passive 
driver is placed over the desired organ and connected to the 
active driver through an air-filled plastic tube that conveys 
pneumatic vibrations. Passive drivers can be tailored to diverse 
shapes for contact optimization. For instance, a drum- or 
disc-shaped configuration may be employed for abdominal 
applications, whereas a head-pillow form can be used for 
brain MRE [23,24] (Figs. 3, 4). The waves generated by the 
MRE driver systems are converted into transverse shear waves 
at the internal tissue interfaces, which can be captured using 

a modified phase-contrast MRI sequence.

Adoption of a Modified Phase-Contrast MRI Sequence
Propagating shear waves induce cyclic motion in tissues that 

is typically a few microns in amplitude, which is considerably 
below the spatial resolution achievable with conventional MRI 
techniques. However, these small-scale tissue displacements 
can be imaged using a phase-contrast MRI technique that in-
corporates an oscillating motion-encoding gradient (MEG), or 
motion-sensitizing gradient. By switching the polarity of the 

Fig. 3. Illustration of a pneumatic driver system for liver MRE. The 
source of mechanical waves is a device referred to as an active driv-
er located outside of the scanner room. A flexible, air-filled plastic 
tubes transfers pressure waves to a non-metallic passive driver 
placed in contact with the body. On the surface of the passive driv-
er, vibrations are introduced into the body to generate propagating 
shear waves. Adapted with permission from Venkatesh et al. [24], J 
Magn Reson Imaging 2013;37:544-555. MRE, magnetic resonance 
elastography.

Fig. 4. Illustration of brain MRE using the pneumatic driver system with a head-pillow passive driver. A pillow-like passive driver, which receives 
vibrations from the active driver located in the control room, is positioned under the subject’s head and introduces the vibration into the brain. 
Adapted with permission from Klatt et al. [137], J Magn Reson Imaging 2015;42:297-304. MRE, magnetic resonance elastography; MRI, mag-
netic resonance imaging.
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MEG to the same frequency as the externally applied vibration, 
protons moving at the synchronized frequency continue to ac-
cumulate phase. The phase shifts are calculated as follows:

ϕ(τ)	=	γ∫0
τ	
Gr(t)
→ 	∙	r(t)

→
dt	 Eq. (6)

where γ is the gyromagnetic ratio, Gr(t)
→

 is a magnetic field 
gradient, τ	is the period of the gradient waveform, and r(t)

→
 is 

the spin position. From the phase shifts calculated at a single 
time point, it is possible to determine the amount of tissue 
displacement at each voxel because the phase of the harmoni-
cally vibrating tissue is directly proportional to its displace-
ment [1]. The synchronization between the MEG and the ex-
ternal vibration can be adjusted using a trigger pulse, which 
introduces a small delay, referred to as the phase offset. Typi-
cally, four- or eight-phase offsets are used to acquire multi-
phase images at different time points throughout a wave cycle 
(Fig. 5). After acquiring raw phase images, phase unwrapping 
is required (Fig. 6). Next, the removal of longitudinal waves is 
necessary because they may contribute to the total measured 
displacement field, acting as a confounding factor. High-pass 
filtering to remove long wavelengths or assuming the curl of 
the measured wave field are two common techniques for re-
moving their contribution to the data [32-34].

MEG measures tissue movement in the direction to which it 
is applied. Although MRE research commonly uses two-di-
mensional (2D) wave propagation, recent advancements in ac-

Fig. 6. Example of phase offset and phase unwrapping in brain MRE. Magnitude image (A), raw phase (wrapped) image (B), and unwrapped 
phase image (C) of a single slice of brain MRE are demonstrated. D: An image stack of eight phase offsets for a single brain slice is presented. 
The blue crosses indicate the voxel where the phase displacement is depicted in the corresponding graph (E). Adapted with permission from 
Hiscox et al. [5], Phys Med Biol 2016;61:R401-R437. MRE, magnetic resonance elastography.

A

D E

B C

Fig. 5. MRE pulse sequence diagram. The frequency of the motion-
encoding gradient is synchronized to the frequency of the mechanical 
waves and trigger pulse. Here, the motion-encoding gradient is imple-
mented in the slice-select gradient. It can be sequentially applied in 
the x, y, and z directions. By adjusting the trigger delay, phase shifts 
are introduced. MRE, magnetic resonance elastography; RF, radiofre-
quency; MEG, motion-encoding gradient.
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quisition protocols have enabled MRE studies to encode full 3D 
wave vectors by applying MEG in all three orthogonal direc-
tions [19,35,36]. Furthermore, MEG can be incorporated into a 
wide range of sequences, such as gradient-recalled echo, spin-
echo, balanced steady-state free precession, echo-planar imag-
ing, and spiral sequences [4]. 

Application of Inversion Algorithm
The conversion of the displacement data into maps of me-

chanical properties, such as elastograms, can be achieved us-
ing a mathematical inversion algorithm. There are various ana-
lytical methods for calculating the shear mechanical properties 
based on different assumptions, each with its own advantages 
and drawbacks [37]. Under the assumptions of local homoge-
neity, isotropy, and tissue incompressibility, tissue mechanical 
properties are locally constant within a small local neighbor-
hood, not direction-dependent, and incompressible because of 
the large water content. An algorithm called direct inversion 
(DI) is commonly used. The DI and its variable forms involve in-
corporating the measured displacements into the wave equa-
tion to directly calculate the complex shear modulus [38]. This 
approach is based on the assumption that the acquired wave 
data are sufficiently accurate to be input into the governing 
equations, and hence are intrinsically sensitive to data quality 
[37]. It provides rapid processing speed, making it suitable for a 
clinical radiological workflow; however, its oversimplified as-
sumptions may compromise accuracy [2,5].

An alternative method, non-linear inversion (NLI), utilizes a fi-
nite element model (FEM) to iteratively solve the forward wave 
equation, minimizing the discrepancy between the FEM forward 
model and the observed displacement field [39]. Although this 
approach fundamentally provides a more accurate representa-
tion of motion physics for arbitrary materials, it is computation-
ally intensive and highly dependent on model assumptions, such 
as initial stiffness values and boundary conditions [37]. Recently, 
several advancements beyond these methods have been intro-
duced to enhance accuracy, reduce sensitivity to noise, and ad-
dress the limitations associated with various assumptions [40-42].

Apart from the DI and NLI methods, where the resulting me-
chanical properties are frequency-dependent, there are addi-
tional techniques based on multi-frequency MRE that yield 
frequency-independent parameters. One such approach is rhe-
ological modeling. In rheological modeling, data acquired at 
multiple frequencies are analyzed to align with a specific rhe-
ological model, for example, Maxwell, Kelvin-Voigt, or spring-
pot model, yielding frequency-independent parameters, e.g. 
spring-pot parameter μ and α [12,13,43]. 

Another alternative analysis method is the multi-frequency 
dual-parameter elasto-visco inversion (MDEV). MDEV employs 
DI analysis across multiple frequencies and integrates them into 

a single inversion [44]. Contrary to rheological modeling stud-
ies, MDEV assumes that tissues remain frequency-independent 
within a limited range of frequencies. This approach compen-
sates for amplitude nulls and noise by averaging the displace-
ment magnitudes in each voxel, resulting in enhanced quality 
and spatial resolution of mechanical property maps [26,44,45]. 
Notably, because parameters from MDEV, such as magnitude 
|G*| and phase angle φ, are derived from data across multiple 
frequencies but merged into allegedly frequency-independent 
values, they are not directly comparable to values from single 
frequency studies.

Another method of analysis is from the wave perspective. 
Within this analytical framework, the local frequency estimation 
(LFE) and phase gradient (PG) are typically used. These calcula-
tions only consider the local wavelength, and do not consider at-
tenuation, which adheres to a purely elastic condition. The LFE 
estimates the local spatial frequency of the wave field, which is 
then converted to wave speed and ultimately to shear stiffness. 
PG algorithms simply consider the phase of the harmonic com-
ponent at the driving frequency. If the motion is a simple shear 
wave, the gradient of this phase represents the phase shift per 
pixel in the direction of the wave, which can be translated into 
wave speed and, in turn, shear stiffness. This method yields inac-
curate results when multiple waves are superimposed; thus, di-
rectional filtering is typically required to suppress reflections 
and interfering waves [2,8]. 

Clinical Applications of MRE

Liver
Currently, MRE are most actively utilized in the liver in clini-

cal settings. MRE-based stiffness measurements have been re-
ported to be highly consistent, demonstrating high repeatabil-
ity and reproducibility, and independence from fatty change 
of the liver parenchyma or obesity [46-50]. 

In routine clinical practice, most liver MRE scans are performed 
using regulatory-approved commercial MRE hardware and soft-
ware (Resoundant; Mayo Foundation for Medical Education and 
Research, Mayo Clinic, Rochester, MN, USA). This system oper-
ates on a pneumatic driver that typically uses a frequency of 60 Hz. 
It presents the viscoelastic parameters based on a freehand-drawn 
regions of interest (ROIs) covering the largest part of the liver pa-
renchyma of the right lobe within a 95% confidence map [51].

Multiple studies have confirmed the value of MRE for nonin-
vasive assessment of liver fibrosis [52] (Fig. 7). Currently, it is re-
garded as the most accurate imaging tool for the diagnosis and 
staging of liver fibrosis [53]. Singh et al. [54] conducted a sys-
tematic review and meta-analysis of 12 studies involving 697 
patients with a less than one year interval between MRE and 
liver biopsy, and found that MRE had high accuracy in the di-
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Fig. 7. Comparison of MRE findings regarding the liver stiffness. In a 29-year-old male living liver donor candidate, spin-echo MRE at 3T is 
depicted from (A-E), while in a 63-year-old male patient with cirrhosis, gradient echo MRE at 3T is shown from (F-J). The hepatobiliary phase 
images (A, F) reveal uniform contrast absorption. The magnitude (B, G) and wave (C, H) image data are then transformed into gray-scale im-
ages (D, I) and color elastograms (E, J). The wave images of the cirrhotic patient (H) display a faster wave speed compared to the healthy do-
nor (C), consistent with increased liver stiffness observed in both gray-scale and color elastograms (I, J). Adapted from Ringe et al. [138], Ko-
rean J Radiol 2023;24:180-189, under CC BY NC license. MRE, magnetic resonance elastography.
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agnosis of significant (F2) or advanced fibrosis (F3) and cirrhosis 
(F4), regardless of the etiology of chronic liver disease (CLD). 
Another meta-analysis by Su et al. [55] of 13 studies involving 
989 patients reported that MRE had high diagnostic perfor-
mance for the detection and staging of liver fibrosis, with a 
pooled area under the ROC curve of 0.95 for F ≥ 1, 0.97 for F ≥ 
2, 0.97 for F ≥ 3, and 0.98 for F4. 

Stiffness measurement obtained from MRE has been reported 
as an independent risk factor for the development of hepatocel-
lular carcinoma in patients with CLD [56-58]. In addition, several 
studies have shown the role of liver MRE in the prediction of 
esophageal varices or decompensation along with splenic stiff-
ness measurements [59-62]. 

Brain
Many studies have shown that brain MRE has the potential 

to provide clinically useful information by demonstrating dif-
ferences in viscoelastic properties among different anatomical 
regions, between normal brain tissue and a range of neurologi-
cal conditions, and how they change with age. However, com-
pared to liver MRE, brain MRE is less standardized, leading to a 
wider range of approaches. The two most common vibration 
sources for brain MRE are a pneumatic driver system with a 
head-pillow passive driver and a head rocker unit with a rigid 
rod, typically utilizing a frequency range of 50–60 Hz [22,63,64]. 
Additionally, various research groups have adopted distinct 
methodologies for sequences and inversion algorithms. There-
fore, direct comparisons of the reported values between brain 

MRE studies should be performed with caution.
Several studies have investigated the differences in visco-

elastic properties of the brain according to anatomy in healthy 
controls, reporting that white matter is generally stiffer than 
cortical gray matter but less stiff than subcortical gray matter 
[26,65-67]. Others examined the effect of age, and found a 
gradual decrease in brain stiffness with age [13,31,68,69] (Fig. 8). 
In addition, some recent studies have reported that brain MRE 
can depict the association of the mechanical properties of brain 
tissue with functional processes, such as cognitive function, lan-
guage function, vascular conditions, and visual stimuli [70-75]. 

Several brain MRE studies have reported that tumor stiffness 
assessed using MRE correlates with manual palpation findings 
in intracranial tumors [76-78]. In addition, relationships be-
tween tumor stiffness and tumor entity, glioma grade, and iso-
citrate dehydrogenase 1 mutation status have been reported 
[79,80]. Moreover, brain MRE can predict adhesions between 
brain tissue and extra-axial tumors [81,82].

Brain MRE has been applied in various neurodegenerative dis-
eases to assess its potential as a biomarker. Several studies have 
found decreased stiffness in the global brain, hippocampus, and 
cortical gray matter in patients with Alzheimer’s disease (AD) 
[22,83,84]. ElSheikh et al. [85] demonstrated that the four most 
common causes of dementia (AD, dementia with Lewy bodies, 
frontotemporal dementia, and normal pressure hydrocephalus) 
show distinct stiffness patterns, indicating that MRE may serve 
as a differentiating biomarker. In addition, a decrease in brain 
stiffness with variations in specific regions was observed in both 

Fig. 8. Examples of brain MRE of a 34-year-old male (A) and a 70-year-old male (B). The younger participant in (A) showed a higher magnitude 
of the complex shear modulus (|G*|) than the older participant in (B). Adapted from Joo et al. [31], Korean J Radiol 2023;24:564-573, under 
CC BY NC license. MRE, magnetic resonance elastography; T1WI, T1-weighted imaging; FLAIR, fluid-attenuated inversion recovery imaging; φ, 
phase angle of the complex shear modulus.
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Parkinson’s disease and progressive supranuclear palsy, suggest-
ing the potential of MRE in differentiating between these two 
neurodegenerative movement disorders [86]. These studies of 
neurodegenerative diseases and normal aging emphasize that 
neurodegenerative changes causing a decrease in brain stiffness, 
often manifesting as unique patterns.

Others
MRE is a promising method for the biomechanical analysis of 

skeletal muscles that can identify neuromuscular diseases and 
evaluate the efficacy of treatments. Additionally, it has been 
reported to be effective in detecting and quantifying changes 
in muscle stiffness related to normal aging, which may be valu-
able in assessing sarcopenia [87-94]. 

MRE has been investigated in the prostate, focusing on its 
capability for the detection and precise spatial localization of 
prostate cancer. Notably, diverse driver system techniques have 
been explored in prostate MRE to optimize the balance be-
tween high-frequency shear wave attenuation and the limited 
spatial resolution encountered with long wavelengths, such as 
external drivers attached to the pubic bone, transurethral actu-
ators, endorectal actuators, and transperineal driver [95-100].

In addition, MRE has been applied to a range of organs, main-
ly focusing on evaluating technical feasibility and conducting 
preliminary pilot studies, including the breast [101-105], heart 
[106-109], aorta [110-112], lung [113-115], pancreas [116-118], 
intervertebral disc [119-121], head and neck [122,123], bowel 
[124], and mesenteric adipose tissue [125]. Although MRE of 
these organs is currently in the investigational phase, these 
studies pave the way for future in-depth research, and may 
contribute to an improved understanding of disease processes.

Limitations, Recent Advancements, and Future 
Perspectives

The main obstacle to the clinical application of MRE is the 
absence of standardized methodologies and terminology, par-
ticularly for organs other than the liver. Recently, researchers 
have established guidelines for MRE and standardized the ter-
minology and practices [2]. Using this approach, MRE can pro-
vide normative and reliable values, allowing for more extensive 
clinical investigations.

Another issue is the validation of the MRE results. The accu-
racy of shear modulus measurements from MRE has been ques-
tioned because of the lack of established methods for produc-
ing phantoms with precise mechanical properties matching 
those of biological tissues. Therefore, most validations of quan-
titative biomarkers obtained with MRE have been based on 
measurements of precision, that is, by comparing repeated 
measurements [2]. 

The assumption of local homogeneity may yield inaccurate es-

timates near boundaries. This issue becomes pronounced when 
placing a ROI. Hence, it is recommended to erode the ROI away 
from the edges of the target structures to reduce the impact of 
boundary artifacts [2]. Meanwhile, the assumption of isotropy is 
evidently incorrect in certain soft tissues, such as muscle and 
white matter fibers. Several studies have proposed inversion al-
gorithms for these materials that utilize information from dif-
fusion tensor imaging [126,127]. 

The wavelength to pixel ratio significantly affects the accura-
cy of MRE measurements; the measurement error increases 
when there are fewer pixels per wavelength, whereas the signal-
to-noise ratio decreases when more pixels are obtained by de-
creasing their size [2,128,129]. This phenomenon may be more 
pronounced in certain organs, such as the brain, where complex 
wave fields are prominently generated [130]. Recent studies 
have addressed this issue [129,131].

Beyond applying external vibration sources, few studies have 
utilized cardiac pulsation as the vibration source, which is 
termed intrinsic activation [132,133]. In addition, a diffusion-
weighted imaging-based virtual elastography was recently pro-
posed [134-136]. Although their accuracy and reliability require 
validation, these methods may offer potential alternatives to 
MRE without necessitating the application of external me-
chanical vibrations.

CONCLUSION

MRE is a powerful tool that provides information on the me-
chanical properties of soft tissue, which is beyond the scope of 
conventional morphological imaging modalities. While the ex-
isting body of research on MRE is focusing on CLD, its potential 
applications in other organs are continuously expanding, prom-
ising a deeper understanding of various disease processes. Fur-
thermore, as efforts are made to standardize MRE terminology 
and protocols, more extensive clinical investigations using MRE 
are expected in the future.
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