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Magnetic resonance elastography (MRE) is a quantitative imaging technique for noninvasively characterizing
tissue mechanical properties, and has recently emerged as a valuable tool for neuroimaging. The measured
mechanical properties reﬂect the microstructural composition and organization of neural tissue, and have shown
signiﬁcant eﬀects in many neurological conditions and normal, healthy aging, and evidence has emerged supporting novel relationships between mechanical structure and cognitive function. The sensitivity of MRE to brain
structure, function, and health make it an ideal technique for studying the developing brain; however, brain MRE
studies on children and adolescents have only just begun. In this article, we review brain MRE and its ﬁndings,
discuss its potential role in developmental neuroimaging, and provide suggestions for researchers interested in
adopting this technique.

1. Introduction
The advent of novel neuroimaging techniques, including magnetic
resonance elastography (MRE (Muthupillai et al., 1995)), provides researchers with a powerful tool to noninvasively investigate the mechanical properties of the human brain. MRE probes tissue stiﬀness and
viscoelasticity, providing measures of the integrity of the underlying
neural microstructure, and is a sensitive measure of brain tissue structure (Sack et al., 2013). Over the past several years, MRE has begun to
receive attention in clinical neuroimaging research as well as in the
study of normal aging (Hiscox et al., 2016). However, until recently,
MRE methods lacked suﬃcient resolution necessary to accurately examine speciﬁc neuroanatomical structures in the brain, and thus could
not contribute to examination of speciﬁc structure–function relationships. Researchers have recently developed new MRE techniques that
allowed us, for the ﬁrst time, to collect in vivo measurement of local
variations in mechanical properties of speciﬁc subregions of the human
brain, including subcortical regions (Johnson et al., 2016a). Using these
new methods, studies have begun to emerge linking mechanical properties of the brain with functional performance (Schwarb et al., 2016),
and many labs have shown strong developmental changes in tissue
viscoelasticity, albeit all focused on the aging brain and cognitive decline (Arani et al., 2015; Sack et al., 2011). Despite these exciting advances in the ﬁeld, MRE has not yet received attention in young developmental populations, although several groups, including our own,
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have begun to collect MRE data in children and adolescents. In the
current manuscript, we will describe the beneﬁts of MRE for examining
developmental changes in brain tissue and oﬀer readers important
methodological considerations. Few universities currently have equipment for acquiring MRE. The lead author has developed protocols for
collecting brain MRE data in developmental, aging, and clinical populations, and we will provide logistical considerations for setting up and
acquiring MRE data.
2. Magnetic resonance elastography of the brain
MRE is a technique widely applied to many organs in the human
body (Manduca et al., 2001; Mariappan et al., 2010; Glaser et al.,
2012), particularly the liver, where MRE is one of the most accurate and
robust methods for characterizing chronic liver disease (Venkatesh
et al., 2013; Yin et al., 2016). Each MRE exam, regardless of tissue,
requires the same basic experimental elements (Fig. 1): the tissue is
vibrated by an external mechanical actuator; the resulting deformations
are encoded through MRI images using customized phase-contrast pulse
sequences; and these deformations are “inverted” to recover the underlying mechanical properties of tissue. Brain MRE utilizes the same
basic elements, but the complex tissue architecture of the brain and its
protection from deformation via the skull require more advanced experimental techniques (Hiscox et al., 2016). These include actuators
that vibrate the entire head to induce shear deformation; MRE pulse
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Murphy et al. developed a pipeline to robustly characterize the stiﬀness
of cerebral lobes and the cerebellum (excluding cortical gray matter)
with measurement variation on the order of 2% (Murphy et al., 2013).
They found diﬀerences in stiﬀness between several lobes, and between
the cerebrum and the cerebellum (2.99 kPa vs. 2.38 kPa), which echoes
a previous ﬁnding of the cerebellum being softer (Zhang et al., 2011).
Johnson et al. reported reliable measurements of the corpus callosum
and corona radiata white matter tracts (variation 5–8%), and found
diﬀerent elastic and viscous properties reﬂective of expected microstructure (Johnson et al., 2013a). Other reports have characterized
white matter tracts (Guo et al., 2013; Anderson et al., 2016; Fehlner
et al., 2015), including the corticospinal tracts using an anisotropic
inversion algorithm (Romano et al., 2012).
Using a higher resolution imaging sequence (Johnson et al., 2014)
and inversion algorithm designed to improve accuracy of local properties in small regions (McGarry et al., 2013), Johnson et al. recently
reported the ﬁrst reliable MRE measurements in subcortical gray matter
structures (variation 3–7%), including the hippocampus and thalamus.
This approach allowed for the ﬁrst observation of a structure-function
relationship using MRE (see section below) (Schwarb et al., 2016). This
ﬁnding highlights the continued push for novel technologies capable of
improving accuracy and reliability of viscoelastic measures of speciﬁc
neuroanatomical structures diﬀerentially aﬀected by disease, determine
aspects of behavior and cognitive function, or exhibit unique trajectories during development. Despite early reports of diﬀerences between
white matter and gray matter (primarily cortical gray matter) (Kruse
et al., 2008; Green et al., 2008; Zhang et al., 2011; Johnson et al.,
2013a), the thin structure of the cortex and its proximity to cerebrospinal ﬂuid likely contaminate these measures. There have been
eﬀorts towards examining cortical gray matter (McGarry et al., 2013;
Braun et al., 2014), though this remains an open area of investigation.
2.1. MRE studies of neurodegeneration
The overwhelming majority of brain MRE studies have considered
the adult brain, and speciﬁcally have sought to identify signatures related to neurodegeneration through neural tissue mechanics. These
studies have consistently found a softening of brain tissue (i.e. loss of
viscoelasticity) in many neurological conditions, including Alzheimer’s
disease (Murphy et al., 2011; Murphy et al., 2016), multiple sclerosis
(Wuerfel et al., 2010; Streitberger et al., 2012; Fehlner et al., 2016),
Parkinson’s disease (Lipp et al., 2013), and amyotrophic lateral sclerosis
(Romano et al., 2014).
Three major takeaways from these MRE studies of neurodegeneration are (1) the relatively large diﬀerences between healthy and diseased brains; (2) the progressive nature of the softening eﬀect with
disease stage; and (3) the region-speciﬁc patterns of softening. Wuerfel,
Streitberger et al. found that the brain is 12.7% softer than healthy in
relapsing-remitting multiple sclerosis (Wuerfel et al., 2010) and 20.5%
softer in progressive multiple sclerosis (accompanied with a 6.1% reduction in viscosity) (Streitberger et al., 2012). In a study of Alzheimer’s disease, Murphy et al. found a global brain softening of 7.2%
compared to cognitively normal healthy controls (Murphy et al., 2011).
In follow-up studies, Murphy et al. demonstrated that this softening is
primarily in the frontal, temporal, and parietal lobes (Murphy et al.,
2016), and Huston et al. showed that this pattern is diﬀerent in frontotemporal dementia, which shows softening in only the frontal and
temporal lobes (Huston et al., 2016).
MRE studies reporting signiﬁcant eﬀects in clinical populations
speak to the sensitivity of tissue mechanics to microstructural health,
and suggests a role for characterizing the healthy brain. Several groups
have reported brain MRE measures in aging and found softening on the
order of 0.3-1.0% per year (Arani et al., 2015; Sack et al., 2011; Sack
et al., 2009), along with regional variability in softening rate and evidence of sexual dimorphism. This softening reﬂects the natural degradation of brain tissue in aging through similar processes

Fig. 1. Overview of MRE data acquisition and processing: (A) An external mechanical
actuator is used to lightly vibrate the head and generate shear deformations in brain
tissue; (B) specialized phase-contrast MRI sequences image the resulting deformation
through synchronization with applied vibration; and (C) an inversion algorithm is used to
calculate the mechanical property distribution from imaged wave ﬁeld.

sequences capable of capturing full vector wave ﬁelds at high spatial
resolution; and inversion algorithms that account for signiﬁcant material heterogeneity.
The ﬁrst brain MRE studies were published nearly a decade ago
(Kruse et al., 2008; Sack et al., 2008; Green et al., 2008) and sought to
provide baseline values for the global stiﬀness of the healthy adult
human brain. Despite initial studies showing a lack of agreement between reported properties, recent years have found highly reliable
property measures and a convergence on a common set of properties in
the normal brain, even across diﬀerent experimental methodologies
and reported viscoelastic measures. In general, MRE recovers the
complex shear modulus, G = G′ + iG′′, where G′ is the storage modulus
reﬂecting elasticity, and G′′ is the loss modulus reﬂecting viscosity. The
shear stiﬀness, μ = 2 G 2 /(G′ + G ) , is a commonly reported composite
parameter (Manduca et al., 2001), and in the range of 50–60 Hz vibration frequency the stiﬀness of the cerebrum is approximately 3 kPa
(Hiscox et al., 2016). The viscous behavior of tissue is often reported as
the dimensionless damping ratio, ξ = G′′/2G′ (McGarry and Van
2
Houten, 2008), or phase angle,φ = π arctan(G′′/ G′) (Sack et al., 2013),
though G′′ is a more challenging measure to recover (McGarry et al.,
2012; Dittmann et al., 2016) and thus there is no current consensus
value for brain tissue viscosity measured with MRE.
Recent developments in MRE technology have focused on achieving
reliable property measures localized to speciﬁc regions of interest.
177
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replicating the viscoelasticity relationship, and lack of volume relationship, this study also found that hippocampal viscoelasticity
mediates the relationship between aerobic ﬁtness and memory performance. This is an exciting development, as ﬁtness and exercise are
known to improve brain structure and function in older adults and
children (Hillman et al., 2008; Stillman et al., 2016), and MRE may
provide a sensitive window into the mechanisms of this relationship.
This ﬁnding was buttressed by a study of an exercise intervention for
adults with multiple sclerosis, who exhibited improvements in memory
and corresponding changes in hippocampal viscoelasticity, both an
increase in stiﬀness and decrease in damping ratio, with training
(Sandroﬀ et al., 2017). Ultimately, this relationship with ﬁtness and
exercise points to MRE measures reﬂecting elements of neurogenesis,
which exercise is known to promote (van Praag, 2008), and which has
been observed with MRE in mice, albeit only as a transient eﬀect (Klein
et al., 2014; Hain et al., 2016). Further research aimed at examining
and reconciling these exciting ﬁndings is needed.

accompanying the neurological conditions described above. This strong
age-related change is equal to or greater than changes in other structural imaging measures, such as volume of gray matter regions
(Kennedy et al., 2009) and diﬀusivity metrics from diﬀusion tensor
imaging (DTI) (Davis et al., 2009; Lebel et al., 2012). The potentially
greater sensitivity of MRE measures are likely due to the more direct
relationship with microstructure than volumetrics, and thus tissue pathophysiology, and the reﬂection in mechanics of both axonal and
extra-axonal contributions to structural integrity, unlike DTI. However,
further research is needed to determine the relationships between MRE
and other structural neuroimaging metrics, both in aging populations
and developing populations.
2.2. Microstructural basis of mechanical properties
The mechanical properties of the brain measured with MRE reﬂect
the behavior of the tissue as a microscale composite, and through that
are sensitive to the microstructural health of tissue. In particular, elastic
tissue properties are generally reﬂective of contributions from individual tissue components, e.g. axons, and their mechanical properties, while viscous properties arise from geometric organization of
components and their network complexity (Sack et al., 2013; Posnansky
et al., 2012; Guo et al., 2012). However, directly relating aspects of
microstructure to observed properties is a challenging problem from
both modeling and experimental mechanical testing perspectives. Much
of what is known about the relationship between MRE measures and
microstructure come from in vivo measurements on animal models of
disease that are then compared with ex vivo histology of tissue slices.
In a study of cuprizone-induced toxic demyelination in mice,
Schregel et al. observed relative decreases in both stiﬀness and phase
angle over time that was partially reversible upon stopping the cuprizone diet (Schregel et al., 2012). By comparing the MRE results with
histological samples, they attributed the viscoelasticity alterations to
myelination and extracellular matrix remodeling, and particularly
highlight that phase angle decrease may be speciﬁc to demyelination. In
studies of mice with experimental autoimmune encephalomyelitis
(EAE), a neuroinﬂammatory model, Riek, Millward et al. found reduced
brain stiﬀness that correlated with indices of inﬂammation, but not
reduced phase angle (Riek et al., 2012; Millward et al., 2015). This
ﬁnding was also echoed in a murine stroke model (Freimann et al.,
2013). Contrasting these ﬁndings with DTI studies of cuprizone mice,
which are able to detect demyelination but are confounded by inﬂammation (Song et al., 2005; Sun et al., 2006; Wang et al., 2011), the
results from initial MRE studies suggest that the mechanical contrast
may be speciﬁc to both axonal and extra-axonal elements of brain tissue
microstructure.

3. Magnetic resonance elastography in developmental
populations
Development involves constantly changing dynamical systems
(Novak and Pelaez, 2004). Gottlieb deﬁned this process as being
“characterized by an increase of complexity or organization—that is,
the emergence of new structural and functional properties and competencies—at all levels of analysis (molecular, subcellular, cellular,
organismic) as a consequence of horizontal and vertical coactions
among its parts, including organism-environment coactions” (Gottlieb,
1997). Contemporary theories stress that relative plasticity exists across
the life span, although the magnitude of this plasticity may vary across
ontogeny (Lerner, 1984). While developmental methods have been
applied extremely successfully using longitudinal methods in large
samples to examine linear and nonlinear growth trajectories across
large age spans, this work has almost exclusively focused on behavioral
measures, such as the National Longitudinal Study of Adolescent to
Adult Health (Add Health, www.cpc.unc.edu/projects/addhealth) and
the NICHD Study of Early Child Care and Youth Development (SECCYD,
www.nichd.nih.gov/research/supported/Pages/seccyd.aspx).
Large,
longitudinal developmental studies that incorporate neuroimaging
measures are just beginning to emerge, such as The Adolescent Brain
and Cognitive Development Study (ABCD, www.abcdstudy.org).
Over the past two decades, there has been an explosion of research
examining the developing human brain. Contrary to early beliefs that
the brain undergoes most development prior to the adolescent years, we
now know that brain development is protracted, extending into the
third decade of life. Growing access to large-scale, longitudinal neuroimaging datasets have signiﬁcantly increased our understanding of
structural brain development (Mills and Tamnes, 2014). For instance,
cortical gray matter volume tends to be greatest in childhood and decreases throughout adolescence, whereas white matter volume increases across childhood and adolescence and into early adulthood
(Mills and Tamnes, 2014; Lebel and Beaulieu, 2011). Studies examining
diﬀerent cortical and subcortical brain regions ﬁnd signiﬁcant heterogeneity in developmental timing, with parietal and occipital gray
matter volume showing a linear decline from childhood through adolescence, the caudate, putamen, and nucleus accumbens decreasing in
volume, and the amygdala and hippocampus showing little change or
even increasing in volume during this period (Mills and Tamnes, 2014).
Moreover, striatal and thalamic subcortical regions show protracted
volumetric maturation peaking after cortical volume has already begun
to decline, with males and females showing diﬀerent patterns of brain
development in both absolute volume and timing (Raznahan et al.,
2014). White matter development is also regionally speciﬁc, with diffusion imaging studies showing that fronto-temporal connections develop more slowly than other tracts, with the cingulum showing particularly protracted development (Lebel et al., 2012). This work has

2.3. Evidence of structure-function relationships
Based on the relationship between tissue mechanics and microstructure, the large softening eﬀects in neurological conditions associated with cognitive impairments, and the age-related decline in tissue
viscoelasticity, we expect these properties to exhibit a relationship with
cognitive function and behavior. Schwarb et al. recently used MRE to
measure hippocampal viscoelasticity in healthy young adult males (age
18–33) and found a strong correlation with memory function (Schwarb
et al., 2016). Speciﬁcally, hippocampal damping ratio correlated signiﬁcantly with performance on a spatial reconstruction task of relational memory (Watson et al., 2013; Monti et al., 2015). This was the
ﬁrst observation of any relationship between MRE measures and cognition. Importantly, this relationship was stronger than the relationship
between memory and hippocampal volume, thus reinforcing the idea
that tissue viscoelasticity is a more direct and more sensitive measure of
structural integrity.
Recent work has replicated this ﬁnding in a larger group of both
young men and young women (Schwarb et al., 2017). In addition to
178
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one of the most popular in recent years (Arani et al., 2015; Murphy
et al., 2013; Murphy et al., 2011; Murphy et al., 2016). The Resoundant
system includes an active driver in the MRI control room coupled with a
passive driver that delivers vibrations to the body part of interest via
pneumatic hose. For brain MRE, this passive driver is a “pillow” that the
head rests on, and results in a subtle up-down motion when active. This
pillow replaces the typical pad used in the MRI head coil, is simple to
set up by researchers and technicians, and is comfortable enough to be
rested on throughout the entire protocol lasting 1–2 h, based on our
experience with adolescents. Further, the pillow driver does not interfere with visual stimulus presentation with projection or goggle systems, thus allowing for MRE to be added to protocols with fMRI scans
without the need to change equipment during a scan session. The Resoundant system with passive drivers suitable for the abdomen is
commercially available through all major MRI vendors, and the pillow
driver for the head is expected to be available soon. Other types of
mechanical actuation systems are in use for brain MRE that may provide advantages over the Resoundant in terms of quality of applied
motion, though deﬁnitive comparison studies are lacking, and actuators
designed speciﬁcally for pediatric populations should be an avenue for
future development in the community.

revolutionized our understanding of the human brain, and highlighted
the continued development of cortical and subcortical brain structures
well into the second and third decade of life (Giedd and Rapoport,
2010). Although being roughly equal in size, the brains of children,
adolescents, and adults diﬀer in complex ways, ranging from structural
to functional to network-level diﬀerences (Somerville, 2016). Indeed,
the developing nervous system is qualitatively diﬀerent from the adult
nervous system, and many of the neural changes that occur in the ﬁrst
two decades of life set the stage for later neurocognitive functions
(Deary et al., 2006; Kochunov et al., 2012) and neuropsychiatric disorders (Gogtay et al., 2011; Paus et al., 2008). Thus, understanding
normative ontogeny of neural development will be key for understanding when and how development goes awry (i.e. psychopathology
and disease) and how decline occurs. Although signiﬁcant advances
have been made in the ﬁeld of developmental neuroscience, many
questions regarding healthy brain development remain.
The trajectory of brain development occurs in many stages, with
diﬀerent brain regions showing unique courses of ontogeny, and such
development occurs diﬀerently across structural, functional, and network level indices. When examining diﬀerent brain indices, or diﬀerent
brain regions, developmental maturity (i.e. when neural measures
reach an asymptote) occurs at diﬀerent ages. For instance, resting state
functional connectivity of the whole-brain asymptotes in the mid 20s,
cortical thickness values asymptote in the early 20 s (parietal cortex) or
mid 20 s (frontal cortex), and fractional anisotropy asymptotes in the
late 20 s (parietal cortex) or even mid 30 s (frontal cortex; reviewed in
(Somerville, 2016)). These ﬁndings highlight that diﬀerent neural indices reveal maturity of diﬀerent brain regions at very diﬀerent ages,
underscoring the need for multimodal techniques in understanding
brain maturation.
Although signiﬁcant work has begun to unpack the developing brain
via gray and white matter changes as well as functional network level
changes, no published work has used MRE on children, a population of
particular interest because of rapid brain development, or adolescence,
a population that shows rates of behavioral and neural change that
parallel early postnatal development (Spear, 2007; Spear, 2000).
Nonetheless, studies have emerged revealing signiﬁcant changes in
mechanical properties with microstructural health in aging populations
(Arani et al., 2015; Sack et al., 2011), underscoring the usefulness of
MRE for examining neurodevelopmental processes. Therefore, the time
is ripe to extend MRE methods into developmental neuroscience research in light of evidence indicating rapid brain growth and heightened plasticity to environmental contexts during childhood and adolescence. Longitudinal research of healthy brain development should
combine high quality multi-sequence, multi-modal MR (structural MRI,
magnetic resonance spectroscopy (MRS), DTI, and MRE) measures to
carefully unpack developmental trajectories in brain growth and decline. Ultimately, MRE can extend and complement our understanding
of human brain development and provide a sensitive measure to
studying how the brain matures.

4.2. Imaging and inversion schemes
Choosing imaging and inversion schemes are critical as they determine the reliability of local and regional mechanical property measures. The single-shot echo-planar imaging (EPI) sequence is the most
common for brain MRE (Murphy et al., 2013; Zhang et al., 2011; Guo
et al., 2013) as it is fast, robust, and ﬂexible, though limited in spatial
resolution due to artifacts arising from magnetic ﬁeld inhomogeneity.
Coupled with a brain-speciﬁc, direct inversion algorithm, an EPI sequence with 3 mm isotropic resolution is capable of providing reliable
estimates of the global brain properties, lobes of the cerebrum, and the
cerebellum (Murphy et al., 2013). This approach has been used to ﬁnd
regional softening eﬀects in speciﬁc lobes in aging and dementia (Arani
et al., 2015; Murphy et al., 2016; Huston et al., 2016). An EPI-based
brain MRE imaging and inversion package is expected to be available
soon on all major MRI platforms.
An alternative to the single-shot EPI-based MRE sequences are the
multishot spiral MRE sequences (Johnson et al., 2014; Johnson et al.,
2013b; Johnson et al., 2016b) that overcome the distortion limitation
by shortening data readout, and thus allowing greater spatial resolutions. Our team has used these sequences in conjunction with the
nonlinear inversion algorithm (NLI) (McGarry et al., 2012; McGarry
et al., 2013; Van Houten et al., 2011; Tan et al., 2017) as we seek to
improve the ability of MRE to mechanically map the human brain, and
have reported on the ability to obtain reliable local measures of neuroanatomical structures, including white matter tracts (Johnson et al.,
2013a; Anderson et al., 2016) and subcortical gray matter structures
(Johnson et al., 2016a). NLI is a ﬁnite-element based algorithm that has
the potential for generating high-resolution mechanical property maps
through its formulation of the nonhomogeneous Navier’s equation that
avoids the local homogeneity assumption central to most other inversion approaches. However, the regularization needed to stabilize the
results in the presence of noise and model-data mismatch currently
keeps the results from achieving a spatial resolution equal to the
nominal imaging resolution. The resulting property map resolution
from NLI has been estimated as approximately half that of the imaging
resolution (McGarry, 2013), highlighting the importance of acquiring
high-resolution MRE data. Another approach that seeks to improve the
spatial resolution of MRE property maps is the multifrequency dual
elasto visco (MDEV) inversion (Hirsch et al., 2013), which uses wave
ﬁelds at multiple frequencies to overcome the limitations of algebraically inverting displacement data with a single spatial frequency, speciﬁcally the instabilities at boundaries due to the local homogeneity
assumption. This approach generates property maps with sharp features

4. Adding MRE to developmental neuroimaging protocols
For researchers interested in adding brain MRE to developmental
neuroimaging protocols, we would like to stress the importance of
several experimental considerations: (1) simplicity of mechanical actuation system; and (2) choice of imaging and inversion scheme. While
all MRE protocol decisions involve similar factors, speed and robustness
for imaging a potentially challenging population are critically important.
4.1. Mechanical actuation systems
There are several diﬀerent categories of mechanical actuators used
in brain MRE experiments, however the Resoundant pneumatic driver
system (resoundant.com, Resoundant, Inc., Rochester, MN) has become
179
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5. Conclusions
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