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Abstract

The noninvasive measurement of the mechanical properties of brain tissue using magnetic
resonance elastography (MRE) has emerged as a promising method for investigating neurological
disorders. To date, brain MRE investigations have been limited to reporting global mechanical
properties, though quantification of the stiffness of specific structures in the white matter
architecture may be valuable in assessing the localized effects of disease. This paper reports the
mechanical properties of the corpus callosum and corona radiata measured in healthy volunteers
using MRE and atlas-based segmentation. Both structures were found to be significantly stiffer
than overall white matter, with the corpus callosum exhibiting greater stiffness and less viscous
damping than the corona radiata. Reliability of both local and global measures was assessed
through repeated experiments, and the coefficient of variation for each measure was less than
10%. Mechanical properties within the corpus callosum and corona radiata demonstrated
correlations with measures from diffusion tensor imaging pertaining to axonal microstructure.
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1. Introduction

Alteration of white matter microstructure caused by inflammation, demyelination,
destruction of axons, or disruption of the glial matrix is a hallmark of many neurological
diseases and disorders. Although several methods have been developed to infer
microstructural information using magnetic resonance imaging (MRI), the correlation
between imaging and clinical measures remains weak (Sahraian and Eshaghi, 2010). A more
sensitive and direct assessment of the health of the parenchyma, or a multi-modal approach
to examine intra- and extra-axonal integrity of brain tissue (Oishi et al., 2011), will enable
measures to better distinguish early onset of disease (Mueller et al., 2005), aid in differential
diagnosis (Miller et al., 2008), or monitor disease progression (Mueller et al., 2006).

The most common technique for noninvasively investigating white matter microstructure is
diffusion tensor imaging (DTI). DTI probes restricted diffusion of water in tissue, and can
reflect axonal organization, integrity, and myelination. However, most DT measures
depend on both intra-axonal membranes and myelin sheath and thus often lack specificity in
disease. For example, radial diffusivity measures from DTI captured cuprizone-induced
demyelination in the corpus callosum of mice (Song et al., 2005; Sun et al., 2006), though
not in the early stages of demyelination due to the additional presence of axonal damage and
inflammation (Wang et al., 2011). Measures based on the mechanical properties of brain
tissue, on the other hand, can be more sensitive to both intra- and extra-axonal
microstructure, and may provide diagnostic specificity in a number of diseases where
diffusion measures are inadequate. In a similar study of cuprizone in mice, alterations to
extracellular matrix integrity were marked by a decrease in viscoelastic damping ratio
(Schregel et al., 2012), while another study of experimental autoimmune encephalomyelitis
found a loss of shear modulus, or stiffness, with inflammation while damping ratio remained
unchanged (Riek et al., 2012). These results indicate that measuring the mechanical
properties of the brain white matter may provide additional information about extra-axonal
microstructural characteristics, and may be useful in identifying or evaluating the early
stages of diseases like multiple sclerosis, especially when coupled with other modalities like
DTI.

The emergence of magnetic resonance elastography (MRE) (Muthupillai et al., 1995)
provides researchers with a powerful tool to noninvasively investigate the mechanical
properties of the human brain /n vivo (Sack et al., 2011; Weaver et al., 2012; Zhang et al.,
2011). Recent reports of MRE suggest a decrease in viscoelastic properties of the human
brain in a number of neuroinflammatory and neurodegenerative disorders, including
Alzheimer's disease (Murphy et al., 2011), multiple sclerosis (Streitberger et al., 2012;
Wouerfel et al., 2010), and normal pressure hydrocephalus (Freimann et al., 2012;
Streitberger et al., 2011), as well as in normal physiological aging (Sack et al., 2011; 2009).
However, the lack of spatially resolved property maps generated in these studies limits the
clinical applicability of brain MRE. To date, MRE studies have reported mechanical
properties averaged over the whole brain or over broad regions of interest, thus missing
potentially significant localized effects. Global mechanical measures are also not likely to be
very specific since they exhibit the same trends (decrease in shear modulus) in the
neurological conditions investigated to date. Reliably estimating local mechanical properties
may improve both sensitivity and specificity to disease, since many neurological disorders
have localized origins or distinct regions of tissue disruption.

Technical considerations associated with imaging constraints often impede the measurement
of local mechanical properties in humans with MRE. For example, the requirement of short

scan times leads to the use of acquisitions with poor spatial resolution that under-sample the
3D shear displacement field. It is also challenging to capture shear deformations of fine
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wavelength with high signal-to-noise ratio (SNR) as high frequency vibration amplitude
attenuates rapidly in the center of the brain. These acquisitions effectively obscure fine-scale
features in the tissue and compromise the reliability of MRE measures of white matter tracts.
Recently, we introduced an acquisition technique capable of acquiring three-dimensional,
full vector field MRE displacement data with improved spatial resolution while maintaining
adequate SNR to produce highly-resolved mechanical property maps when coupled with
finite-element based inversion (Johnson et al., 2012). We demonstrated that estimating focal
mechanical properties with displacement data at higher spatial resolution and nonlinear
inversion (NLI) is advantageous in resolving local stiffness variations in the brain. However,
the reliability of these observed fine-scale features and their correlation with white matter
structure has yet to be explored.

This paper reports the first /n vivo measurement of the local variations in mechanical
properties of the human brain revealed by MRE. Using a white matter atlas (Mori et al.,
2008), we present MRE property maps which quantify the stiffness of the corpus callosum
and corona radiata in healthy subjects, and demonstrate the reliability of these measures by
performing repeated experiments on the same subject. Additionally, we show that the MRE
mechanical characteristics of tissue within the corpus callosum and corona radiata
demonstrate high correlations with measures of underlying microstructure obtained from
DTI and corroborated by histological data available in the literature.

2. Materials and Methods

A group of seven healthy volunteers (age range: 24-53 years; median age: 30 years; all
male) provided written informed consent for this study approved by our Institutional Review
Board. The imaging protocol consisted of MRE, DTI, and structural acquisitions, with all
scanning performed on a Siemens 3T Allegra head-only scanner (Siemens Medical
Solutions; Erlangen, Germany). One volunteer (24 years old) visited six times over two
months for testing the reliability of elastography measures.

2.1. MRE Acquisition and NLI

A remote electromagnetic shaker generated shear displacements in the brain by driving a
long rod attached to a custom head rocker, similar to systems previously described (Johnson
etal., 2012; Sack et al., 2009; Wuerfel et al., 2010). Acquisition of MRE displacement data
utilized a multishot, variable-density spiral sequence with trapezoidal bipolar gradient pairs
matched to vibration period on either side of the spin-echo refocusing pulse (Johnson et al.,
2012). Repetition of imaging with gradients applied on three orthogonal axes over eight time
points resulted in three-dimensional, full vector field complex displacements at 50 Hz with 2
x 2 x 2 mm3 isotropic spatial resolution. The imaging volume comprised twenty axial slices
with 2 mm thickness covering the ventricles, corpus callosum, and corona radiata.
Acquisition time for a complete MRE dataset totaled 9 minutes 36 seconds. We used the
octahedral shear strain-based SNR measure (OSS-SNR) to determine the quality of each
dataset for inclusion in the study (McGarry et al., 2011). Based on the OSS-SNR value
averaged over the entire imaging volume, we eliminated the data from one volunteer and
from one visit of the repeated subject, as these datasets did not meet the required OSS-SNR
threshold of 3.0.

NLI estimated the mechanical properties of tissue from displacement data using a
viscoelastic material model (Van Houten et al., 2001). The mechanical properties reported in
this paper are the storage and loss moduli, G and G”, respectively, which were reconstructed
at the same spatial resolution as the displacement data (McGarry et al., 2012), and the
damping ratio, €, which is equal to G’/2G. Previous works by our group provide full details
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on the data acquisition and inversion methods applied in this study (Johnson et al., 2012;
McGarry et al., 2012).

Each imaging session included the acquisition of DTI data acquired over the same imaging
volume and with the same spatial resolution as the MRE scans. DTI scans used a b-value of
1000 s/mm? and twelve directions in a single-shot echo-planar imaging acquisition. The
FDT diffusion toolkit in FSL (Jenkinson et al., 2012) fit diffusion data to the tensor model
and extracted DTI metrics, including fractional anisotropy (FA) and radial diffusivity (RD).
The Diffusion Toolkit and TrackVis programs tracked and visualized fiber pathways in the
brain from DTI data (Wang et al., 2007). Additionally, a high-resolution MPRAGE
acquisition produced 7;-weighted anatomical images with 1 x 1 x 1 mm?3 isotropic voxels
for segmentation.

2.2. Image Segmentation

3. Results

Image registration and segmentation used FSL. Skull-stripping of the 7;-weighted
anatomical images used the BET tool (Smith, 2002), then the FAST tool was used to
segment cortical gray matter (GM), white matter (WM), and cerebrospinal fluid (Zhang et
al., 2001). Linear registration of the anatomical images to the MRE data with the FLIRT tool
(Jenkinson et al., 2002) allowed for creation of GM and WM masks for each dataset using a
partial volume threshold of 0.7. Any contribution from deep gray matter structures was
manually removed from GM masks and not quantified.

Segmentation of individual structures in the white matter architecture utilized the ICBM-
DTI-81 white matter atlas and parcellation map (Mori et al., 2008). Registration of the
ICBM-152 template (Mazziotta et al., 2001) to anatomical 7;-weighted images used the
FNIRT tool (Andersson et al., 2008), and application of the same transformation also
registered the white matter atlas. Further registration using the FLIRT transforms generated
individual masks of the corpus callosum (CC) and corona radiata (CR) for each dataset.

and Discussion

Figure 1 provides an overview of the typical MRE results, along with anatomical structure
for comparison. A multishot MRE acquisition captures shear wave displacements generated
in the brain with improved spatial resolution (Johnson et al., 2012), and the finite element-
based NLI (Van Houten et al., 2001) uses these shear wave displacements to generate maps
of the mechanical properties of the tissue. The algorithm returns the storage and loss moduli,
G and G”, respectively (Figures 1C-D). We calculate the damping ratio, €, as well, which
describes the level of motion attenuation in the tissue. € is similar in meaning to the
mechanical phase angle (Schregel et al., 2012) or fractional springpot parameter (Sack et al.,
2009) used to previously investigate motion attenuation properties of tissue.

Starting from the spatially resolved mechanical properties from MRE, we used the ICBM-
DTI-81 white matter atlas (Mori et al., 2008) on the ICBM-152 template (Mazziotta et al.,
2001) to investigate the CC and CR. Registration of the atlas to an individual MRE dataset
involves first registering the template to the high-resolution 7-weighted images, which are
then registered to the magnitude images from the MRE data (Figure 1A). The registered 74
weighted images (Figure 1B) allow for individual masks of the CC and CR to be drawn on
the MRE property maps (Figures 1C-D). Figure 1E provides the corresponding FA image
from DTI for comparison. Clearly visible are the left-right fibers of the CC in red and the
superior-inferior fibers of the CR in blue, lateral to the CC. The locations of each structure
agree well with the atlas-based masks.
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Tractography from DTI data enables the tracking of white matter fiber bundles in 3D. We
overlaid the spatial maps of the mechanical properties on the estimated tracks to visualize
the correlation with fiber structure. Figure 1F presents the tracking of fibers in the left
hemisphere passing through the CC and CR, with color representing storage modulus, G,
from MRE. The fibers of the CR, fanning out lateral to the CC, are softer than the CC,
whose fibers are potentially packed more tightly in its highly organized structure. Significant
heterogeneity is apparent, especially in the CC where the genu, body, and splenium exhibit
different stiffness. Fibers of the forceps anterior and posterior extending from the genu and
splenium, respectively, appear as stiff bundles. Additionally, as the fibers of the CR extend
into more superficial white matter they become softer. In the following sections we first
evaluate the repeatability of the MRE measures from displacement images with 2 mm
isotropic spatial resolution, then we quantify local and global mechanical properties and
discuss the spatial heterogeneity in mechanical properties.

3.1. Repeatability of Local MRE Measures

We acquired five MRE datasets on a single subject to investigate the repeatability of the
global and local MRE measures. Figure 2 presents one slice of the average MRE property
images with corresponding standard deviation maps for the repeated subject after co-
registration to the 7;-weighted anatomical dataset. Also presented are maps of coefficient of
variation, defined as the standard deviation over the mean, for each property (Figures 2G-I).
The anatomical features of a single experiment (Figure 1) — including low G in the lateral
ventricles, elevated G of the CC and CR, and lower G” of the CC - are still evident in the
averaged data. Standard deviation maps demonstrate that property variation across
experiments is very small and show no significant peaks corresponding to anatomical
structure, except for € in the lateral ventricles (Figure 2F). The ventricles are structures
filled with cerebrospinal fluid and were not excluded during the inversion. In fact they were
treated as solid tissue continuous with the brain parenchyma, which leads to errors from
model-data mismatch. However, we did exclude the ventricles in our post-processing
property analysis through segmentation, so these model-data errors do not propagate to the
surrounding tissues (because of the local zoning approach used by NLI (VVan Houten et al.,
2001)), and thus, do not affect the results presented in the following sections.

We quantified the repeatability of mechanical property measures of both global and local
regions in the brain. Global regions are GM and WM, while local regions include the body
of the CC and the superior segment of the CR. We only compared the central segment of
each structure, since the limited image acquisition volume resulted in the anterior and
posterior segments of each structure being partially captured in each MRE exam. Both
structures also exhibited significant heterogeneity between segments, which further
motivated this decision and will be discussed later.

Table 1 lists the coefficient of variation for each regional mechanical measure from repeated
exams of the same subject. Coefficients of variation are less than 10% for each measure
demonstrating the excellent repeatability of the MRE results. Especially notable is the high
repeatability of the CC and CR properties, two clinically important structures in the brain
not previously studied with MRE due to lack of spatial resolution in previous measurements.
These results indicate that MRE with improved imaging resolution is capable of capturing
anatomical variations in the form of highly reliable mechanical property maps.

3.2. Comparison of Local and Global MRE Measures

We also examined six healthy subjects, and Figure 3 presents the average G, G”, and €
property values for each region across the subjects. Two-way analyses of variance
(ANOVA), with subject and region as independent variables, indicated significant difference
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between regions for all properties (o < 0.05). Individual post hoc Wilcoxon signed-rank tests
compared different regions with significance set at p < 0.05. Table 2 collects all average
property values and their standard deviations.

Global comparisons of WM vs. GM show significantly greater G and G” for WM, though
they do not demonstrate a significant difference in the damping ratio, €. Shear modulus
values for WM compare well with recent brain MRE studies (Green et al., 2008; Zhang et
al., 2011), although the difference between WM and GM is somewhat greater in the present
study. We previously reported this finding and attributed the difference to the improved
spatial resolution of our acquisition in resolving material properties of the GM (Johnson et
al., 2012). Here, we find WM approximately 32% stiffer than GM, a relationship that
matches the ex vivo literature (van Dommelen et al., 2010). However, whether /n vivo MRE,
as implemented here, can accurately quantify the mechanical properties of GM remains to
be established, due to the thin structure of the cortex (Papazoglou et al., 2012). Given the
statistical difference with WM and the high repeatability of the GM measures, we conclude
that MRE displacement data with 2 mm isotropic resolution and NLI is capable of producing
reliable and useful estimates of GM properties, though future work will be needed to
evaluate residual bias in the property estimates of GM that may occur from under-sampling
due to spatial resolution limits.

Global WM values differ significantly from those of individual WM structures. G'is
significantly lower in overall WM than both the CC and the CR. The finding that the CC has
a greater G than WM agrees well with recent /n vivo elastography studies on rodent brains
which reported the CC to be a relatively stiff structure (Mace et al., 2011; Schregel et al.,
2012). The CC is a tight bundle of highly aligned fibers, which should provide more
structural rigidity than superficial white matter. The CR also exhibits these characteristics,
though to a lesser extent since its fibers fan out and are not as highly aligned. The CC has
significantly higher G than the CR, which agrees with the organizational and compositional
characteristics of each structure.

More interestingly, WM has greater G” than the CC, though less than the CR. These
relationships hold true for  as well, which reflects the relative amount of motion attenuation
in the structure. Microscale interactions in tissue cause attenuation, which increases with
inter-connectedness in composite materials, such as connections of glial cells and axons in a
matrix (Guo et al., 2012; Posnansky et al., 2012). Certain structures in the brain consist of
fibers arranged in a grid pattern (Wedeen et al., 2012), including the CR crossed by the
rostro-caudal fibers of the superior longitudinal fasciculus, which may result in more
attenuation from the added connections. These crossings do not exist in the CC, which has
significantly lower G” and § than the CR.

In general, very limited data exists from invasive or ex vivo mechanical testing of specific
white matter structures. A previous study of ex vivo porcine brain in tension (Velardi et al.,
2006) reported that the CC is stiffer than the CR, while other studies using large shear
deformations (Prange and Margulies, 2002) and microindentation (Elkin et al., 2011) found
the opposite trend. These studies cannot be directly compared to each other or to in vivo
results from MRE on human subjects due to the differences in mechanical testing regimes
and the change in tissue properties after brain death and excision.

Both the CC and CR are characterized by mechanically anisotropic microstructure (Prange
and Margulies, 2002; Velardi et al., 2006). To invert displacement data in the present work,
we use an isotropic material model that returns an effective shear modulus that is a
composite of the direction-dependent shear moduli in anisotropic tissues (Qin et al., 2013).
The propagation direction of excited shear waves influences this effective shear modulus
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(Mace et al., 2011; Perreard et al., 2010), and differences in propagation direction relative to
fiber orientation could contribute to the mechanical relationship between the CC and CR
reported here. However, actuation in brain MRE results in multi-aspect excitation (Clayton
et al., 2012; Hamhaber et al., 2007; Romano et al., 2012) and it is unlikely that differences in
wave propagation in the structures play a significant role in our conclusions. This is
supported by the high repeatability of the extracted mechanical properties and that the CC is
consistently stiffer and less viscous than the CR in all subjects, although each experiment
exhibits unique displacement fields. Although the development of anisotropic inversion
techniques (Qin et al., 2013; Romano et al., 2012) may remove any effect from wave
propagation direction, it is outside the scope of the present study.

3.3. Heterogeneity in Structure Properties

The CC and CR are large structures consisting of multiple fiber pathways with distinct
anatomy and function. We observed mechanical heterogeneity within each structure, and
Figures 4A-B highlight this heterogeneity by presenting sagittal slices of G distributions in
the CC and CR averaged across all subjects after co-registration to the ICBM-152 template.
An apparent gradient in G from posterior-to-anterior exists for both structures; however, the
CR exhibits higher stiffness in its anterior segment, while the anterior segment of the CC,
the genu, is softer than the body. The ICBM-DTI-81 atlas defines three separate segments
for both the CC (splenium, body, and genu) and CR (posterior, superior, and anterior), and
we quantified the properties of each individual segment. Figures 4C—E plot the properties of
each segment of the CC and CR against their posterior-to-anterior position.

Table 3 presents the MRE (G, G”, and €) and DTI (FA and RD) values for each segment of
the CC and CR. Two-way ANOVA of properties against both segments and subjects
indicated heterogeneity within both the CC and CR for all properties (p < 0.05). We
investigated this heterogeneity by post hoc testing the properties of the anterior and posterior
segments of each structure against its central segment using Wilcoxon signed-rank tests with
significance set at p < 0.05.

The genu has significantly lower G than the body of the CC, and significantly higher G”
and €. The splenium of the CC does not differ significantly from the body in any mechanical
property. The same segments exhibit significantly different DTI properties. The body shows
lower FA and higher RD than the genu, though no differences with the splenium.

The posterior segment of the CR has significantly lower G, G”, and € than the superior
segment. We found no significant mechanical differences between the anterior and superior
segments of the CR. Performing similar comparisons with the DTI measures again yielded
relationships similar to those from MRE. FA is higher in the superior segment compared to
the posterior, while RD is lower. Again, the anterior and superior segments are not
significantly different in either FA or RD.

3.4. Correlation of Mechanical and Diffusivity Measures

Pairwise comparisons indicated that mechanical measures from MRE and diffusivity
measures from DTI similarly identify differences in segments within both the CC and CR.
This generated the hypotheses that DTI measures (FA and RD) may describe the difference
in MRE measures (G and G”) between segments. We tested these hypotheses using analyses
of covariance (ANCOVA) between all combinations of individual MRE and DTI measures,
grouped by subject. We treated segments within each structure as repeated measures and
tested the CC and CR separately. Significance of correlations was determined at p < 0.05.

Figure 5A plots G and G” of each segment of the CC against FA, while Figure 5B plots the
properties against RD. Different color markers differentiate subjects and plotted trendlines
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are determined from ANCOVA analysis. In the CC, RD values of the individual segments
significantly correlate with both G and G”. Higher RD indicates higher G and lower G”.
MRE properties also exhibit correlations with FA, though these meet only trend level
significance (p < 0.1).

It is not surprising that MRE and DTI measures correlate well as they are both sensitive to
underlying tissue microstructure and may be reflecting similar microstructural
characteristics in this case. We hypothesize that in the CC both MRE and DTI measures are
highly influenced by axon diameter distribution. Larger axons will provide structural rigidity
to the tissue (Arbogast and Margulies, 1999) and generate higher G values. Regions of
smaller axons exhibit greater G” values likely due to a greater number of lateral connections
and tethering resulting from a tighter glial matrix as these areas have a higher axon number
density. A recent study shows that axon diameter within the CC affects DTI measures; it is
negatively correlated with FA and positively associated with RD (Barazany et al., 2009).
The results presented in Figure 5A support this argument as larger axons would lead to
higher RD and G, though a lower G”.

We can compare our findings from MRE and DTI with histology studies of axon diameter
distributions in different segments of the CC (Aboitiz and Montiel, 2003; Aboitiz et al.,
1992; LaMantia and Rakic, 1990). The CC body comprises highly myelinated axons of large
diameter connecting motor, somatosensory, and auditory regions for fast signal
transmission. Fibers of the genu, which connect the frontal regions of the brain, typically
have smaller diameters and less myelination (Aboitiz and Montiel, 2003). The splenium
consists of both large axons of the visual pathway and smaller temporoparietal axons. This
supports our hypothesis about MRE and DTI measures reflecting axon diameter in the CC.
We found the genu to differ significantly from the body in measures that would suggest a
smaller average axon diameter and a larger number of axons. The heterogeneous distribution
of splenium axons confounds this effect and is likely responsible for the lack of significant
difference with the body.

We also analyzed the dependence of G and G” in the CR on FA (Figure 5C) and RD (Figure
5D). G” of the CR segments correlates positively with FA and negatively with RD, though
we found no significant correlation between G and either DT measure. It is difficult to
interpret the correlation of FA and RD with G” in terms of underlying CR microstructure.
The CR comprises fiber tracts that fan towards the cortex and are subject to significant
crossings from other fiber structures (Wedeen et al., 2012). DTI assumes a single fiber
orientation and does not characterize fanning and crossing features well (Wedeen et al.,
2005), thus measures like FA and RD cannot be tied directly to specific characteristics as in
the CC. We hypothesized in a previous section that the crossing fiber populations of the CR
result in high viscosity, and it is possible that the FA and RD are reflecting these crossings
thus leading to the correlation with G”.

4. Conclusions

Improvements in brain MRE acquisition and inversion techniques have enabled the
investigation of brain tissue mechanics on a scale previously unavailable /n vivo. In this
work, we measured the mechanical properties of the corpus callosum and corona radiata in
healthy volunteers using MRE with 2 mm isotropic spatial resolution and atlas-based
segmentation, and demonstrated the measurement reliability through repeated experiments.
Overall, we show that global white matter was softer on average than either the corpus
callosum or the corona radiata, whereas, the corpus callosum exhibited a higher stiffness and
lower viscous damping compared to the corona radiata. This report of the localized, spatially
resolved mechanical properties is the first to characterize the corpus callosum and corona
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radiata in the human brain /n vivo. Quantification of the stiffhess of specific structures in the
white matter architecture may aid researchers in studying the localized effects of
neurological conditions, and has the potential to enhance the sensitivity and specificity of
mechanical measures to disease. Comparison of MRE and DTI measures of segments of the
corpus callosum yielded correlations between radial diffusivity and both storage and loss
modulus, likely stemming from axon diameter distribution. We found similar correlations
between loss modulus and DT measures in the corona radiata that may reflect fiber
orientation and crossing. However, the lack of clear microstructural basis for a systematic
interpretation of both MRE and DTI measures in the corona radiata points to the need for
further investigation in that direction.
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Abbreviations

MRE magnetic resonance elastography
DTI diffusion tensor imaging

SNR signal-to-noise ratio

OSS-SNR octahedral shear strain-based signal-to-noise ratio
NLI nonlinear inversion

FA fractional anisotropy

RD radial diffusivity

WM white matter

GM gray matter

cC corpus callosum

CR corona radiata

storage modulus, or real shear modulus
loss modulus, or imaginary shear modulus
damping ratio
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Figure 1.

Spatial variations in mechanical properties juxtaposed with structures in the white matter
architecture. (A) Magnitude image from MRE dataset; (B) 7;-weighted anatomical image
after registration to MRE data; (C) map of storage modulus, G'; (D) map of loss modulus,
G”; and (E) color fractional anisotropy map from DTI after registration to MRE data.
Representative masks for the corpus callosum and corona radiata are outlined in red and
blue, respectively, on B, C, and D. (F) Visualization of white matter fibers through the
corpus callosum and corona radiata with tractography from DTI data where color
corresponds to G from MRE. Different image boundaries of property maps, C and D, are
due to manual data mask applied prior to inversion and don't affect registration.
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Figure2.

Demonstration of MRE measurement repeatability. Top row: property maps of (A) G, (B)
G”, and (C) € co-registered and averaged over five examinations of the repeated subject.
Middle row: standard deviation maps of the same properties: (D) G, (E) G”, and (F) €.
Bottom row: coefficient of variation maps, defined as standard deviation divided by mean,
for each property: (G) G, (H) G”, and (1) €. Local property values are consistent across
repeat examinations, and all properties exhibit modest variation. Higher variations at the
edge of the brain are due to co-registration of datasets with different masks.
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Figure 3.

Global (GM and WM) and local (CC and CR) property values averaged over the subject
population; * denotes statistically significant difference (p < 0.05). WM is significantly
different from GM in G and G”, though not in €. CC and CR differ significantly from WM
and each other in all properties, demonstrating that they are mechanically distinct structures.
Note that CC refers to the body of the CC, and CR refers to the superior segment of the CR.
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Figure 4.

Demonstration of mechanical property heterogeneity in white matter structures: average G
for (A) CC and (B) CR across all subjects overlaid on corresponding paramedial slices of the
ICBM-152 template. Distinct segments as defined by the ICBM-DTI-81 atlas are marked
and labeled (from posterior-to-anterior): splenium, body, and genu of the CC; and posterior,
superior, and anterior segments of the CR. Only a single slice of each 3D structure is
presented here for illustration purposes. Mechanical properties of each segment are
quantified and plotted: (C) G, (D) G, and (E) €. CC properties are in red while CR
properties are in blue. Values are staggered on the x-axis to avoid overlap. Statistically
significant differences between segments of a structure are marked with * in the appropriate
color above the line (p < 0.05). The genu differs from the body of the CC in all properties,
while the posterior segment differs from the superior in the CR for all properties.

Neuroimage. Author manuscript; available in PMC 2014 October 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Johnson et al.

Page 18

45

B @G *
_ aof . O G"*
© L
g & 351 ° (]
2 ; 30 ®
g = [ °
8 '§ 25 s . o
32 ol ®
2 = - o
5 8 154 00 = o 4 15} O\\Og;
Lo Qe o o -~
o B ol o o &=© 3 o © 1 Wl 00 g o~g °
‘ _ —0 CRaiEN
05 > 1 1 05 1 1 '
05 06 07 03 04 05 06
Fractional Anisotropy Radial Diffusivity [mm?%s x107]
35 35
c oc D . ec
— O G+ O G+
© 30} 4 30f °
£g
© = °
- ° °
g 8 25 . 251 ° o .
=] ’ . .
° . 4 ~ .
© O 8 g . L 5 .
g E 20 o ,O o e 20+0 o - 2.
s T ot o©° of o~ o
o _(lc) 151 4 5 4 sk '\%
N p© o o ~ O p
o, L
7/ ~
10 L 4 1.0 .
045 0.50 055 0.60 045 0.50 0.55 0.60
Fractional Anisotropy Radial Diffusivity [mm%s x107]

Figureb5.

DTI measures of individual segments of white matter structures correlate with mechanical
measures from MRE. G and G” for each segment of the CC (genu, body, and splenium)
plotted against (A) FA and (B) RD; and for each segment of the CR (anterior, superior,
posterior) against (C) FA and (D) RD. Different colors represent measures from different
subjects. Trendlines were generated through ANCOVA, which treated segments as repeated
measures, and * in the legend indicates significant correlation (p < 0.05). In the CC, G and
G” both correlate with RD, though with opposite dependencies. For the CR, G” is positively
correlated with FA and negatively with RD.
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Table 1

Coefficient of variation, defined as standard deviation over mean, for each regional mechanical property
measure determined from five separate examinations of the same subject.

GM WM CcC CR

G 459% | 5.71% | 8.71% | 5.79%

G"” | 584% | 6.33% | 5.42% | 7.17%

< 3.83% | 5.58% | 9.15% | 7.25%
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Average values and standard deviations for regional mechanical properties across all subjects.

Table 2

GM WM CcC CR
G' [kPa] | 202+0.09 | 2.66+0.30 | 3.09+0.39 | 2.78 +£0.37
G [kPa] | 1.04+0.12 | 1.54+0.15 | 1.23+0.26 | 1.97+0.12
€ 0.32+0.03 | 0.31+0.03 | 0.23+0.07 | 0.37+0.05
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Average values and standard deviations for MRE and DTI measures in segments of the CC and CR across all

Table 3
subjects.
Genu (CC) | Body (CC) | Splenium (CC)
G' [kPa] 2674069 (% | 309039 3.11+0.35
G" [kPa] 1554036 (% | 123026 1.03£0.19
3 0.34+013 (% | 0.22+0.07 0.18 +0.04
FA 0.68+0.04 () | 0-62+0.04 0.60 +0.06
RD [mm2/s 10%] | 0.38+0.03 (% | 0-44+0.03 0.47 +0.05
Anterior (CR) | Superior (CR) | Posterior (CR)
G' [kPa] 2.96 +0.60 278037 | 2394019 (%
G” [kPa] 1.92+0.34 197012 | 1394008 (%
3 0.38£0.13 0.37+0.05 | 030+0.04(%
FA 051 £0.03 0.50£0.01 | 048+001(%
RD [mm?/s 1079] 0.48 +0.02 0482001 | 055+0.02 (%

*
denotes significant difference with central segment (body of CC; superior of CR).
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