
Daniel R. Smith
Department of Biomedical Engineering,

University of Delaware,

Newark, DE 19716

Charlotte A. Guertler
Department of Mechanical Engineering and

Material Science,

Washington University,

St. Louis, MO 63130

Ruth J. Okamoto
Department of Mechanical Engineering and

Material Science,

Washington University,

St. Louis, MO 63130

Anthony J. Romano
Naval Research Laboratory,

Code 7160,

Washington, DC 20375

Philip V. Bayly
Department of Mechanical Engineering and

Material Science,

Washington University,

St. Louis, MO 63130

Curtis L. Johnson1

Department of Biomedical Engineering,

University of Delaware,

Newark, DE 19716

e-mail: clj@udel.edu

Multi-Excitation Magnetic
Resonance Elastography of the
Brain: Wave Propagation in
Anisotropic White Matter
Magnetic resonance elastography (MRE) has emerged as a sensitive imaging technique
capable of providing a quantitative understanding of neural microstructural integrity.
However, a reliable method for the quantification of the anisotropic mechanical proper-
ties of human white matter is currently lacking, despite the potential to illuminate the
pathophysiology behind neurological disorders and traumatic brain injury. In this study,
we examine the use of multiple excitations in MRE to generate wave displacement data
sufficient for anisotropic inversion in white matter. We show the presence of multiple
unique waves from each excitation which we combine to solve for parameters of an
incompressible, transversely isotropic (ITI) material: shear modulus, l, shear anisotropy,
/, and tensile anisotropy, f. We calculate these anisotropic parameters in the corpus cal-
losum body and find the mean values as l¼ 3.78 kPa, /¼ 0.151, and f¼ 0.099 (at 50 Hz
vibration frequency). This study demonstrates that multi-excitation MRE provides dis-
placement data sufficient for the evaluation of the anisotropic properties of white matter.
[DOI: 10.1115/1.4046199]
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Introduction

Imaging methods for noninvasively characterizing the micro-
structural health and integrity of white matter make up an impor-
tant area of research for understanding various neuropathologies.
These include traumatic brain injury, which often involves diffuse
axonal injury caused by shearing of white matter due to linear or
rotational accelerations of the head. In addition to common met-
rics of damage or degeneration of white matter tracts, most nota-
bly from diffusion magnetic resonance imaging (MRI) [1–4],
mechanical properties of the brain measured with magnetic reso-
nance elastography (MRE) [5–9] also appear sensitive to white
matter tissue health. Previous work has shown that MRE can
detect mechanical alterations in several neurological diseases
including multiple sclerosis [10–12], Alzheimer’s disease [13,14],
and Parkinson’s disease [15], and animal studies have demon-
strated correlations between these properties with tissue micro-
structure such as axonal myelination [16,17]. However, most
MRE studies use methods that assume the brain is mechanically
isotropic [6,18,19], though the fibrous nature of white matter, com-
prising bundles of aligned axons, gives rise to anisotropic, direction-
ally dependent mechanical properties [20–23]. As such, anisotropic
MRE methods are likely needed to improve accuracy, sensitivity,
and reliability of white matter mechanical property measurements.

Several anisotropic MRE analysis methods have been proposed,
which generally vary in the underlying anisotropic material model
and thus the number of parameters to be estimated. One

anisotropic model used in MRE considers white matter as an
incompressible, transversely isotropic (ITI) material with both
shear and tensile anisotropy [24–26]. The three parameters of this
model can be estimated through the speed of waves propagating
in different directions relative to the fiber direction, which can be
separated into “slow” and “fast” components based on their propa-
gation and polarization [27]. Two separate methods have been
proposed to estimate these parameters from MRE data: one based
on filtering data based on the presence of slow or fast waves [27]
and a separate method using displacements at multiple frequencies
[28]. The three-parameter ITI model provides a minimal model to
accurately describe the behavior of white matter in a small num-
ber of parameters to be estimated. Additional anisotropic MRE
methods include a two-parameter model that includes only shear
anisotropy [29], which has been used to characterize breast tissue
[29] and skeletal muscle [30], and a nine-parameter model that
does not assume near-incompressibility of tissue [31], which has
been used to examine white matter tracts [32].

These anisotropic MRE methods all vary in the complexity of
their material model and details of their inversion algorithm; how-
ever, they all depend on having sufficient displacement data to
estimate parameters. In general, there must be sufficient deforma-
tion in multiple directions to calculate the direction-dependent
mechanical behavior of white matter [31]. Tweten et al. [33]
described requirements for accurate estimation of the three param-
eters of the ITI model that include having slow and fast waves
present in multiple propagation directions. To ensure that these
requirements are met for anisotropic MRE of white matter, we
propose to use multi-excitation MRE to capture distinct displace-
ment fields [34]. Anderson et al. [34] first used multi-excitation
MRE in the human brain and observed differences in recovered
properties up to approximately 25% in several white matter tracts,
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which is likely due to differences in wave propagation arising
from excitation location, making this a promising approach for
use with anisotropic inversion.

The primary objective of this paper is to measure wave propa-
gation in the brain from multi-excitation MRE to assess whether
data requirements for anisotropic property estimation in white
matter are met. By directionally filtering the MRE displacement
data, we isolate distinct, independent propagating shear waves.
We then identify the dominant (primary) and secondary directions
of wave propagation, based on relative amplitudes of filtered com-
ponents. We classify voxels in white matter based on whether
they meet minimum data requirements and show that multi-
excitation MRE results in more voxels with sufficient displace-
ment information. Finally, we demonstrate that combining wave
information from multiple excitations allows us to estimate the
three parameters of the ITI model.

Methods

Slow and Fast Wave Propagation in Incompressible, Trans-
versely Isotropic Materials. The three independent material
parameters that determine the behavior of ITI materials are sub-
strate shear modulus, l, shear anisotropy, /, and tensile anisot-
ropy, f, which are based upon the shear modulus and tensile
modulus of the material in two directions: parallel (l1 and E1) and
perpendicular (l2 and E2) to the fibers. These parameters are
described by the following equations:

l ¼ l2 (1)

/ ¼ l1

l2

� 1 (2)

f ¼ E1

E2

� 1 (3)

In an ITI material, shear waves with a given propagation direc-
tion, bN , can be either “slow” (transverse) or “fast” (quasi-trans-
verse) waves, which have separate polarization directions. These
components are determined by bN relative to the fiber direction, bA,
and the angle between them, h ¼ cos�1 bN � bAð Þ. The polarization
direction of the slow wave, bms, is perpendicular to bN and bA
(Eq. (4)), while the polarization of the fast wave, bmf , is perpendic-
ular to bN and bms (Eq. (5))

bms ¼
bN � bA
j bN � bAj (4)

bmf ¼ bN � bms (5)

The slow and fast wave speeds, cs and cf , are determined from
the three material parameters and the angle of propagation relative
to fiber direction (h). The slow wave speed depends on the shear
modulus; l, material density, q, and shear anisotropy, / (Eq. (6)),
while the fast wave speed also depends on tensile anisotropy, f
(Eq. (7))

c2
s ¼

l
q

1þ / cos2h
� �

(6)

c2
f ¼

l
q

1þ / cos22hþ f sin22h
� �

(7)

Magnetic resonance elastography is potentially well-suited to
quantify the three anisotropic material parameters, as wave speed,
propagation direction, and fiber direction are obtainable through
MRE and MRI (i.e., using diffusion tensor imaging, DTI). How-
ever, solving for these parameters requires sufficient displacement
data, as described by Tweten et al. [33]. Specifically, there should
be (1) multiple slow and fast waves in multiple directions and (2)
each wave amplitude must have sufficient signal, i.e., at least 20%
of the total original amplitude. Voxels with displacement data that
meet these criteria should provide sufficient information for esti-
mating the anisotropic parameters.

Data Acquisition. Four healthy subjects (3/1 M/F; 22–32 yr
old) provided informed, written consent and participated in the
study approved by our Institutional Review Board. Each partici-
pant was scanned using a Siemens 3 T Prisma MRI scanner with
20-channel head coil. Vibrations at 50 Hz were generated by an
active pneumatic driver (Resoundant, Inc., Rochester, MN) and
delivered to the head with two passive drivers: a pillow-driver
placed behind the head for anterior–posterior (AP) excitation, and
a paddle-driver placed against the temple for left-right (LR) exci-
tation, as shown in Fig. 1. Separate MRE scans were acquired for
AP and LR excitations. The acquisition employed an echoplanar-
imaging sequence with the following parameters: 3� 3� 3 mm3

isotropic voxels; field-of-view¼ 240� 240 mm2; 48 slices; repeti-
tion time (TR)/echo time (TE)¼ 6720/65 ms. Auxiliary scans
included DTI with resolution and field-of-view matched to MRE
to estimate white matter fiber direction and T1-weighted anatomi-
cal image at 0.9 mm3 isotropic resolution to localize white matter
tracts. DTI scan parameters were included: TR/TE¼ 4800/60 ms;
b¼ 1000 s/mm2; 30 noncolinear direction. T1-weighted anatomi-
cal scan parameters included: field-of-view¼ 256� 256 mm2;
slices¼ 176; TR/TE/inversion time (TI)¼ 2080/4.45/1050 ms.

Fig. 1 Overview of multi-excitation MRE: (a) positioning of pillow driver for AP excitation and paddle-
driver for LR excitation; (b) representative wave fields from AP and LR excitations, shown as their x, y,
and z components
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Individual Wave Identification. We directionally filtered [35]
each MRE displacement field to determine dominant directions of
wave propagation [36,37]. Each wave field was directionally fil-
tered in 300 directions across the surface of a sphere, with a spher-
ical bandpass filter (4.2–166.7 m�1) applied in all directions. In
each voxel, the primary wave direction was determined as the fil-
ter direction in which the filtered field retained the highest energy.
We also identified a secondary wave direction as the filter direc-
tion which retained the next greatest energy in the filtered field,
and that differed by at least 30 deg from the primary direction.
From this analysis, we identified primary ( bN1) and secondary ( bN2)
wave propagation directions at every voxel for both AP and LR
excitations.

We then isolated the slow and fast shear waves in each of the
primary and secondary directions. We determined the polarization
directions of each slow and fast wave based on propagation direc-
tion (primary and secondary, n¼ 1,2) and fiber direction (Eqs. (8)
and (9)). Slow and fast waves were then reconstructed by projec-
ting the directionally filtered wave field, U

*

filt; n, onto the polariza-
tion direction (Eqs. (10) and (11))

bms; n ¼
bNn � bA
j bNn � bAj (8)

bmf ; n ¼ bNn � bms; n (9)

U
*

s; n ¼ U
*

filt; n � bms; n

h i
bms; n (10)

U
*

f ; n ¼ U
*

filt; n � bmf ; n

h i
bmf ; n (11)

Using the analysis above, there are eight possible wave fields (AP/
LR, primary/secondary, slow/fast) that can be used to meet the
criteria for successful anisotropic inversion. We determined if a
voxel had sufficient data to meet these criteria if there were at
least two slow waves and two fast waves with amplitude greater
than 20% of the original motion amplitude and with propagation
directions different by at least 15 deg [33]. We considered the
number of voxels that met these criteria using both single excita-
tions (AP or LR) and multiple excitations together (APþLR).

Anisotropic Parameter Estimation. In order to demonstrate
that individual waves from multi-excitation MRE can be used to
estimate anisotropic material parameters, we estimated l, /, and f
using an overdetermined system of equations (Eq. (12)). Specifi-
cally, we considered the relationships for both slow and fast wave
speeds (Eqs. (6) and (7)) separately for each of the primary and
secondary waves included in each excitation. This resulted in a
system of eight equations comprising two polarizations (slow and
fast) for each of two wave propagation directions (primary and
secondary) for each of two excitations (AP and LR). Since the
material parameters l, /, and f are the same in each case, this sys-
tem of equations can be solved to generate property estimates

C2
s;1;AP

C2
s;2;AP

C2
s;1;LR

C2
s;2;LR

C2
f ;1;AP

C2
f ;2;AP

C2
f ;1;LR

C2
f ;2;LR

2
666666666666666666664

3
777777777777777777775

¼

1 cos2hs;1;AP 0

1 cos2hs;2;AP 0

1 cos2hs;1;LR 0

1 cos2hs;2;LR 0

1 cos2hf ;1;AP sin2hf ;1;AP

1 cos2hf ;2;AP sin2hf ;2;AP

1 cos2hf ;1;LR sin2hf ;1;LR

1 cos2hf ;2;LR sin2hf ;2;AP

2
6666666666666666664

3
7777777777777777775

�

l

l/

lf

2
664

3
775 (12)

Solving this system of equations requires estimates of the wave
speed for each individual wave field, which we perform for each
voxel. First, for a given voxel—i.e., x0; y0; z0ð Þ—we directionally
filtered the wave field from AP or LR excitation in the direction of
the primary or secondary wave at that voxel (Fig. 2(a)), and then
projected onto the slow or fast polarization direction to create an
isolated wave field (Fig. 2(b))—e.g., U

*

s; 1;AP x; y; zð Þ. This wave
field is input to the local direct inversion algorithm [38] to esti-
mate the wave speed—e.g., cs; 1;APðx; y; zÞ—from which we extract
the value only at the voxel of interest x0; y0; z0ð Þ. This process is
repeated for each voxel and for each of the additional wave
fields, as seen in Fig. 2(c). Each of the angles, h, describing the
relationship between propagation direction and fiber angle were
computed for each individual primary and secondary wave by
h ¼ cos�1 bN � bAð Þ: This results in a system of equations
(Eq. (12)) at each voxel. We use a least squares solution of this
system at each voxel, including only the isolated wave fields that
meet the amplitude threshold (see above), to estimate l, /, and f
at each voxel. We constrained values of l to be positive between
0 and 8 kPa and left the other parameters unconstrained in the
solution.

Analysis. We analyzed wave propagation throughout the brain,
in white matter, and in an individual white matter tract—the body
of the corpus callosum, which was chosen as it has highly aligned
fibers and thus is likely to behave like an ITI material. The white
matter mask was created using the FMRIB Automated Segmenta-
tion Tool (FAST) in the FMRIB Software Library (FSL) [39] to
segment the T1-weighted MPRAGE, which was then registered to
the MRE data. Only voxels with fractional anisotropy (FA)> 0.25
from DTI were included. A white matter atlas in standard-space
[40] was registered to the MRE data using the FMRIB Linear
Image Registration Tool (FLIRT) in FSL [41] to create a mask of
the corpus callosum body.

Results

Figure 3 depicts the identification of individual primary and
secondary wave directions at each voxel throughout the brain. We
plot the energy of the directionally filtered displacement field on a
sphere; the maxima on the surface (“hot spots”), correspond to the
dominant (primary and secondary) propagation directions. The
two spheres show clearly that the AP and LR excitations result
in different wave propagation directions at a single voxel.
Figure 3(b) shows that the primary and secondary wave directions
differ across the brain. Additionally, they are compared with the
“average” propagation which is the weighted average of directions
based on energy in each filter direction, which has been used pre-
viously to describe propagation direction [36]. Figure 3(c) com-
pares the amplitudes of the primary and secondary waves, as well
as the ratio between the two. Almost every voxel in the brain has
a primary and secondary wave of at least 20% of the total wave
amplitude: 98.8% of voxels from AP excitation and 99.2% of vox-
els from LR excitation had two waves above this threshold. Sharp
discontinuities in wave direction are notable where two waves
intersect and change their identification from primary to second-
ary, and vice versa. These regions are also reflected in the ampli-
tude measurements where the two waves are of nearly identical
amplitude.

Slow and fast waves were isolated in each of the individual pri-
mary and secondary wave directions. Figure 4 shows which vox-
els fit the criteria for anisotropic inversion based on the slow and
fast waves from single (AP or LR) and multiple (APþLR) excita-
tions. Combining both excitations results in a substantially greater
number of voxels that meet the minimum criteria compared to sin-
gle excitations (Fig. 4(c)). Overall, 68.7% of white matter voxels
meet the criteria from multiple excitations, and an even higher
73.8% meet the criteria in the corpus callosum body, while many
fewer voxels met these criteria for single excitations (29–37% in
each region for both AP and LR).

Journal of Biomechanical Engineering JULY 2020, Vol. 142 / 071005-3



Using each of the slow and fast waves for each voxel that met
the criteria, we solved the system of equations and estimated
the three anisotropic parameters, l, /, and f, in the corpus cal-
losum body. Figure 5 shows the distributions of parameter values
from each subject and all subjects pooled together. We found the
mean l¼ 3.78 kPa (95% CI: 3.67–3.90 kPa), mean /¼ 0.151
(95% CI: 0.116–0.186), and mean f¼ 0.099 (95% CI:
0.063–0.134). Figure 5(d) illustrates the relationship between /
and f in each voxel, showing a weak positive correlation between
the two (r¼ 0.38).

Discussion

In this paper, we examined the use of multi-excitation MRE to
provide sufficient displacement data to estimate anisotropic
mechanical parameters of the brain in vivo. This study builds on,
and quantitatively extends, our previous observation that sepa-
rate excitation directions in MRE give rise to different property

estimates in white matter [34], which are presumably due to dif-
ferent propagation and polarization directions from each
excitation.

By directionally filtering the MRE displacement fields in the
brain, we were able to identify multiple shear waves with different
propagation directions in most voxels. This is the first study to
demonstrate the presence of at least two (primary and secondary)
directions of wave propagation throughout the brain. In brain
MRE, shear deformations are generated from the skull [36], and
thus, the existence of many different source points likely gives
rise to the multiple waves. Shear waves are also likely to originate
from the Falx and Tentorium [36], which are stiff membranes
between the cerebral hemispheres and the cerebrum and cerebel-
lum, and perhaps even from the brainstem, which can move inde-
pendently of the brain [42].

The two different excitation methods, AP and LR, lead to
motion patterns that are distinct but share some common features.
AP-excited primary wave propagation is predominantly in the z-
direction (superior-inferior), while LR motion excites primary

Fig. 2 The approach used to determine voxelwise stiffness estimates from individual wave fields: (a) directional filters,
based on the primary and secondary directions of a specific voxel, are applied to the wave field over the entire brain,
providing two (primary and secondary) filtered fields; (b) slow and fast shear waves in those primary and secondary
directions; (c) isolated section, outlined by the white box, of the stiffness map estimated for each of the slow and fast
waves, at every voxel, and the stiffness map created by compiling results from individual inversions

071005-4 / Vol. 142, JULY 2020 Transactions of the ASME



wave propagation predominantly in the x-direction (left-right). In
both cases, there are sharp discontinuities in propagation direction
away from the skull where the primary and secondary waves cross
(and thus swap their identification). At these crossover regions,
two waves exist with similar amplitude. The two excitations result
in greater differences in secondary wave direction at the center of
the brain where the propagating waves excited by contact with the
cranium have converged and mix with waves from internal sour-
ces. These waves also dampen and lose amplitude causing the
estimation of secondary waves in the center of the brain to be

more affected by noise. In future work, these waves might be
tracked individually back to their source points to better identify
and characterize propagating waves, and potentially identify addi-
tional waves that may be useful in improving anisotropic MRE
inversion.

By using multiple excitations, more propagation directions are
generated, which increases the number of voxels that meet the
minimum criteria for anisotropic inversion.

Single excitations (AP or LR) led to a much lower percentage
of voxels that met the criteria as compared to the combination of

Fig. 3 Illustration of individual wave propagation directions: (a) primary (bN 1) and secondary (bN 2) wave propagation
directions for both AP and LR excitations within a single voxel. Note the spheres have different orientations between
the two excitations; (b) average wave direction throughout the brain along with primary and secondary wave directions
for both AP and LR excitations; (c) amplitudes of the primary and secondary waves and the ratio of the two for both AP
and LR excitations.
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multiple excitations (APþLR). Thus, using multiple excitations
likely increases the ability to determine the anisotropic properties
of white matter at the individual tract or voxel level. However,
two excitations did not provide sufficient data in every white mat-
ter voxel or across an entire white matter tract, and thus additional
excitations providing unique displacement data may be required
to completely map anisotropic tissue parameters at the voxel level
throughout the brain. To combat the commensurate increase in
scan time necessary for additional excitations, accelerated data
collection may be required, perhaps through simultaneous acquisi-
tion of MRE displacement directions [43–45].

We demonstrated that multiple wave fields may be used to esti-
mate anisotropic parameters in white matter by determining the
wave speeds of individual slow and fast waves. In the corpus cal-
losum body, we found the mean shear stiffness l of 3.78 kPa. This

estimate is slightly higher than two other recent estimates that
used a different inversion technique without considering anisot-
ropy [34,46], which may account for differences we observe in
this work. We found mean shear anisotropy / of 0.151, indicating
that the shear modulus is 15.1% higher for shear in planes parallel
to the fiber direction compared to planes normal to the fibers. We
also found mean tensile anisotropy f of 0.099, indicating that the
elastic modulus is 9.9% higher parallel to the fiber direction. The
recovered / and f values in each voxel were positively correlated
indicating that the degree of shear and tensile anisotropy increases
together, as we may expect for fibrous material like brain white
matter.

Our estimate of / is smaller than a similar report of / in por-
cine white matter between 0.27 and 0.34 as reported by
Schmidtet al. [24]. However, both / and f are more similar to

Fig. 4 Overview of displacement data sufficient for anisotropic inversion in white matter: (a) number of slow and fast
waves in each voxel for single excitations (AP or LR) and multiple excitations (AP1LR), and (b) white matter voxels with
data meeting the minimum inversion criteria from both excitations. (c) Percentage of voxels across white matter and in
the corpus callosum body, an individual white matter tract that fit the criteria for each excitation.
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equivalent parameters in the in vivo human corticospinal tract of
/¼ 0.14 and f¼ 0.06 as reported by Romanoet al. [31]. The true
in vivo parameters are potentially higher, indicating greater ani-
sotropy, based on ex vivo mechanical testing [20], and the incom-
plete contrast recovery in our preliminary estimates is likely due
to methodological factors. For instance, the resolution used in this
study is lower than used in previous studies of white matter tracts
[34,46,47], which likely impacts the accuracy and reliability of
property maps in these small regions [48,49]. Ideally, future
investigations should adopt higher resolution imaging methods to
better resolve individual white matter tracts.

Additionally, while this initial attempt to estimate anisotropic
parameters showed promising results, we also acknowledge sev-
eral limitations. First, we used a direct inversion method to pro-
cess individual wave fields. Direct inversion methods assume
local tissue homogeneity [6] and thus introduce uncertainty at tis-
sue boundaries, which is exacerbated by lower spatial resolution.
Inversion methods specifically designed to model white matter
anisotropy, such as the waveguide MRE method [31], may be
potentially combined with multi-excitation MRE to provide more
robust parameter estimates. Additionally, the nonlinear inversion
method [19,50], which explicitly models tissue as a heterogeneous
material and has been applied successfully to estimate local brain
properties [46,49], may improve accuracy of measures in specific
white matter tracts if formulated to include anisotropy. Advanced
inversion methods will also allow us to incorporate data from
multiple frequencies and model viscoelastic behavior of the aniso-
tropic white matter [28,51]. More robust methods for LR excita-
tion or additional excitations may improve feasibility and comfort
in participants. Yin et al. [52] have previously used multiple
active pneumatic drivers, in addition to multiple passive drivers

arrayed around the head, in order to excite the brain in several
directions; though the use of multiple active drivers can poten-
tially lead to prohibitive equipment costs. Finally, future studies
are needed to evaluate the consistency and reliability of parameter
estimates through phantom studies, repeated measurements in
healthy brains [46,49,53], and studies with a larger number of sub-
jects to determine sensitivity to pathology.

Conclusions

This study is the first to investigate the use of multi-excitation
MRE to estimate anisotropic parameters (l, /, and f) of an ITI
material model of white matter. We found that each excitation
results in distinct shear waves, in at least two propagation direc-
tions, and both “slow” (pure shear) and “fast” (quasi-shear) polar-
izations. Thus, by combining AP and LR excitations, shear wave
data from most voxels in white matter was sufficient for aniso-
tropic inversion. We demonstrated that by isolating individual
waves and calculating their wave speeds we could estimate the
three anisotropic parameters and recover values consistent with
previous reports in white matter. Overall, these results suggest
that multi-excitation MRE is a promising technique for providing
data for anisotropic inversion and that this approach can be used
in future work to more accurately and reliably map the mechanical
properties of brain white matter in vivo.
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