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Impact

We have developed a method to obtain high-resolution elastograms of human brain tissue without a tamper. The results indicate new contrasts compared to
DTI and identifies mechanical interfaces which may be vulnerable to injuries, such as in TBI.

Synopsis
Motivation: MRE at high spatial resolution has the potential to improve tissue elasticity estimates by reducing partial volume effects.
Goals: To develop a high throughput, high resolution intrinsic MRE acquisition and analysis pipeline.

Approach:  We use retrospective cardiac gated displacement imaging with very high gradient strength and slew rate at ultra-high field (UHF) to obtain
displacement and diffusion tensor fields at different cardiac phases to reconstruct the viscoelasticity tensor in each voxel.

Results: The white matter was overall stiffer than gray matter. The anisotropy and magnitude of the axial and shear stiffness vary significantly within
and across fiber tracts such as the corpus callosum.

Introduction

Intrinsic MR elastography (MRE) [1] based on remote palpations of the brain has the potential to detect various neurological disorders, such as
traumatic brain injury (TBI), epilepsy, etc., which have so far remained invisible using traditional scans, given the high dynamic range of mechanical
properties and the lack of external tamper to vibrate the tissue. Performing brain MRE at high spatial resolution increases the accuracy of stiffness
estimates [2] and helps localize lesions but is challenging to acquire due to poor SNR and/or longer scan time.

We use the SNR boost from UHF along with multiband and stronger/faster gradients afforded by the NexGen7T [3] scanner to achieve 1.6x1.6x1.6 mm’
anisotropic viscoelastic intrinsic MRE. The viscous component of the tensor indicates the fluidity of the material which can be a sensitive measure of tissue
water content. We estimate the viscoelasticity tensor [4] by simultaneously measuring both the diffusion tensor (DTI) [5] and displacement vector field as a
function of the cardiac phase.

Methods

MRI data was acquired in a healthy young adult on a 7T scanner (NexGen7T, Siemens Healthineers) with 200 mT/m peak gradient strength and a 900 T/m/s
slew rate using an 8-channel transmit, 64-channel receive coil. Whole-brain displacement-encoded MRI data was acquired along the six directions of the
icosahedron at b = 0, 700 s/mm? and Vep. = 0.6 mm/s using the CMRR Multi-band C2P (R017prel3) and the following parameters: FOV=208 x 208 x 122
mm, MB factor = 2, TR\TE = 4,500\60.4 ms, NEX = 60, and a 1.6 mm isotropic spatial resolution without GRAPPA to achieve high SNR. The total scan time
is approximately 30 mins. The pulse-oximeter signal and MRI triggers were simultaneously recorded for retrospective gating.

The MRI phase unrelated to motion encoding gradients such as from RF are removed by complex division of the dataset with the b = 0 s/mm? scan followed
by unwrapping and linear regression to remove errors arising from eddy currents, rigid body motion, etc. The displacement-encoded images were then
segmented into eight different bins each roughly 120 ms in duration covering the entire cardiac cycle. Multiple repetitions of the data acquired in each bin for
a given direction were utilized to reject inconsistent phase measurement in each voxel. The 3D displacement vector and the diffusion tensor fields were
concurrently estimated from the phase and magnitude signals, respectively, using linear regression. The displacement vector field is Fourier transformed in
time to estimate its amplitude at the cardiac frequency (i.e., ~1 Hz) which was subjected to a Helmholtz decomposition [6] with a positive definiteness
constraint to estimate the voxel wise viscoelastic transverse isotropic tensor [4].

The orientation-averaged shear modulus and shear viscosity [7], and elastic and viscous components of mechanical anisotropy [4] corresponding to the real

and imaginary parts of the viscoelastic tensor, respectively, are displayed as maps. The orientation dependent 4™_order axial and shear stiffness tensors along
with their viscous components are derived from the estimated viscoelastic tensor and projected onto a sphere which are displayed as glyphs.

Results and Discussion

The diffusion tensor and displacement vector field-derived maps from an axial slice are shown in Figure 1. The variations in DTI-derived quantities across

cardiac phases were minimal given the small strains and high spatial resolution. The displacement mapsshow the characteristic “push-pull” and “thump” of
the thalamus as shown in the left-right and feet-head components respectively [8, 9, 10]. The direction encoded color (DEC) maps at each cardiac phase were
amplified 40x using the measured displacement field and shown as an animation in Figure 2. The piston like motion of the spinal cord is clearly visible with
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the parenchyma, the shear modulus showed significant heterogeneity. The shear viscosity maps showed higher values in the occipital lobe. The mechanical
anisotropy was accentuated compared to diffusion anisotropy with the viscous component different from the elastic component. The diffusion orientation
distribution function (DT-ODF) was compared with axial and shear stiffness tensors in the corpus callosum ROI in Figure 4. While DT-ODF is uniform, the

axial and shear stiffness varied significantly. The posterior portion of the corpus callosum ROI where it is straight exhibited high tensile anisotropy and low
shear anisotropy compared to the anterior portion where it is curved.

Conclusion

We have demonstrated a method to obtain high-resolution in-vivo elastograms of the human brain without a tamper. The results showed brain deformation
with fine detail and revealed new contrast not observed previously.
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Figure 1: Diffusion tensor and displacement vector fields at different phases of the cardiac cycle for an axial slice from a volunteer.
The DTI-derived maps include $S_08, mean diffusivity (MD), and direction-encoded color (DEC) along with the color sphere legend.
The three components of the displacement vector field in the patient coordinate system (A - Anterior, P - Posterior, H - Head, F - Feet,

R - Right, L - Left) is overlaid with a map of fractional anisotropy (FA) for anatomical context.
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@ Animated Figure 2

This figure contains animation/video content. To view the animation, visit the online version of this abstract.

Figure 2: Direction encoded color (DEC) map from DTI amplified 40x using the measured 3D displacement field shown as an animation
across cardiac phases to accentuate the subtle brain pulsations on all three orthogonal planes. The stretching and shearing of various
white matter tracts are clearly visible.
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Figure 3: Diffusion and viscoelastic tensor maps along orthogonal slices from a volunteer. These include the mean diffusivity,
diffusion anisotropy (FA), elastic/viscous anisotropy, shear modulus and shear viscosity. The anatomical axes (4 - Anterior, P -
Posterior, H - Head, F - Foot, R - Right, L - Left) are indicated in the figure. White matter is stiffer than gray matter with differences
noted among various white matter regions. The shear modulus was heterogeneous with gray-white matter contrast.
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Figure 4: Diffusion and viscoelastic tensor glyphs in corpus callosum in an axial slice from a volunteer overlaid on a fractional
anisotropy (FA) map. The glyphs include the diffusion tensor orientational distribution function (DT-ODF), the axial and shear
stiffness and viscosity tensors derived from the 4th order elasticity tensor. The anisotropy of the storage and loss moduli is
markedly different in the ROIL. Despite homogeneous DT-ODF’s, mechanical property glyphs are very heterogeneous.
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