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Synopsis 
Keywords: Elastography, Neurofluids 

Motivation: Conventional in vivo brain MRE is challenging, requiring an external tamper, which can be expensive, difficult to operate, and inefficient given the 
mechanical shielding of the skull. 

Goal(s): To develop a robust method to simultaneously measure both the shear modulus, and the diffusion tensor fields throughout the brain using pulsations from the 
heart. 

Approach: We simultaneously measure both the displacement and diffusion tensor fields by cardiac gated displacement-encoded acquisitions. 

Results: The DT parameters vary significantly throughout the cardiac cycle. The shear modulus maps show white matter is stiffer than gray matter. 
Differences in stiffness across various white matter tracts were also observed. 

Impact: This study could facilitate the use of intrinsic brain tissue motion induced by cardiac pulsations to diagnose subtle neurological diseases. 

Introduction 
MR elastography (MRE)  and diffusion tensor imaging (DTI)  have transformed radiology, however their potential in the brain is not yet fully realized. A 
primary challenge in brain MRE is the attenuation of externally induced mechanical waves by the skull. An external tamper can also be costly, difficult to 
operate, and may not be suitable for all patient cohorts. Subtle changes in DT parameters that occur in disease are often confounded by intrinsic brain pulsations , and a 
straightforward comparison of diffusion and mechanical properties is challenging due to inter-scan subject motion. 

[3]

[2][1]

The goal of this work is to simultaneously perform DTI and MRE by using the deformations caused by the internal pressure pulse wave from the heart entering the 
cranium instead of via an external tamper. While intrinsic MRE has been attempted in several previous studies , they involve computationally intensive finite element 
method (FEM) reconstructions and/or use stimulated echo displacement encoding (DENSE), which can be difficult to implement. Moreover, they do not provide 
concomitant diffusion tensor maps. In this study, we use spin echo phase contrast MRI with sub- voxel displacement sensitivity to measure subtle brain tissue 
motion within a heartbeat. We then use this data to simultaneously map both the diffusion tensor associated with the brain motions as a function of the cardiac phase, 
and the shear modulus map with fast direct inversion of the equations of motion. 

[4, 5]

Methods 
MRI data was acquired in three healthy young adults on a 3T scanner (Prisma, Siemens Healthineers) with 80 mT/m peak gradient strength and a 200 T/m/s 
slew rate using 20-channel coil. Whole-brain displacement encoded MRI data was acquired along the six directions of the icosahedron at b = 350 
s/mm2 and venc = 0.4 mm/s along with a b = 0 s/mm2 scan using the following parameters: δ\Δ = 7\48 ms, FOV=210 x 210 x 120 mm, GRAPPA factor = 2, 
TR\TE = 5,600\71 ms, NEX = 144, and a 2 mm isotropic spatial resolution. Narrow gradient pulses with long diffusion time were chosen to increase flow 
sensitivity while maintaining adequate diffusion sensitivity . The pulse-oximeter signal and MRI triggers were simultaneously recorded using a Biopac System 
(Biopac, Goleta, CA, USA) for retrospective gating. 

[6]

Linear phase errors arising from eddy currents, rigid body motion, etc., were removed using linear regression. The ΔB0-induced geometric distortion is corrected using 
FSL’s topup software . The displacement-encoded images were then segmented into ten different bins each 100 ms long 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  with a positivity constraint to estimate the voxel wise isotropic shear modulus. [8]

[7]

Results and Discussion 
The real part of the displacement vector oscillating at the cardiac frequency is shown in Figure 1. The funnel shaped motion of the brain along its superior-inferior axis, 
well documented in the literature , is captured in these plots. The kinematic components of the filtered displacement field which reflect tissue mechanical 
properties, are shown in Figure 2. We observe that the divergence and curl are both non-zero and heterogeneous in the brain parenchyma. The diffusion tensor 
maps are shown in Figure 3 throughout the cardiac cycle. Changes in mean diffusivity (MD) and fractional anisotropy (FA) were observed in ventricles from increased CSF 
flow during systole, and in the brain parenchyma likely due to intravoxel phase dispersion resulting from local deformations . The estimated shear modulus in 
the brain is shown in Figure 4 along with MD and FA maps for comparison. The shear modulus is heterogeneous with white matter being stiffer than gray matter as 
shown in high-frequency MRE studies . Differences in stiffness among various white matter pathways were also visible. The brain appears ultrasoft at the 
cardiac frequency given the very long waves (~15-20 cm) observed. 

[13]

[11, 12]

[9, 10]

Conclusion 
We have demonstrated a method to map the shear modulus and diffusion tensor fields simultaneously in live human brain without an external tamper using spin echo 
displacement encoding. The results show the white matter stiffer than gray matter and cardiac gating may be necessary in DTI acquisitions when aiming to measure very 
subtle changes in diffusion properties that may occur in disease. 
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Figures 

 
Figure 1: 3D vector plots showing the real part of the frequency-filtered intrinsic displacement field in three orthogonal planes in the brain oscillating at the cardiac 
frequency. The length of each vector is scaled by its magnitude and colored accordingly. The magnitude MRI images were used as underlay for anatomical 
reference. Vectors pointing into the page especially in the anterior and posterior portions of the brain regions are not clearly visible. The funnel like motion of the brain is 
accurately captured throughout the imaging volume. 
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Figure 2: The magnitude of the kinematic components of the filtered displacement vector field (i.e., divergence and curl) in the brain which determine its mechanical properties 
are shown for the three orthogonal planes. In patient coordinates, the read direction is right-left, phase direction is anterior- posterior, and slice is foot-head 
respectively. The CSF filled regions are masked out based on their mean diffusivity values for scaling purposes. It can be observed that both the divergence and 
curl components are heterogeneous throughout the brain albeit smaller in magnitude. 

 

 
Figure 3: DTI derived maps at various segments throughout the cardiac cycle. The maps include the T2 weighted image (S0), direction encoded color (DEC) map 
along with the color sphere, and mean diffusivity (MD). Several changes can be observed in these maps across the various segments. For example, 
changes are observed in the isotropic CSF filled ventricles as shown by the yellow arrows in DEC maps aligning with the CSF flows. Subtle changes in MD are 
also observed where an elevated value is observed in the corpus callosum at the middle of the cardiac cycle as shown by the green arrows. 
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Figure 4: Diffusion and mechanical property maps for three orthogonal slices in the brain. The MD and FA maps in the middle of the cardiac cycle are compared with the 
shear modulus map. It can be observed that while MD is uniform in the brain parenchyma, the shear modulus is heterogeneous with white matter stiffer than gray matter. 
Differences in stiffness among various white matter tracts are also visible, the splenium of corpus callosum appears slightly stiffer than the genu and body, and the 
corona radiata appears much stiffer than the corpus callosum. 
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