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Abstract 

Magnetic resonance elastography (MRE) is a non-invasive method for determining the 

mechanical response of tissues using applied harmonic deformation and motion-sensitive MRI. MRE 

studies of the human brain are typically performed at conventional field strengths, with a few attempts at 

the ultra-high field strength, 7T, reporting increased spatial resolution with partial brain coverage. 

Achieving high-resolution human brain scans using 7T MRE presents unique challenges of decreased 

octahedral shear strain-based signal-to-noise ratio (OSS-SNR) and lower shear wave motion sensitivity. 

In this study, we establish high resolution MRE at 7T with a custom 2D multi-slice single-shot spin-echo 

EPI sequence, using the Gadgetron advanced image reconstruction framework, applying Marchenko-

Pastur Principal Component Analysis denoising, and using Nonlinear Viscoelastic Inversion. These 

techniques allowed us to calculate the viscoelastic properties of the whole human brain at 1.1 mm 

isotropic imaging resolution with high OSS-SNR and repeatability. Using phantom models and 7T MRE 

data of eighteen healthy volunteers, we demonstrate the robustness and accuracy of our method at high-

resolution while quantifying the feasible tradeoff between resolution, OSS-SNR, and scan time. Using 

these post-processing techniques, we significantly increased OSS-SNR at 1.1 mm resolution with whole-

brain coverage by approximately 4-fold and generated elastograms with high anatomical detail. 

Performing high-resolution MRE at 7T on the human brain can provide information on different 

substructures within brain tissue based on their mechanical properties, which can then be used to diagnose 

pathologies (e.g., Alzheimer’s disease), indicate disease progression, or better investigate 

neurodegeneration effects or other relevant brain disorders, in vivo.

Keywords: Magnetic Resonance Elastography, Magnetic Resonance Imaging, Ultra-High Field MRI, 

Human Brain, Mechanical Properties, Signal Processing
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Introduction
Historically, pathologies such as tumors or lesions have been identified by physicians by 

manually palpating soft tissue to compare the mechanical properties of healthy tissue to potentially 

malignant tissues. However, this technique is not practical for certain internal organs such as the brain, 

where direct manual examination is not feasible. Therefore, it was necessary to develop a method for non-

invasive tissue stiffness estimation and quantification, such as Magnetic Resonance Elastography (MRE) 

[1]. MRE utilizes mechanical tissue deformation and employs magnetic resonance imaging (MRI) as a 

method to detect and quantify the motion within the tissue [2]. This process involves applying force to the 

tissue, with various methods available for this purpose. The most common approach in MRE is to induce 

controlled harmonic vibration, which allows for the measurement of tissue response to mechanical 

harmonic deformation [3]. Viscoelastic models are used to extract structural information from MRE 

measurements by establishing a mathematical relationship between viscoelastic parameters of tissue and 

its mechanical response to the applied harmonic vibration. Performing MRE on the human brain can 

provide information on different structures within brain tissue based on their mechanical properties, such 

as cell density, myelination, inflammation, and vascular density [4], [5], [6], [7], [8], [9], [10], [11], [12], 

[13], [14], [15], [16], [17], [18], [19], [20]. These mechanical parameters can then be used as biomarkers 

to diagnose pathologies such as multiple sclerosis, Alzheimer’s disease, and Parkinson’s disease, or 

indicate disease progression [10], [21], [22], [23], [24], [25], [26], [27], [28], [29]. One potential and 

impactful avenue for improvement of MRE in brain tissue is image resolution, which typically ranges 

between 1.25-3.00 mm2 in-plane resolution [4], [6], [7], [8], [10], [15], [16], [18], [21], [22], [23], [24], 

[25], [26], [27], [28], [29], [30], [31], [32], [33], [34], [35], [36], [37], [38]. Enhancing this aspect of MRE 

acquisition could improve the specificity in determining the underlying microstructural changes that result 

in alterations of viscoelastic parameters. While there are multiple methods of potentially tackling this 

matter, moving from conventional field strengths (1.5T or 3T) to the ultra-high field strength, 7T, is a 

promising option as human 7T scanners have an increasing availability in the clinical environment.

Compared to 3T scans, 7T MRI offers a higher signal-to-noise (SNR), resulting in enhanced spatial 

resolution [39]. High resolution MRE will be imperative for clinical applicability to diseases and disorders 

of the human brain that affect small regions, such as the subfields of the hippocampus. Additionally, in 

tissues apart from the brain where higher frequency actuation can be used, this higher resolution that can 

only be achieved at 7T must be used to capture enough points along the shear wavelength for a stable 

inversion  [40], [41], [42]. While SNR theoretically scales with field strength, 7T MRE suffers from Bo and 

B1 inhomogeneities that need to be addressed with advanced shimming techniques. Additionally, at higher 

magnetic field strengths spin-spin relaxation effects occur faster resulting in a decreased apparent T2 (T2*) 

value for tissue, and therefore requiring a shorter echo time (TE) to better match the T2* and reduce signal 
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dropout. This presents a unique challenge in MRE, as the required TE is longer than most other MRI 

sequences to accommodate the additional motion encoding gradient (MEG), leading to SNR and magnitude 

degradation in MRE more than other 7T sequences. Due to these challenges and the current novelty of 7T 

human MRI scanners, there have only been a handful of studies investigating 7T MRE. The first published 

study performing 7T MRE of the human brain was a single-subject feasibility study comparing MRE at 

1.5T to MRE at the same resolution at 7T for partial brain coverage [34]. While this study proved the 

feasibility of MRE at 7T, it did not consider potential differences in SNR or increased resolution at 7T. This 

was attributed to more pronounced susceptibility artifacts and greater T2* spatial variation and signal decay. 

The following 7T MRE studies investigating the human brain were also partial-brain acquisition only, and 

although high-resolution was implemented, these studies still suffered from the same drawbacks, e.g., signal 

dropout, and distortions [43]. Additionally, the reported values of shear stiffness at 7T were much lower 

than that of other literature values, at a gray matter average of 0.98 kPa [43] as compared to 2.01, 2.41, or 

3.77 kPa at 3T or 1.5T [44] in studies with comparable methods apart from resolution and field strength. 

This difference in shear stiffness between resolutions/field strengths was also noted, and this difference was 

determined to be statistically significant, in the subsequent studies. These studies investigated a larger 

cohort at 1.5T, 3T, and 7T, although these studies did not collected data at matched imaging resolutions 

and relied on down-sampling in an effort to distinguish between the effect of resolution and the effect of 

field strength on shear stiffness [45], [46]. While motion corrections were successful at 7T, distortion and 

field inhomogeneity corrections were challenging, despite their implementation at 3T [47]. Subsequent 

investigations have also found potential differences in estimated quantitative values between 1.5T, 3T, and 

7T MRE, although these studies did not control for resolution or include phantom validation, and used a 

direct inversion method which has limited accuracy at higher resolutions [45], [46].

Despite these challenges, 7T MRE has shown promise in more recent pilot studies as a method of 

obtaining high-resolution quantitative viscoelastic parameters of the human brain [34], [43], [46], [48], 

[49], [50], [51]. At conventional field strengths, MRE has been shown to be sensitive to changes in whole 

brain viscoelasticity due to healthy brain development and aging, as well as changes due to 

neurodegeneration [10], [23], [24]. By exploiting the high spatial resolution possible at 7T, we can 

potentially increase this sensitivity to show more subtle changes in viscoelasticity and pinpoint changes in 

smaller brain sub-structures by reducing partial volume effects. However, aiming for higher imaging 

resolution of the human brain at 7T, MRE presents unique challenges of decreased octahedral shear strain-

based SNR (OSS-SNR) and lower shear wave motion sensitivity. Despite this, while encoding efficiency 

primarily depends on effective dephasing caused by MEG amplitude and duration, higher SNR at 7T leads 

to a more correct estimation of the phase difference. Additionally, it has been shown at 3T that quantitative 

values of MRE, i.e., the shear stiffness, are sensitive to changes in OSS-SNR [52], so 7T MRE can present 
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a challenge of not only quality, but accuracy. While applying commonly-used filtering techniques (e.g., 

Gaussian, Median, Wavelet Thresholding, Reduced Energy Ratio, directional filtering) [48], [53], [54], 

[55], [56], [57], [58] to MRE imaging data can increase SNR and OSS-SNR (to combat low SNR in high-

resolution scans), this can also blur fine physiological features, decrease the effective resolution [59], 

resulting in artificially increased stiffness estimates [52].

Another complication at 7T, particularly at high-resolution, is image reconstruction error related to 

phase wrapping when using scanner-reconstructed images. While advanced reconstruction options are 

available on some MRI scanners, they are typically not optimized for reconstructing phase images. 

Millimeter or sub-millimeter echo-planar imaging (EPI) using conventional reconstruction algorithms 

introduces irregularities and wrapping effects in the phase images that can bias the MRE inversion 

reconstruction [49], [50], [60]. To provide repeatable viscoelastic properties of brain tissue at high-

resolution, the acquired 7T MRE images must have sufficient amplitude of the motion encoded, be 

reconstructed from the Fourier k-space in a manner to remove phase irregularities, and denoised without 

over-smoothening and losing anatomical structure. In this study, we will establish high resolution of whole 

brain coverage MRE at 7T with a target of 1 mm isotropic resolution, in addition to demonstrating the 

advanced post-processing techniques of Marchenko-Pastur Principal Component Analysis (MP-PCA) 

denoising [59], Gadgetron image reconstruction framework [61], and Nonlinear Viscoelastic Inversion [42] 

to calculate the viscoelastic properties of the human brain while considering the tradeoff between resolution, 

OSS-SNR, and scan time.
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Figure 1. Methodological Overview of 7T MRE. A custom 7T MRE pneumatic actuator and sequence are 

used to produce and capture the motion of the human brain, encoded in the phase. A post-processing 

procedure to remove phase wrapping error, spatially varying noise, and subject motion was used prior to 

nonlinear inversion to calculate the shear stiffness and damping ratio of the human brain.

Materials and Methods

7T MRE Sequence Parameter Optimization
 A previous MRI study revealed that the enhancement of SNR due to magnetic field strength varies 

depending on the position within the head. SNR increases approximately linearly for voxels located near 

the surface of the head. However, for voxels deep within the brain, the increase is more than linear. 

Specifically, for voxels near the center of the head, the SNR increases roughly with a power factor B0
x, 

where x is approximately 2.1; whereas near the surface, x is only approximately 1.2 [62]. This 

inhomogeneity affects average image SNR, but can be addressed using decreased voxel volumes, 

shimming, and collecting reference volumes in opposite phase encoding directions so the distortions are in 

opposite directions and can be filtered out [63]. B1 inhomogeneity also increases with field strength [39], 

as the B1 operating wavelength gets closer to the dimension of the tissue of interest (in this case the human 
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head) as B0 increases [64]. This results in decreased B1 efficiency at the periphery of the tissue compared 

to the center, with peripheral B1 being 42% lower than central B1 [64]. This leads to changes in contrast and 

signal drop-out across the image, and conventional pulse sequences are particularly susceptible to this B1 

inhomogeneity. 

As mentioned previously, in addition to increased Bo and B1 inhomogeneities, at higher magnetic 

field strengths, relaxation effects occur faster, resulting in a decreased apparent T2 (T2*) value [64]. For 

example, for the gray matter in the brain, while T2 at 3T is 80 ms, at 7T, T2 is only 42 ms [65]. This results 

in a unique problem not addressed at conventional field strengths, and that is making the TE of a sequence 

close enough to the T2 or T2* value to preserve SNR and signal amplitude. Long TEs make a sequence 

more sensitive to signal relaxation, therefore, a longer TE compared to the relaxation constant results in 

lower SNR [66]. However, in MRE, the length of the required TE is longer than most other MRI sequences 

in order to accommodate the MEG, leading to SNR and amplitude degradation in MRE more than other 7T 

sequences. An EPI pulse sequence is useful for such an application because it can acquire a necessary 

volume of data with short acquisition times.

The modified 2D multi-slice single-shot spin-echo EPI sequence (Figure 2) was designed to acquire 

MRE data using phase shifted bipolar or trapezoidal flow-compensated 3D motion-encoding gradients 

(MEGs) synchronized with the acoustic actuator by TTL triggering. Data was acquired in an interleaved 

fashion to reduce distortion artifacts. Additionally, we used acceleration techniques such as GRAPPA 

(GeneRalized Autocalibrating Partial Parallel Acquisition) and partial Fourier to reduce TE to the minimal 

value required for accommodating MEGs [67]. We also investigated the difference between bipolar and 

flow-compensated MEGs. The switch to flow-compensated MEGs from bipolar resulted in more symmetric 

encoding of wave propagation by removing artifacts that resulted from physiological motion and avoiding 

flow-related dephasing cause by cerebral blood from, and therefore improved complex shear modulus 

estimates.
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Figure 2. Custom 7T MR Elastography sequence diagram with bipolar MEGs applied consecutively on 

frequency, phase and slice encoding directions.

Data Acquisition, Post-Processing, Inversion, and SNR Calculation
The ultra-high field data were acquired on 7T whole-body MRI scanner (Magnetom 7T, Siemens 

Healthineers, Germany) equipped with a 70 mT/m gradient coil and a 32-channel head coil (Nova Medical, 

Wakefield, MA). After each scanning session, both the raw data and DICOM image series for the MRE 

scans were collected. Using the raw data, we perform post-hoc offline reconstruction of magnitude and 

phase images using an open-source Gadgetron image reconstruction framework [61] to remove artifacts 

caused by scanner reconstruction error, such as inaccurate value assignment in pixels along phase wrapping 

lines. Gadgetron implements advanced reconstruction techniques that are not typically used in scanners due 

to long computation time. Specifically in this study, we are using advanced coil combination based on a 

non-linear optimization scheme [68], [69]. To remove spatially varying noise in our MRE acquisition 

without comprising the anatomical accuracy and spatial resolution, we utilize an MP-PCA denoising 

algorithm [59]. In this technique, originally applied for denoising diffusion-weighted images, we are 

exploiting the intrinsic redundancies in MRE acquisition to identify and remove noise-only principal 

components [59]. Specifically, we can exploit the redundancies across the MRE acquisition (N=48; 2 

encoding directions, 3 orthogonal MEG directions, 8 phase offsets) and the universal properties of the 

eigenspectrum of random covariance matrices to identify and remove noise-only principal components. We 

can therefore identify and remove the pure noise eigenvalues by estimating noise level and number of 

significant signal components based on an MP distribution, resulting in our denoised matrix. Thereby, one 

increases precision and SNR without compromising physiological accuracy and spatial resolution. We 

employed the MP-PCA denoising algorithm to complex signal in a 5×5×5 sliding block. 
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The difference was then taken between two phase images acquired with reversed MEGs and 

unwrapped using SEGUE unwrapping [70]. Using the denoised Gadgetron reconstructed magnitude images 

for each image series, we used FSL’s EDDY framework [71] to perform motion correction on these 

magnitude images, as well as use EDDY QC to generate a subject motion report for each acquisition for 

each subject. While EDDY does not have the capability to perform motion corrections on phase data, we 

were able to use the subject motion report to correct changes in phase that results from significant subject 

motions (above 2 standard deviations of average subject motion). While interleaved acquisition is useful in 

EPI sequences for reducing distortion, subject motion may cause a ‘z-striping’ effect where reference phase 

is only altered due to small subject motion in every other slice. After removing large outliers based on the 

EDDY QC motion report, we employed a simple low-pass 4th-order Butterworth filter to remove the high-

frequency striping effect that occurs due to small, irregular subject motions. In extreme striping cases, we 

also used the motion report to estimate the approximate phase in these slices as if the subject had not moved. 

Finally, Nonlinear Viscoelastic Inversion was used to calculate the commonly reported metrics, shear 

stiffness (μ, equation 1) and damping ratio (ξ, equation 2) from the denoised and motion-corrected 

unwrapped displacement data, where G’ is the storage modulus, G” is the loss modulus, and 

G*=G’+iG”[42]. 

𝜇= 2|𝐺
∗|2

(𝐺′ |𝐺∗|) [1]

𝜉= 𝐺"
2𝐺′ [2]

We also calculated OSS-SNR for each image series. To do this, we used the displacement as 

calculated during pre- processing (SEGUE unwrapped phase difference multiplied by the MENC value) 

before using Fourier decomposition to extract the different harmonic displacements. We then calculated 

OSS [72] of only the main harmonic component and the OSS of the sum of the other harmonic components. 

The ratio of the main harmonic component OSS to the OSS of the other harmonics is used as the OSS-SNR 

of the scan and data processing method. Whole brain, white matter, and gray matter binary masks were 

generated using SPM12 [73] using an MP2RAGE T1-weighted whole-brain acquisition (0.7 mm isotropic 

resolution, TE/TR = 3.62/6000 ms) for each subject, and the resulting masks and T1 structural images were 

then co-registered with the motion-corrected magnitude images captured during MRE acquisition. The 

masks were used to segment elastograms and OSS-SNR maps to calculate whole brain, gray matter, and 

white matter averages. 
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Phantom Validation Scans
To validate the developed MRE sequence at the resolutions of interest with high SNR and OSS-

SNR, we performed experiments on a custom elasticity MRE phantom (CIRS 049, CIRS, USA) with the 

manufacturer’s specifications of a background Young’s modulus of 5.0±1.0 kPa and spherical inclusions 

of 3.00±1.00 kPa, 8.00±1.00 kPa, 12.00±2.00 kPa, and 20.00±2.00 kPa Young’s Modulus (Fig 3(a), 

background shear stiffness of 1.70±0.30 kPa and spherical inclusions of 1.00±0.30 kPa, 2.70±0.30 kPa, 

4.00±0.70 kPa, and 6.70±0.70 kPa Shear Modulus). MRE acquisition was performed at 7T using our custom 

multi-slice 2D-EPI pulse sequence with 3D MEGs [74], a vibration frequency of 50 Hz and 8 phase offsets 

at 2.5 mm, 1.7 mm, and 1.1 mm isotropic imaging resolutions. The authors would like to note that when 

referring to ‘resolution’ in this work, we are referring to imaging resolution and not resolution of 

elastographic detail, of which the numerical value is difficult to exactly determine and is dependent on 

inversion technique [75]. 

To obtain a similar vibration amplitude and OSS-SNR, low amplitudes of vibration were used by 

adjusting the input voltage to one of two relatively low levels. To obtain a comparable image SNR to that 

of human scans, a lower excitation flip angle of 35o was used. External vibration was applied to the surface 

of the phantom using a custom pneumatic actuator described in Triolo, et al. [49], [50], [51], [76]. 

Elastograms and OSS-SNR maps of the phantom’s cross section were obtained using the post-processing 

methods described previously. The average of each elastogram and OSS-SNR map of five homogeneous 

slices per scan (2.5 mm, 1.7 mm, and 1.1 mm) were compared. An ROI around the 1.00 kPa and 2.70 kPa 

shear stiffness spherical inclusions were also drawn to compare accuracy of small structures at each 

resolution.

Human Scans
This study and protocol was approved by the local Institutional Review Board, and written 

informed consent was obtained from all participants prior to the investigation. Full brain coverage MRE at 

2.5 mm, 1.7 mm, and 1.1 mm isotropic resolution was performed on eighteen healthy volunteers (Average 

age 27.5 ± 3.6 years old, 9F, 9M) at 7T using previously described MRE pulse sequence, a vibration 

frequency of 50 Hz and 8 phase offsets with the sequence parameters listed in Table 1. One of these subjects 

was scanned at each of the three full-brain coverage resolutions three times over the course of one week in 

order to test repeatability (twice in one day and once on a different day).  Informed consent was obtained 

from all participants for being included in the study. Full brain coverage MRE was also performed on 

sixteen of the same subjects on a 3T Siemens Skyra scanner with a 16-channel head coil (Siemens 

Healthineers) at 2.5 mm isotropic resolution using an echo planar spin echo 2D pulse sequence with 

vibration frequency 50 Hz, TE = 70 ms, TR = 5600 ms, GRAPPA = 3. Three of the subjects in this cohort 
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also underwent a 0.8 mm isotropic resolution partial-brain MRE scan on the 7T scanner at a vibration 

frequency of 50 Hz and 8 phase offsets to demonstrate the feasibility of sub-millimeter 7T MRE.

Table 1. Sequence Parameters for Whole Brain Coverage Human MRE Scans at 7T

Resolution TE TR GRAPPA Partial Fourier # of Slices Scan Duration (mm:ss)
2.5 mm 65 ms 4800 ms 2 N/A 40 04:05
1.7 mm 65 ms 7200 ms 2 N/A 60 06:07
1.1 mm 65 ms 14000 ms 3 7/8 100 12:22
0.8 mm 70 ms 5120 ms 3 7/8 32 04:31

Vibration was applied to the head via the custom pneumatic actuator, using the final 3D printed 

thermoplastic polyurethane (TPU, a flexible 3D printing filament material) end-effector shaped to rest in 

the base of the head coil, the construction and validation of which is described in Triolo, et al. [76] 

Elastograms and OSS-SNR maps of each of the scans were obtained using the processing methods 

described above, but scanner reconstructed images were processed from the 3T data instead of the raw data 

files. Repeated measures ANOVA with Bonferroni correction and multiple comparisons was performed 

between each group of resolutions and field strengths to determine statistical significance while accounting 

for inter-subject variation. To investigate the similarity between the 3T and 7T datasets at matched 

resolution, we also calculated the average Structural Similarity Index (SSIM), a method for measuring the 

similarity between two images, as defined by:

SSIM(𝑥,𝑦) =
(2𝜇𝑥𝜇𝑦 𝑐1)(2𝜎𝑥𝑦 𝑐2)
(𝜇2𝑥 𝜇2𝑦 𝑐1)(𝜎2𝑥 𝜎2𝑦 𝑐2) [3]

where μx is the voxel-by-voxel mean of x (i.e., MRE 3T elastograms), μy is the voxel-by-voxel mean of y 

(i.e., MRE 7T elastograms), σx
2 is the spatial variance of x, σy

2 is the spatial variance of y, σxy is the spatial 

covariance of x and y, and the c’s are stabilization variables. MATLAB was used to perform this analysis, 

so the structural similarity for each pixel is based on its relationship to other pixels in an 11-by-11 window. 

This metric has been historically used to compare between reconstruction and undersampling methods in 

MRE studies to ensure that those acceleration methods do not degrade image quality or introduce significant 

artifacts [77], [78]. Therefore, SSIM was determined as an appropriate metric for determining the structural 

similarities between our imaging metric maps of matched resolution. However, the different acquisition 

resolutions have not been compared with SSIM analysis. In order to reduce any bias by up-sampling and 

interpolating low resolution data or down-sampling high resolution data, we only used SSIM to compare 

between the images of matched resolution.

Using the MP2RAGE T1-weighted images acquired for each subject, Freesurfer 7.0 segmentation was 

performed, and masks for each region of interest (whole brain left hemisphere, whole brain right 
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hemisphere, caudate, corpus callosum, hippocampus, putamen, and thalamus) were generated based on 

each individual’s parcellation. The T1 structural image and resulting masks were co-registered and resliced 

to the MRE magnitude space for each resolution and field strength using SPM12 [73]. Regional average 

stiffness and damping ratio, percent difference in stiffness and damping ratio between gray matter and white 

matter, percent difference in stiffness and damping ratio between left hemisphere and right hemisphere, and 

stiffness contrasts [41] (between small regions and gray matter, small regions and white matter, and between 

the caudate and putamen) were calculated for each individual. Paired t-tests were used to compare between 

left and right hemispheres and Cohen’s-d was calculated to determine effect size (reported in 

Supplementary Materials). Prior to all ANOVA and t-tests performed, a Shapiro Wilk test was performed 

to ensure that the data are normally distributed, and correction has been applied if necessary for the t-tests. 

No normality corrections were performed for between-group analyses performed with ANOVAs, however, 

as it is considered a robust test against the normality assumption.

Results

Phantom Validation Scans
In phantom validation scans with lowered SNR and OSS-SNR values, similar to the human scans, 

the estimated shear modulus values were within the specification range given by the phantom’s data sheet 

(1.70±0.30 kPa). There was also no significant difference in shear modulus found between any of the 

resolution groups (p>0.50). This would indicate that in a homogeneous, linearly elastic material, changing 

resolution does not inherently change the calculated shear stiffness of the material being imaged. 

Furthermore, moving from 2.5 mm resolution to 1.1 mm resolution results in shear modulus estimates of 

the spherical inclusions that match the manufacturer specifications of the custom MRE phantom.

At 2.5 mm resolution, the inclusion in the specification range 1.00±0.30 kPa Shear modulus is 

within the specified range at 0.85±0.17 kPa, but the inclusion of specification range 2.70±0.30 kPa is not 

in the correct range at only 1.74±0.24 kPa. At 1.1 mm resolution, the lower stiffness inclusion was 

calculated to have shear stiffness in the correct ranges at 0.82±0.12 kPa, and the stiffer inclusion was closer 

to the lower end of the manufacturer specified range at 2.12±0.07 kPa (Fig 3(b)). Despite not being exactly 

within the manufacturer’s specifications, the estimate aligns with the trend of the material properties of the 

phantom being on the softer side of what was specified. This alteration in measured shear stiffness in the 

stiffer spherical inclusion, as well as the lowered standard deviation at higher resolution, implies that 

increasing resolution results in more accurate shear stiffness calculations for smaller features, such as these 

inclusions. Additionally, this apparent softer stiffness measurement than expected based on specifications 

is similarly observed in Herthum, et al., in which softer inclusions were more accurately estimated than 

stiffer ones, as was expected based on the finite-differences schemes used by inversion methods [79].
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Figure 3. (a) Schematic and T2-weighted image slice of custom CIRS phantom with a background shear 

of 1.7 kPa and multiple spherical inclusions (listed as both Young’s Modulus values and shear modulus), 

(b) normalized displacement in a homogeneous slice of the custom phantom shown at 1.1 mm resolution 

in all three orthogonal directions, and (c) 1.1 mm and 2.5 mm resolution elastograms in the custom 

phantom in slices with the 2.70±0.30 kPa shear modulus (measured as 2.12±0.07 kPa shear stiffness in 

1.1 mm resolution scan and 1.74±0.24 kPa in 2.5 mm resolution scan) and 1.00±0.30 kPa shear stiffness 

(measured as 0.82±0.12 kPa shear stiffness in 1.1 mm resolution scan and 0.85±0.17 kPa in 2.5 mm 

resolution scan) spherical inclusions

Human Scans
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We successfully performed MRE at 7T on all subjects at all resolutions and reconstructed the data 

using nonlinear inversion (Figure 4). By applying Gadgetron reconstruction and MP-PCA denoising to the 

7T data, we observed a statistically significant increase in OSS-SNR in the 2.5 mm, 1.7 mm, and 1.1 mm 

datasets, respectively, when compared to standard scanner reconstructed images (p < 0.05). All whole brain, 

white matter, and gray matter average values at each resolution can be found in Table 2, with the final OSS-

SNR achieved at each resolution as 60.3±26.3, 44.8±19.1, and 16.3±5.1 at 2.5 mm, 1.7 mm, and 1.1 mm 

isotropic resolutions respectively, and 60.7±17.5 at 2.5 mm isotropic resolution at 3T. Consistent with the 

prior literature, average shear stiffness is significantly greater in white matter than gray matter at all 

resolutions (p<0.001, Table 2), with the average values at 1.1 mm isotropic resolution as 2.85±0.19 kPa for 

white matter and 2.70±0.19 kPa for gray matter. 

We have also included a comparison of shear stiffness and damping ratio in the left and right 

hemispheres to access the possible asymmetry in MRE measures. This showed that when averaged over all 

subjects there is only a 0.4%, 0.5%, and 1.8% difference between the right and left hemispheres at 1.1 mm, 

1.7 mm, and 2.5 mm isotropic resolution at 7T, respectively. The average absolute value percent difference 

in shear stiffness between the hemispheres is 6.4±3.2%, 7.2±3.9%, and 9.1±7.2% (Table 3) at 1.1 mm, 1.7 

mm, and 2.5 mm isotropic resolution at 7T, respectively, although there are no statistically significant 

differences between the left and right hemisphere average stiffnesses when tested with a paired t-test 

(p>0.05). The average absolute value percent difference in shear stiffness between the hemispheres 

measured at 2.5 mm isotropic resolution on 3T MRI was 6.1±4.4% (Table 3), and there is also no 

statistically significant difference between the left and right hemisphere average stiffness when tested with 

a paired t-test (p>0.05). 

We also acquired partial brain coverage 7T MRE data with 0.8 mm isotropic resolution, the first 

sub-millimeter human MRE reported, on three subjects from this previously described cohort to access the 

feasibility of submillimeter MRE. The results showed an acceptable average OSS-SNR of 12.9±0.9, with 

estimated average shear stiffness of 2.89±0.22 kPa, damping ratio of 0.26±0.01, gray matter shear stiffness 

of 2.79±0.13 kPa, and white matter shear stiffness of 3.00±0.29 kPa. Though the application of 

submillimeter MRE for the whole brain might be challenging for the patient’s comfort due to the long total 

acquisition time, it might be beneficial for the focused biomechanical analysis of smaller brain regions, 

such as hippocampal subfields, which does not require whole brain acquisition. 
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Figure 4. MRE magnitude and corresponding T1 structural images (top), whole brain (axial and 

sagittal), white matter, and gray matter shear stiffness maps, and damping ratio maps in one healthy 

human subject in the same slice for each resolution. The mean and standard deviation of the white matter 

shear stiffness for this subject is 2.64±0.08kPa, and the associated damping ratio is 0.25±0.01.

We observed no statistically significant difference in whole brain average shear stiffness between 

the 3T and 7T matched resolution datasets, as well as no significant difference in between any of the 

resolution groups at 7T (Table 2). An SSIM analysis on the matched resolution datasets resulted in an 

average score of 0.873±0.058 revealing that the results were similar, but not identical (Figure 5). This is 
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also exemplified by the subject-wise average percent difference between shear stiffness and damping ratio 

at 3T and any resolution at 7T (Table 3). We observe an average of 8.8-12.7%, 7.9-13.0%, and 8.6-13.1% 

percent differences in shear stiffness between the 2.5 mm resolution 3T acquisition and the 7T acquisitions 

in the whole brain, white matter, and gray matter, respectively (Table 3). 

Figure 5. Elastograms and SSIM analysis on two representative slices on the same subject at 2.5 mm 

isotropic resolution at both 3T and 7T

As all groups are above the acceptable OSS-SNR limit (> 3) [72], we see no dependence of SNR and shear 

stiffness. From our repeatability analysis (one person scanned three times over the course of one week), we 

have a coefficient of variation of 1.88%, 9.24%, and 5.78% in the 1.1 mm, 1.7 mm, and 2.5 mm resolution 

groups, respectively, for shear stiffness. For the two scans performed on the same day approximately 2 

hours apart, the coefficient of variation for shear stiffness across all resolutions was 3.30%. Over all the 

scanning sessions and resolutions, we have a coefficient of variation of 6.48% for shear stiffness.
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Table 2. Whole Brain, White Matter, and Gray Matter Averages for Each Resolution with 

Advanced Reconstruction and Denoising Applied Concurrently (Average ± Standard Deviation, *16 

subjects only). P-values calculated from repeated measures ANOVAs between 7T resolution groups (with 

Bonferroni correction, significance level of p<0.017).

Whole Brain
Resolution 2.5 mm 1.7 mm 1.1 mm 2.5 mm (3T)* p-value
Shear stiffness (kPa) 2.68±0.26 2.62±0.16 2.73±0.19 2.52±0.20 0.056
Damping ratio 0.25±0.03 0.26±0.02 0.27±0.03 0.25±0.03 0.004
OSS-SNR 63.5±25.8 43.4±19.3 16.5±5.3 60.7±17.5 <0.001
White Matter
Shear stiffness (kPa) 2.76±0.26 2.70±0.16 2.84±0.19 2.58±0.21 0.016
Damping ratio 0.25±0.02 0.26±0.02 0.27±0.03 0.25±0.03 0.015
Gray Matter
Shear stiffness (kPa) 2.63±0.25 2.56±0.16 2.70±0.19 2.48±0.20 0.038
Damping ratio 0.25±0.03 0.27±0.02 0.27±0.03 0.25±0.03 0.005
Percent Difference Between Gray and White Matter
Shear stiffness 4.72±2.10% 5.52±1.88% 5.40±1.57% 4.08±1.37%
Percent Difference Between Left and Right Hemisphere
Shear stiffness 9.14±7.28% 7.20±3.95% 6.43±3.17% 6.07±4.41%
Damping Ratio 6.97±4.62% 6.17±3.87% 6.90±4.63% 8.34±7.28%

Table 3. 7T Whole Brain, White Matter, and Gray Matter Average Percent Difference from 

2.5mm Resolution 3T for Each Resolution (Average ± Standard Deviation, 16 subjects only)

Whole Brain
Resolution 2.5 mm 1.7 mm 1.1 mm
Shear stiffness 10.7±8.7% 8.8±5.7% 12.7±6.6%
Damping ratio 8.3±7.9% 9.5±6.8% 10.3±6.4%
White Matter
Shear stiffness 10.4±9.2% 7.9±6.5% 13.0±6.8%
Damping ratio 7.4±7.1% 8.6±6.7% 9.2±6.2%
Gray Matter
Shear stiffness 10.8±8.6% 8.6±5.6% 13.1±7.5%
Damping ratio 8.5±7.8% 9.4±6.3% 10.0±6.1%

Small Structures

Due to technical limitations of our 3T MRE sequence, we were unable to capture images at 1.1 mm 

isotropic resolution at 3T. Attempting to decrease the voxel size by that amount increased the TE and scan 

time greatly, and required significant sequence acceleration, increasing noise to an unacceptable level. In 
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addition to the resolution that one is able to achieve, we believe that one of the main benefits of 

implementing MRE at 7T is the resulting ability to pair it with other high resolution 7T sequences such as 

DTI, high resolution structural scans, or SWI. 

We have here, included a stiffness comparison and stiffness contrast analysis between anatomical structures 

(Tables 4 & 5). Running a repeated-measures ANOVA between resolutions for each anatomical structure 

and global white matter, there is a significant difference (p<0.017) between resolutions in shear stiffness 

for each of structures shown apart from the corpus callosum and putamen, as well as between the structures 

shown and global white matter. There is, however, no significant difference in damping ratio between 

resolutions for each of the structures shown apart from the corpus callosum. It should be noted that the 

standard deviations in these homogenous small structures are lower at the higher resolution, implying that 

we see less variation in these regions likely due to partial volume effects. We also observe this in our earlier 

phantom experiments, where the standard deviation in shear stiffness in the stiff spherical inclusion is less 

at 1.1 mm isotropic resolution (0.07 kPa) than at 2.5 mm isotropic resolution (0.24 kPa).

Table 4. Average shear stiffness and damping ratio at low and high resolution of 7T MRE performed in a 

selection of small anatomical structures. P-values calculated from repeated measures ANOVAs between 

each group (with Bonferroni correction, significance level of p<0.017)

Shear Stiffness (kPa)
Resolution 2.5 mm* (3T) 2.5 mm 1.1 mm p-value
Caudate 2.73±0.33 3.18±0.47 3.37±0.43 <0.001
Corpus Callosum 3.01±0.31 3.13±0.49 3.34±0.35 0.0465
Hippocampus 2.13±0.52 2.59±0.49 2.80±0.48 0.0012
Putamen 3.41±0.35 3.70±0.57 3.71±0.35 0.1720
Thalamus 2.68±0.42 3.34±0.61 3.70±0.46 <0.001
Damping Ratio
Caudate 0.290±0.044 0.277±0.034 0.265±0.039 0.1085
Corpus Callosum 0.185±0.042 0.226±0.050 0.222±0.031 0.0041
Hippocampus 0.239±0.046 0.224±0.048 0.235±0.038 0.1887
Putamen 0.227±0.051 0.242±0.042 0.250±0.034 0.4084
Thalamus 0.228±0.039 0.248±0.041 0.244±0.027 0.1063
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Table 5. Average shear stiffness contrast between structures at low and high resolution of 7T MRE

Shear Stiffness Contrast
Resolution 2.5 mm* (3T) 2.5 mm 1.1 mm
Caudate vs WM 0.075±0.129 0.175±0.163 0.189±0.156
Corpus Callosum vs WM 0.179±0.098 0.144±0.148 0.179±0.119
Hippocampus vs WM -0.145±0.225 -0.060±0.156 -0.020±0.156
Putamen vs WM 0.339±0.136 0.333±0.155 0.297±0.117
Thalamus vs WM 0.055±0.159 0.216±0.131 0.291±0.141
Caudate vs GM 0.146±0.146 0.235±0.186 0.267±0.175
Corpus Callosum vs GM 0.255±0.116 0.202±0.161 0.256±0.140
Hippocampus vs GM -0.095±0.231 -0.012±0.169 0.043±0.163
Putamen vs GM 0.425±0.158 0.400±0.171 0.381±0.126
Thalamus vs GM 0.124±0.181 0.278±0.153 0.375±0.154
Caudate vs Putamen 0.261±0.178 0.146±0.133 0.108±0.092

Discussion 
In this work, MRE was successfully implemented at multiple resolutions at 7T using a custom 

pneumatic actuator and motion sensitive single-shot EPI-based sequence, with advanced post-processing 

and nonlinear inversion algorithm to calculate the mechanical properties of the brain and its substructures 

at high resolution. The development and use of sub-millimeter MRE, or high resolution MRE such as 1.1 

mm, on the human brain or other tissues will require the use of 7T due to technical limitations at lower field 

strengths. Although only discussed briefly in this paper, we have demonstrated the first sub-millimeter 

MRE results. While sub-millimeter MRE still requires more validation and repeatability analysis, it will be 

imperative for clinical applicability to diseases and disorders of the human brain that affect small regions, 

such as the subfields of the hippocampus. Additionally, in tissues apart from the brain where higher 

frequency actuation can be used, this higher resolution that can only be achieved at 7T must be used to 

capture enough points along the shear wavelength for a stable and accurate inversion. 7T has been shown 

to have significant advantages in a variety of sequence like T1, DTI, and SWI [63], [80]. These advantages 

have led to a substantial amount of clinical research done in this field. If MRE is to be incorporated into a 

7T MRI studies, because brain stiffness and damping ratio depend on other characteristics of the human 

brain, it is crucial that other high resolution MRI modalities be recorded in the same scanning session as 

MRE. All of these modalities can be used to then contextualize the MRE result with high spatial accuracy. 

In order to perform an investigation into the effect of different resolutions on MRE property maps, 7T is 

required for acquisition of the full range of resolution. As shown in this study, 3T and 7T MRE at 2.5 mm 

isotropic resolutions are comparable, and not only can higher resolutions only be achieved at 7T, 
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consistency between scanners and sequences is important for comparison studies as shown by our higher 

between-scanner variation results.

In using our custom elasticity phantom, we validated the accuracy of our sequence and proposed 

post-processing procedures. We have confirmed that in a linearly elastic material with no known complex 

microstructure, there are no inherent differences when upgrading to high resolutions at 7T. Using phantom 

scans, we also investigated the benefits of higher resolution to resolve small structures, e.g., the spherical 

inclusions. While we achieved a measurement of shear stiffness within the manufacturing specifications of 

the softer inclusion at both 2.5 mm and 1.1 mm resolutions, a shear stiffness closer to the manufacturing 

specifications for the stiffer inclusion at 1.1 mm isotropic resolution was found. We hypothesize that this 

is due to the larger difference between the background shear modulus (1.70 kPa) and the modulus of the 

stiffer inclusion (2.70 kPa) compared to the softer inclusion (1.00 kPa). The higher resolution acquisition 

can better resolve the changes in wavelength and wave speed between materials of different mechanical 

properties, therefore achieving a more accurate measurement even when tissue types that are beside each 

other are different. This is also exemplified in Figure 3, where the edges of the spherical inclusions appear 

sharper at 1.1 mm resolution compared to 2.5 mm. There is, additionally, still no significant difference in 

apparent shear stiffness of the background shear modulus in the phantom between resolution groups despite 

the lower OSS-SNR, as these values were still above the recommended threshold for stable nonlinear 

inversion of 3.0 as determined by McGarry, et al. [72]. 

Although moving to higher resolution at 7T can theoretically decrease vibrational motion 

sensitivity, we found similar intra-subject vibrational amplitudes across all scan types, with the largest 

variability being inter-subject. In all resolution groups, overall, using advanced reconstruction with 

Gadgetron framework and applying denoising significantly increases OSS-SNR. Taking into consideration 

the scan duration for each resolution, phantom validation results, and average OSS-SNR after the advanced 

reconstruction techniques, we have established 1.1 mm isotropic resolution as the most suitable and robust 

for MRE at 7T to calculate the viscoelastic properties of the whole human brain. In this study, we 

endeavored to decrease voxel volume by a factor of ~3 at each step. Our starting point was the voxel size 

that we commonly use at 3T- 2.5 mm isotropic resolution (15.6 mm3 voxel size). We then decreased by a 

factor of 3 to 1.7 mm isotropic (5.0 mm3 voxel size), and then again by another factor of 3 to 1.1 mm 

isotropic resolution. 1.1 mm isotropic resolution (1.3 mm3 voxel size) was picked as the stopping point for 

the entire cohort due to scan time, TE length, noise levels, and to match the resolution of the 7T DTI scan 

that was also performed on all subjects in this cohort and is implemented in many clinical studies. While 

higher resolution with the current sequence and post-processing algorithm is possible (shown in this study 

as feasibility of 0.8 mm isotropic resolution), this would increase scan time and make the scan 

uncomfortable for participants and therefore more prone to motion artifacts.
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Despite no group differences in whole brain average shear stiffness between the 3T and 7T matched 

resolution datasets, as well as no significant difference in between any of the resolution groups at 7T, the 

results were not identical. Specifically looking at the differences in matched resolution between 3T and 7T 

through the SSIM analysis, many subjects were scanned on different days, which decreases the repeatability 

of the result according to our repeatability analysis. We identified a same-scanner, same-day 1.5-2.5 % test-

retest variation, a same-scanner, different-day 5.5-7.5% test-retest variation, and a different-scanner, 

different-day 7-13% test-retest variation (Table 3). While our same-scanner, same-day test-retest variation 

is similar to that of other human brain MRE studies (ranging from 1-5%) [52], [81], [82], [83], [84], 

different-day test-retest analysis is rarely performed for MRE and, to our knowledge, has not been reported 

for human brain MRE. Currently, the only commercial application of MRE is in the detection of liver 

fibrosis in which the acceptable level of variation is set at 7% for commercial use for same-scanner, within-

7 day test-retest analysis (via the MRE QIBA Profile) [85]. However, the scale at which liver fibrosis alters 

liver stiffness is much larger than any changes [86], [87] we have seen in the stiffness of brain tissue as it 

relates to neurological disorders like dementias or multiple sclerosis. There was, however a very recent 

study investigating multi-site and multi-scanner test-retest repeatability of phantom stiffness measurement 

using the various commercial MR Elastography devices, sequences, and software [88]. This study found a 

7.0% (95% CI: 2.9, 11.2) variation using the same sequence at different sites on the same elastography 

phantoms, which is consistent with the differences we found in the human brain [88]. This would then 

indicate that our study’s level of variation is considered acceptable. Based on the results from the multi-site 

phantom study and this study, consistency in sequence and scanner appear to be very important for 

consistency in data between subjects. Therefore, when proposing a clinical study investigating differences 

between healthy controls and a patient population, either all subjects should be scanned on the same scanner 

with the same protocol, or the scanner used should be included as a covariate.

Current MRE studies investigating clinical populations are comparatively small and use the same 

site, scanner, and protocol within each study. While we do not see as large of a difference between healthy 

and diseased tissue as we would in the liver, studies investigating the difference between Alzheimer’s 

patients and healthy controls have found a 8-26% difference depending on the brain region [89]. Similar 

differences were found between healthy controls and patients with normal pressure hydrocephalus (11-

24%) [89]. Given all these levels of change due to clinical pathologies in previous studies with similar 

same-day test-retest variation, we can establish that our sequence and post-processing procedure would be 

able to discriminate between healthy tissue and pathology, such as Alzheimer’s disease or mild cognitive 

impairment, which we have found previously in pilot studies [60].

While it is hypothesized that brain shear stiffness represents tissue structure and damping ratio 

reflects tissue organization [75], [90], what these metrics wholly represent in the brain is still not fully 
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understood, it is clear that (with the current state of the field) we cannot use brain MRE alone to diagnose 

or assess clinical disorders. It is unlikely that the use of brain MRE alone will be used in the future to 

diagnose an individual based on a quantitative stiffness range that is available for the liver due to inter-

subject variability based on age, sex, and other characteristics. This result implies that brain stiffness may 

change throughout the day, similar to other physiological phenomena that are observable through MRI. For 

example, cerebral blood flow velocity has a daily rhythm, where it is lower in the morning than the 

afternoon or evening, and is hypothesized to be related with sleep-associated processes [91]. As prior 

investigations have shown correlations between cerebral blood flow and shear stiffness [92], this may 

influence our results. Alternatively, subject hydration, intracranial pressure,  amount of sleep, or even recent 

performance of high intensity exercise [91], [92], [93], [94], [95], [96] also contribute to daily fluctuations 

in brain shear stiffness, and these factors have been shown to have effects on the results of other MRI 

sequences such as BOLD or fMRI [97], [98], [99], [100]. This is also a related advantage of using 7T MRE, 

as 7T offers high resolution scans of other features of the human brain (like perfusion or white matter 

integrity) [63], [80], [101], which can be then used to contextualize the information we gather through using 

MRE. These other features, along with others like age or sex, should therefore be used as covariates in 

analyses using MRE in clinical assessment in pertinent diseases and when trying to discriminate between 

healthy controls and clinical patients.

There is currently no known ground truth for how the different small anatomical structures of the 

caudate, hippocampus, putamen, and thalamus differ from each other in stiffness, or what the contrast 

should be between these features, and we can therefore not confirm the accuracy of these contrast 

differences. However, using the same nonlinear inversion scheme, a previous phantom study determined 

that inclusions as small as 8 mm and stiffness contrast as low as 14% could be detected using 2 mm isotropic 

resolution [41]. In the human brain, analyzing the average stiffnesses using a different resolution (1.6 mm 

isotropic resolution), but the same nonlinear inversion algorithm at 3T from prior investigations, we see a 

comparable value of the shear stiffness of the caudate (3.75 kPa), putamen (3.87 kPa), and thalamus (3.82 

kPa), but a lower value in the hippocampus (3.35 kPa) [82]. However, the shear stiffness in the hippocampus 

is similar to more recent studies with similar protocols and post-processing pipelines (μ = 2.86 kPa or μ = 

2.97 kPa)  [102], [103]. We also observe a similar inter-subject variance and bilateral symmetry [82], [102], 

[103]. 

Unlike previous investigations [25], [33], [43], [45], [46], [47], [48], [50], [104], we saw no 

statistically significant difference between whole brain shear stiffness between resolution groups despite 

the results not being identical. The trend of decreased apparent stiffness values with increasing resolution 

when employing a direct inversion method was also specifically identified by Barnhill, et al. [45] and 

Marshall, et al. [46] in the same subject populations, who hypothesized that a different distribution of 
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features is being captured at high-resolution [45]. It was further hypothesized that higher resolution scans, 

which capture fine features and interfaces not visible at low resolution, produce lower elasticity estimates 

due to these finer features creating more tortuosity in the wave [45], [48]. Neither of these studies, however, 

investigated the effect of SNR, post-processing techniques, or inversion method, nor did they investigate 

matched resolution scans between field strengths, so the lack of controlled variables made it difficult to 

support this hypothesis further. The difference in our findings can be attributed to a variety of factors. For 

example, by acquiring data at multiple resolutions, including matching the 3T acquisition resolution, we 

remove any bias that up-sampling or down-sampling may introduce. Also, by ensuring that each 

individual’s OSS-SNR were above the stability threshold of 3.0 and that all acquisitions had a similar 

vibrational amplitude range, we maximize data quality for inversion processing. This investigation is the 

first to utilize nonlinear inversion on 7T data, and is the first to investigate the difference between 3T and 

7T using such an algorithm, so this is likely a large contributing factor.

Due to the finite element (FE) nature of the nonlinear inversion algorithm used in this investigation, 

the resolution of MRE is not governed by the wavelength of the shear wave as it is in direct inversion 

methods such as local frequency estimation [105], [106]. This is likely why this investigation, and others 

that use nonlinear inversion, find little to no relationship between imaging resolution and whole-brain 

mechanical property values [8], while investigations such as Barnhill, et al. and Marshall, et al. [45], [46]  

that utilized methods that rely on local spatial frequency do find this relationship. Due to this FE nature of 

nonlinear inversion removing the reliance of resolution on shear wave wavelength, nonlinear inversion can 

be used to characterize the mechanical behavior of brain tissue using intrinsic actuation of ~1-3 Hz [55], 

[107], [108].

However, it is worth mentioning that nonlinear inversion is somewhat governed by the FE 

parameters used. In the past, nonlinear inversion subzone parameter variations and their influence on the 

reconstructed mechanical parameters has been studied [40], [41]. This study concluded that the stable 

subzone range for accurate and repeatable inversion was between 0.64Ls and 1.0Ls in the human brain, 

where Ls is the shear wavelength in the tissue given the frequency of actuation. In the human brain at 50 

Hz, Ls = 30.6 mm. Therefore, in this investigation we use a subzone size of 19.6 mm. It has also previously 

been established [42] by investigating multi-resolution meshes that eight nodes per wavelength in the FE 

mesh is sufficient in phantoms for accurate mechanical property recovery, but that mechanical property 

estimation from 50 Hz in vivo brain data stabilizes once the displacement resolution reaches 1.7 mm, or 

around 19 nodes per wavelength. At our highest imaging resolution of 1.1 mm, this gives around 27 nodes 

per wavelength. While a full investigation into how data resolution and acquisition frequency affect the 

achievable resolution for nonlinear inversion should be performed in the future (as has been noted in 

previous papers investigating nonlinear inversion, such as Solamen, et al.) [41], this would require 
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extensive FE simulation and is beyond the scope of this investigation.

Advanced processing techniques such as rigid body motion correction to phase images, B0 

correction, and distortion corrections are not incorporated into the proposed framework but may be 

considered in the future. Rigid body motion correction is partly addressed in the current framework by 

removing the 0 Hz component of motion during the Fourier decomposition step and EDDY-QC correction 

to MRE magnitude images, although a prior investigation utilized an SPM-based realign routine, resulting 

in sharper looking images [47]. As stated earlier, we also employed a 4th order low-pass spatial filter to 

remove a high-frequency ‘z-striping’ effect that occurs when there is slight volunteer rigid-body motion 

between the odd and even slice acquisitions during our interleaved acquisition structure. In the case where 

this occurs, the nonlinear inversion algorithm optimization solution will diverge due to the artificial high-

frequency wavelength. While this low pass filter may marginally affect the apparent resolution in the z-

direction, it should not cause blurring such as with a generally applied gaussian or median filter, as it is 

only intended to remove high-frequency spatial wavelengths. In the future, the necessity of this low-pass 

filter may be avoided by using a different encoding structure, such as spiral acquisition which has been 

successfully used in various 3T sequences [36]. In MRE with EPI readout, typically, B0 and geometric 

distortion correction are interrelated, as B0 inhomogeneities result in said geometric distortions[47]. This 

technique, however, requires either an additional B0 field map at the time of data collection or additional 

acquisition with reversed encoding directions [47], [109], and while this correction appears quite significant 

in simulations, its effect is less so in vivo [109]. While Gadgetron has a functionality to perform B0 

correction without such a field map, this algorithm has not been applied. Generally, the potential corrections 

were not implemented at this time, as to not introduce additional controlled bias, as they have not been 

shown to be accurate in correction of average stiffness values [109]. Additionally, other recently developed 

advanced methods could benefit the pipeline in the future, such as AI-based unwrapping and inversion 

[110], radial sampling and undersampling [111], an MRE actuator that would benefit from the 7T static 

field strength (such as electromagnetic-coil-based actuator) [112], or a different inversion scheme that 

would consider tissue fluidity or tractography [113], [114].

Additionally, one potential drawback of using a denoising technique is the possibility of an 

artificially increased OSS-SNR due to the general removal of higher order components [83], [115]. This 

effect has been observed when using filtering such as Gaussian or Median filtering [48], [53], [54], [55], 

[56], [57], [58], [83], which also result in the blurring of fine physiological features. However, the MP-

PCA method aims to remove only the noise without interfering with the signal itself (i.e., without blurring 

features) [59]. The denoising algorithm is additionally applied in local patches without assumptions on 

noise levels. Therefore, under the assumption smoothly varying noise maps (i.e., noise being constant 

within a local patch), the denoising can be used on data with spatially varying noise levels [115] and 
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estimate such noise maps accordingly [116]. Just like smoothing, the MP-PCA will not correct the signal 

offset due to non-Gaussian MR signals, as the algorithm removes random signal fluctuations without 

interfering with the signal [59], [116]. Therefore, the average signal is not altered. If the data are non-

Gaussian distributed (e.g., Rician), then the noise will be removed, but the Rician noise floor will be 

preserved.

Conclusion

In conclusion, we have demonstrated the repeatability and robustness of high-resolution whole 

brain 7T MRE with an advanced post-processing pipeline and nonlinear viscoelastic inversion. Capturing 

finer viscoelastic features with higher imaging resolutions can be investigated further in future studies by 

utilizing heterogeneous phantoms with known mechanical properties and by analyzing differences in 

smaller brain regions, which is one of the goals of using such high-resolution scans. The developed 

techniques will be used in future studies to investigate biomechanical parameters of small volume brain 

sub-structures with applications in neurodegenerative diseases and other relevant neurological disorders. 
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Data and Code Availability: The MP-PCA denoising code can be found on the GitHub page NYU-

DiffusionMRI/mppca_denoise. Gadgetron is an open-source framework.
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