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Introduction

Magnetic resonance elastography (MRE) enables non-invasive quantitative assessment of the mechanical properties of tissues and has been successfully applied on clinical MR scanners for of liver fibrosis staging [1]. Its usage is not limited to detecting global changes in mechanical properties as done in fibrosis and applications can also include detection of tumour nodules [2]. Its application on preclinical MR scanners is also of interest with the availability of different animal models. However, MRE parameters have to be adapted with the standout feature being the smaller imaging volume. To deal with this, higher mechanical frequencies are required to be able to characterize smaller regions of interest and detect nodules.

For tissue characterization, multifrequency MRE [3] has been proposed as a valuable tool enabling detection of tissue alterations occurring below the MR image resolutions through the measurement of the dispersion relationship of the shear storage modulus [4]. However, tackling multifrequency data reconstruction is still an open question; the simplest approach being to apply mono-frequency reconstruction and analyzing the subsequent summation of the individual results. On the other hand, more evolved algorithms try to consider simultaneously all the individual harmonic data such as the K-MDEV [5] or the Non Linear Inversion (NLI) [6].

In this work, we seek to process multifrequency MRE data acquired on a preclinical MR scanner using the NLI approach and demonstrate its advantages compared to Helmholtz-based inversion methods.

Methods

MRE acquisitions were carried out on 5 different agarose phantoms with cylindrical inclusions of diameters ranging between 4.5mm to 21mm. Inclusions and surrounding medium consisted of 3% and 2% concentration agarose respectively thus mimicking a stiffer inclusion. The phantoms were made simultaneously from the same agarose solutions and stored in distilled water to limit dehydration and changes in mechanical properties.

All the phantoms underwent multifrequency MRE acquisitions during the following week on a @Bruker Biospec 7T MR scanner using a Turbo Spin Echo MRE sequence (turbo factor=4) developed inhouse [7]. Single frequency acquisitions ranging between 200 and 700 Hz were run and for each frequency, 4 equally distributed phase-steps were acquired. For each frequency, 2 acquisitions with opposite motion encoding gradient (MEG) polarity were completed, 3 orthogonal MEGs were applied and 5 contiguous slices (1mm) were acquired to obtain 3D wave field images. Complex MR images were extracted and processed to obtain magnitude and unwrapped phase images.

The multi-frequency phase images were then collectively processed using NLI inversion method yielding shear storage (G') and loss (G") modulus maps for each of the acquired frequencies. Powerlaw NLI reconstruction minimizes a multi-frequency objective function combining the uniformly weighted displacement error at each measurement frequency using gradient descent algorithms based on the adjoint. NLI reconstruction parameters included a subzone size of 5mm, total variation regularization and spatial filtering with a Gaussian kernel width of 0.15 mm. For the phantom with the smallest inclusion (4.5mm diameter), to be able to compare NLI-reconstructed elastograms with other frequently used reconstruction method, a Helmholtz-based inversion reconstruction [8] was also performed using motion encoded in the slice direction only.

Results

Figures 1-3 display the reconstructed elastograms for three out of the five phantoms which were tested with the biggest inclusion (21 mm diameter) (Fig. 1) and the smallest inclusion (4.5 mm) (Fig. 3). The inclusions are highlighted in red in the magnitude images. Reconstructed shear storage and loss moduli at the different acquired frequencies are displayed on the top, respectively bottom rows. Finally, Fig. 4 illustrates the results of running Helmholtz-based inversion.

Conclusion

This work presents the first application of NLI inversion algorithms on preclinical multifrequency MRE data. NLI inversion is able to precisely detect the stiffer inclusion for all the inclusion sizes and all the acquired frequencies, demonstrating the advantage of operating a conjunct reconstruction over individual frequency analysis. Helmholtz inversion on the other hand is not able to do so for all the frequencies and inclusion sizes. For instance, for the 4.5mm inclusion, only G' elastograms at 600 Hz faintly contrasts the inclusion from the surrounding medium. The NLI reconstruced G' elastograms display very good homogeneity and shows a small variation of G' with frequency which is expected for an agarose phantom. G" values are low as expected from an agarose-based phantom but it can be noted that G" elastograms are noisier than those for G'. Reconstructed G' and G" are also within the range of values described in the literature. In future works other materials displaying higher dissipative and dispersive nature will be tested. 
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 1 Figure 1. Magnitude image (left column) and reconstructed elastograms through NLI at the different acquired frequencies for the phantom with a cylindrical inclusion of diameter 21 mm.
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 4 Figure 4. Magnitude image (left column) and reconstructed elastograms through direct inversion at the different acquired frequencies for the phantom with a cylindrical inclusion of diameter 4.5 mm.
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 2 Figure 2. Magnitude image (left column) and reconstructed elastograms through NLI at the different acquired frequencies for the phantom with a cylindrical inclusion of diameter 11 mm.
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 3 Figure 3. Magnitude image (left column) and reconstructed elastograms through NLI at the different acquired frequencies for the phantom with a cylindrical inclusion of diameter 4.5 mm.