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Synopsis

Magnetic Resonance Elastography (MRE) allows the quantitative characterization of mechanical properties of tissues based
on the properties of shear wave propagation. MRE uses mostly oscillating motion encoding gradients (MEGs) to encode
motion. Their presence involves long echo times, limiting the application of MEGs to very short T2 tissues. RF pulses
designed with an optimal control (OC) algorithm applied with a constant gradient can simultaneously perform slice
selection and motion encoding, enabling short echo times. In this study, we used OC pulses to mechanically quantify by
MRI for the first time a very short T2 tissue such as the Achilles tendon.

Introduction

Characterizing biological tissues having short T2s is an actual challenge in MRI. Some dedicated pulse sequences enabling short
TEs have been developed such as UTE. Most MRI applications use magnitude images. However, phase images can contain
important information about the characteristics of tissues. Magnetic Resonance Elastography (MRE) uses phase images to non-
invasively quantify mechanical properties of biological tissues'. MRE usually uses oscillating motion encoding gradients (MEGs)
placed between the RF excitation and the readout gradient, resulting in TEs too long to encode motion in very short T2 tissues.
A novel motion encoding strategy consisting in applying RF pulses optimized through an Optimal Control (OC) algorithm with a
constant gradient was shown to be relevant by improving phase to noise ratio by reducing TE2. However, questions remained
concerning the relevance of this approach when T2 values were smaller than the pulse duration. Here, we applied this strategy
to encode motion on very short T2 samples on phantom and ex vivo experiments.

Methods

The application of OC to MRE has been recently well described?. The OC algorithm computes via Bloch equations, the control
parameter (RF pulse) to manipulate the magnetization from the equilibrium state towards a desired target state. Some
parameters appearing in Bloch equations such as T2 must be defined. Indeed, relaxation times are taken into account during
the optimization process. This is crucial in the case of short T2 because the pulse has to deal with the rapid loss of phase
coherence to maximize the transverse magnetization. OC pulses are applied with a constant gradient GG, to perform slice
selectivity® while a shear wave of amplitude A and frequency f induces static field variations given by

ABy,, (t) = G.(Asin(2mft + 0(;)) + 2(;) ). where z(;) represents the magnetization (i) location in the slice and 6; the
motion initial phase. Targets states describe a classical MRE phase pattern while maximizing the transverse magnetization
inside the slice (Az;,) and minimizing it outside (A z,,). The magnetization phase is thus related to the phase in the oscillatory
motion:

%
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Acquisitions were performed on a preclinical 7T MRI scanner (BioSpec Bruker), with a quadrature 72mm inner diameter volume
coil in transmit/receive mode. Phantom experiments were carried on a bi-layer agar (2%) cube doped with 1 and 5 mM MnCl,
concentrations. Ex vivo experiments were carried on a bovine Achilles tendon (AT) embedded in agar (2%). Relaxation times
measured using a RARE sequence with different TEs and TRs were: [T1,T2]1mm=[94,4.91ms, [T1,T2]smv=[28,1.3Ims, [T1,T2]a1=
[988,1]Ims. A piezoelectric actuator (CEDRAT) was used as mechanical transducer driver.

Two OC pulses were computed for two different excitation frequencies. Their optimization parameters are summarized in Table
1.

OC pulses were applied in UTE and RARE sequences. MRE sequences with classical MEGs were also realized. Acquisition
parameters are summarized in Table 2. Acquisitions with and without motion were also acquired. Two acquisitions with
inversion of the wave polarity were done for phase images subtraction to remove static phase offsets.

Phase-to-Noise ratios (PNR) were calculated to compare the motion encoding efficiency of the different sequences in both
samples. Phase encoding is defined as the difference of the maximal and minimal phase encoded in a same pixel along time.
Then, the PNR is defined as the ratio between the average value (over all pixels inside a ROI) of the phase encoding in presence
of mechanical excitation (A) and the phase noise, defined as the average value of the phase encoding in the absence of motion
(0): PNR=A/c. The mean and standard deviation of shear storage modulus G’ were computed with a Helmholtz equation
inversion algorithm for comparison.



Results

Figure 1 shows magnitude and phase images as well as the elastograms of the phantom with the different used sequences at
600 Hz. The layer of 5 mMynci2 concentration (i.e. the smallest T2) is only visible in magnitude images obtained with the OC-UTE
sequence since it has the shortest TE. Phase is however encoded with both the OC-RARE and OC-UTE sequences. Figure 2
compares results in both layers in terms of motion encoding efficiency (Figures 2A,B) and G’ (Figure 2C,D). Best PNRs are found
with the OC-UTE sequence and G’ of the 5 mMync2 concentration can only be reconstructed with the OC strategies.

Figure 3 shows results obtained on the Achilles tendon (AT) at 600 Hz. Figure 3A displays the magnitude image obtained with
the OC-UTE sequence. MEGs-classical MRE and OC-RARE sequences had longer echo times compared to the T2,r, yielding weak
signals in most of the parts of the AT. Figures 3B and 3C show the phase image and the G’ elastogram of the OC-UTE sequence
respectively and Figure 3D and Figure 3E compare results in terms of motion encoding efficiency and G/, respectively. The OC-
UTE sequence presents again the best PNR.

Conclusion

Only the OC-UTE sequence could encode motion in very short T2 samples yielding magnitude images enabling proper
visualization of them. OC-UTE produced the best PNRs and could be a valuable tool to explore both the anatomy® and the
mechanical properties of the Achilles tendon. Further studies are needed to confirm its applicability in vivo.
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Table 1. Optimization parameters of the different OC pulses. Common parameters to both
OC pulses were: pulse amplitudes |u,| bounded to 94 uT, slice bandwidths Af;, of 7 kHz,



which corresponds to a Imm slice with a gradient amplitude G,=164 mT/m. Variable
parameters were: excitation frequency fey., pulse duration t and T2.
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Table 2. Pulse sequence parameters established for the acquisitions of every sample with the
different methods. Geometry parameters were matrix of 128 x 128 pixels and FOV of 70 x
70 and 60 x 60 mm? for the phantom and ex vivo acquisitions, respectively. The MnCl,
phantom was characterized at 300 and 600 Hz. The AT was only characterized at 600 Hz.
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Figure 1. Magnitude (left column), phase (middle column) and shear storage modulus G’
(right column) images obtained at 600 Hz with the different sequences: MEG-classical MRE

(top row), OC-RARE (middle row) and OC-UTE (bottom row). For the OC sequences,
pulse B was used.
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Figure 2. Results of phase encoding A , phase noise ¢ and Phase-to-Noise ratio PNR
obtained with the different acquisitions at multiple frequencies on the A) 5 mM and the B) 1
mM MnCl, concentration layers. Note that two vertical axis are showed in phase encoding
and phase noise plots. Mean values and standard deviation of the shear storage modulus G’



obtained for all the excitation frequencies with the different sequences on the C) 5 mM and
the D) ImM MnCl, concentration layers.
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Figure 3. A) Magnitude image (the blue dashed line delimits the tendon) B) phase image
and C) elastogram (with ROI used for G' computation in red) of the Achilles tendon
obtained with the OC-UTE sequence at 600 Hz. D) Results of phase encoding A, phase
noise ¢ and Phase-to-Noise ratio PNR obtained with the different acquisitions on the AT. E)
Mean values and standard deviations of the shear storage modulus G’ of the AT obtained
with the different sequences



