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List of abbreviations

DENSE, Displacement ENcoding with Stimulated Echoes
G’, shear storage modulus

GRAPE, GRadient Ascent Pulse Engineering
MEG, Motion Encoding Gradient

MRE, Magnetic Resonance Elastography

OC, Optimal Control

PMP, Pontryagin Maximum Principle

PNR, Phase to Noise Ratio

RARE, Rapid Acquisition with Refocused Echoes)
RF, Radiofrequency

ROI, Region of Interest

SNR, Signal to Noise Ratio

UTE, Ultra short Echo Time
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Summary abstract (274/300)

Purpose: To demonstrate the feasibility of RF pulses generated via an Optimal Control (OC)
algorithm to perform Magnetic Resonance Elastography (MRE) and quantify the mechanical
properties of materials with very short transverse relaxation times (T2<5ms) for the first time.
Methods: Optimal Control theory applied to MRE provides RF pulses that bring isochromats
from the equilibrium state to a fixed target state, which corresponds to the phase pattern of a
conventional MRE acquisition. Such RF pulses applied with a constant gradient, allow to
simultaneously perform slice selection and motion encoding in the slice direction. Unlike
conventional MRE, no additional motion encoding gradients (MEG) are needed enabling
shorter echo times. OC pulses were implemented both in turbo spin echo (OC RARE) and
Ultrashort Echo-time (OC UTE) sequences to compare their motion encoding efficiency with
the conventional MEG encoding (classical MEG MRE). MRE experiments were carried out on
agar phantoms with very short T2-values and on an ex vivo bovine tendon.

Results: Magnitude images, wave field images, Phase to Noise Ratio (PNR) and shear storage
modulus maps were compared between OC RARE, OC UTE and classical MEG MRE in
samples with different T2 values. Shear storage modulus values of the agar phantoms were in
agreement with values found in the literature and that of the bovine tendon was corroborated
with rheometry measurements.

Conclusion: Only the OC sequences could encode motion in very short T2 samples and only
OC-UTE sequences yielded magnitude images enabling proper visualization of short T2
samples and tissues. The OC UTE sequence produced the best PNRs, demonstrating its ability
to perform anatomical and mechanical characterization. Its success warrants in Vvivo

confirmation on further studies.
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1. Introduction (1101)

The characterization of biological tissues with short transverse relaxation times (T2) is an
actual challenge in the field of Magnetic Resonance Imaging (MRI). Indeed, some tissues
having T2 of the order of the millisecond or less can be found in the human body in organs
such as bones!?, tendons®4, lungs® or in tissues with strong concentrations of iron oxydes®. To
obtain anatomical images of such tissues with MRI, several dedicated pulse sequences that
enable short echo times have been developed’. One of them is the UTE (Ultra Short echo time)
sequence, in which aradial readout with spokes starting from the center of the k-space is used®.
Most MRI applications are interested in magnitude images, to which different contrast
weightings can be applied depending on the organs to be visualized. However, phase images
can also contain useful information about the characteristics of tissues in some MRI
applications such as the phase contrast mechanism called Magnetic Resonance Elastography
(MRE).

MRE was developed in the late 1990s and since then, it has been studied by several research
groups. MRE is a non-invasive imaging technique that allows the quantification of mechanical
properties of biological tissues based on the physical characteristics of shear waves propagating
through the examined tissues®. Several diseases altering the elasticity or viscosity of some
organs or tissues can be quantified by MREZC. This allows the staging and longitudinal follow
up of the disease to monitor its progression or regression. The main clinical application of MRE
is the staging of liver fibrosis'!-14. Other MRE studies have investigated the benefit of MRE in
the examination of heart'>16, brain!”18, breast!®2% and lungs?1:22, each of them having specific
constraints to deal with.

A classical MRE sequence is characterized by the presence of oscillating motion encoding
gradients (MEG) that are synchronized with external mechanical excitation and allow the
encoding of nuclear spins motion into the phase of the NMR signal®. MEGs are defined by
their amplitude and their frequency that is limited by the slew rate of the MRI scanner gradient
system. Any MR pulse sequence can be easily adapted to MRE by inserting the oscillating
gradients between the RF excitation and the signal acquisition. In the literature, the principal
sequences such as turbo spin echo?3-2°, gradient echo?627 and echo planar imaging?® have been
successfully used to perform MRE. In all the MRE sequences, the minimum echo time TE is
largely dependent of the duration of MEGs. As they usually oscillate at the same frequency as
the mechanical excitation, the echo time depends on the vibration frequency. Common MRE
applications carried out on patient in clinical systems use vibrations ranging between 20 and

100 Hz, which corresponds to minimum TEs between 20 and 60 ms. This results in degraded



O© 0 N O U1 » W N

W W W W W DN DN N N N N N DN DN DN R R R |, R, R, ) )
B wWw N RO v 0N Y UL WN RO Y 0NN Y LT W NN e, O

signals on samples having short transverse relaxation times. Therefore, with the classical
motion encoding strategy, short T2 tissues cannot be mechanically quantified with a sufficient
Phase-to-Noise Ratio (PNR) or within a reasonable scan time. For instance, it was
demonstrated that the T2 shortening induced by iron overload on liver is a predictor of non-
diagnostic MRE?%:30, Short TEs would therefore be crucial for MRE feasibility on
hemochromatosis patients.

Various innovative motion encoding strategies have been proposed to reduce the echo time.
Fractional encoding proposes to encode a fraction of the motion period by using high frequency
MEGs to encode low frequency vibrations®t. The MEG period is smaller than the excitation
wave period, allowing shorter TEs. But a trade-off is required between the encoded phase and
the signal to noise ratio (SNR). A displacement encoding with stimulated echoes (DENSE)
MRE sequence was also proposed32:33, This sequence consists in partially encoding motion
before RF excitation and completing the encoding with a short gradient independent of the
motion period. The echo time is thus reduced at the expenses of a loss of signal amplitude.
Despite the reduction of echo times, both above-mentioned strategies apply encoding gradients
between the excitation and the acquisition. Therefore, the limitation to short T2 tissues is not
completely overcome. More recently, a study proposed a Motion-Sensitizing magnetization
Preparation (MSPrep) pulse including motion encoding gradients to separate the motion
encoding scheme from the image encoding®*. At the end of the preparation pulse, the
displacement information is kepton the longitudinal magnetization and any MR pulse sequence
can be applied after to record the motion propagation in the magnitude images. Very short echo
times can be achieved, especially with a UTE sequence. However, with this strategy, the
resulting signal intensity is multifactorial since T1 and T2 weightings are also involved.
Instead of using MEGs, RF field gradients have been also investigated to encode motion35-38,
It was first demonstrated that with a pattern of RF field gradients it is possible to detect the
slow flow of a fluid®®. Then, this idea was pushed forward to make spectroscopic
elastography2®. Optimal Control (OC)theory has been recently demonstrated to be a useful tool
to optimize RF pulses able to control the magnetization phase38. Such pulses, in the presence
of a constant gradient, can simultaneously perform spatially selective excitation and motion
encoding®®. The OC pulse brings isochromats from the equilibrium state to the desired target
state, which corresponds to the phase pattern of a conventional MRE image. OC pulses can
easily be inserted in any MR pulse sequence and because oscillating gradients are not required
after excitation, this approach is compatible with very short echo times. This motion encoding

strategy was demonstrated in a preliminary study with a RARE (Rapid Acquisition with
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Refocused Echoes) sequence on samples with T2 values typical of liver tissues ranging from
20-30 ms®9. It was shown that the OC strategy is able to maximize both the encoded phase and
the SNR. Later, another study demonstrated the use of OC RF pulses to simultaneously encode
adual-frequency shear wave at short TE*C, In view of the potential applications of OC pulses,
the strategy has been further investigated to improve and broaden its applications. In this paper,
we present the latest developments of OC theory applied to MRE: OC pulses are optimized to
encode motion in short T2-values samples (<5ms) and added to a UTE sequence. The UTE
sequence uses a radial mapping of k-space from the center, enabling echo times shorter than
the RARE sequence. Both OC RARE and OC UTE sequences are compared to the classical
MEG MRE sequence in terms of motion encoding efficiency. Agar phantoms doped with
MnCL and a bovine tendon are used for in vitro and ex vivo MRE experiments respectively.
Our aim is to demonstrate the ability of Optimal Control MRE to quantify the mechanical

properties of short T2 tissues.
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2. Materials and methods (1787)

2.1 Optimal Control theory

Optimal Control theory computes the control parameter of a dynamic system with respect to a
defined target state and its associated cost function through the application of the Pontryagin
Maximum Principle (PMP)4. The optimal control problem is solved here with a numerical
approach called GRAPE (GRadient Ascent Pulse Engineering) that was initially introduced for
Nuclear Magnetic Resonance pulse design*2. The GRAPE algorithm updates the control
parameter and the trajectories that satisfy the optimal conditions to minimize the cost function
at each iteration, while satisfying the constraints imposed by the PMP.

The considered dynamic system is the macroscopic magnetization M of isochromats, whose

evolution is governed by Bloch equations:

1 AB, -—u,
T
LM C M) | 0
& M, |=| -AB, =y, M, |+ 0 (1)
Mz ’ Mz MO
1 —_
uy —U, _T_l 1

where AB, is the resonance offset and U= (uy,u,) is the control parameter corresponding to
the RF pulse which will control the macroscopic magnetization from agiven steady state to the
defined target state. Only the x-component of the RF pulse is considered here3?. Both the target

states and the cost function are defined by the user depending on the desired application.

2.2 Optimal Control applied to MRE
OC applied to MRE has been well described?®. The parameters defined to solve the OC problem
applied to MRE are illustrated in Figure 1. The temporal evolution of the Bloch equations is
discretized, tocompute the magnetization ateach time step. The parameters appearing in Bloch
equations such as the relaxation times and the resonance offset must be defined. Indeed, the
relaxation times are taken into account during the optimization process. This is crucial in the

case of short transverse relaxation times since the loss of phase coherence can no longer be

neglected during the application of the excitation pulse. In order to define the resonance offset,

the spatial discretization has to be addressed first. The RF pulse is going to be applied with a

constant gradient G; to simultaneously perform slice selection and motion encoding while the
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shear wave propagates through the sample. The concept of bandwidth Af;, of the optimized
RF pulse is thus achieved by discretizing J isochromats located at z(;, along the desired slice
direction (taken to be z here). The slice thickness Az is then fixed by the constant gradient
amplitude and pulse bandwidth. Two outbands (Azout) are also considered beyond the slice
thickness to limit the transverse magnetization outside the slice. Then, to account for the
controlled fluctuation of the Bo field perceived by the isochromats due to the oscillatory motion
induced by the shear wave, isochromats are also discretized along the shear wave propagation
direction (arbitrary chosen to be x). Each isochromat is located along the wavelength A at x ;)

with a motion initial phase given by 6, = Zn%‘l. Only two isochromats separated by a

quarter of a wawvelength (6, =0 and 6, =m/2) are considered here since it was

demonstrated to be sufficient to converge towards a pulse able to encode motion througho ut

the whole wavelength while reducing the computation time3&,

Finally, the Bo field variation perceived by isochromats located at (i, ) is finally given by:
ABy, , () = G,(A -sin(2nft +6)) +2() (2)

where A and f represent the amplitude and the frequency of the shear wave respectively.

The target states are defined so as to minimize the transverse magnetization in the outbands
and to maximize it inside the slice. In addition, the magnetization phase of in-slice isochromats
is related to the isochromat phase in the oscillatory motion. The target states are thus described
by:
Teij) = (sin(cos ), cos(coshy),0) if z(; € Az,
Ty = (001) if z( € Azyy, (3)
The cost function seeks to minimize the quadratic difference between the final states after the

application of the pulse ﬁ(i_ i1 (tp) and the defined target states T(i,j):
J

CW =Y Y o (t) = Top I @)

j=1i=1

2.3 MRE setup
MRI acquisitions were performed on a preclinical 7T BioSpec scanner (Bruker Biospin,
Ettlingen, Germany), with a quadrature 72 mm inner diameter volume coil in transmit/receive
mode. In vitro experiments were carried on agar (2%wt) phantoms doped with Manganese

chloride MnClz. The phantom was a bi-layer cube with 1 and 5 mM MnCl. concentrations. Ex
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vivo experiments were carried on a bovine tendon embedded in an agar (2.6%wt) cube in such
a way that the tendon fibers were positioned vertically, perpendicular to the magnetic field Bo.
Relaxation times measured using a RARE (Rapid Acquisition with Refocused Echoes)
sequence with different TEs and TRs were [T1, T2]imm = [66.411, 3.44+0.3] ms, [T1, T2]smm
= [28.941.2, 1.31+0.4] ms for the phantom. The tendon had heterogeneous relaxation time
values varying from 400 to 1200 ms and from 8 to 12 ms for the T1 and T2, respectively. A
piezoelectric actuator (CEDRAT Technologies) was used as mechanical transducer driver. A

waveform generator (Agilent 33220A) was configured to produce the shear wave signals.

2.4 OC pulses implementation details
Pulses were numerically optimized for two different excitation frequencies of 300 and 600 Hz.
The lower limit was chosen so as to have suitable wavelengths with respect to the small size of
the phantoms. The upper limit was chosen so as to restrict wave attenuation which increases
with frequency while also ensuring a sufficiently long wavelength with respect to the inplane
voxel size. Given the very short targeted T2, different optimized pulse durations were tested
and among the multiple solutions generated, the best pulses generated at each excitation
frequency were considered for experimental tests. Further details of the optimization
parameters of both OC pulses used for the tests are summarized in Table 1. The following
parameters were common to all the pulses. The pulse amplitudes |u, | were bounded to 94 uT
in order to respect the constraints of the coil and the RF amplifier. The slice bandwidths Af;,
were set to 7 kHz, which corresponds to a 1mm slice with a gradient amplitude Gz=164 mT/m.
The outer bandwidth intervals were setto +[4.5,10.5] kHz yielding a transition band of £[3.5,
4.5] kHz. The frequency steps were set to f.,, =10 Hz and f, .= 20Hz in the slice and

the outer bandwidth, respectively. Only two isochromats groups per wavelength (at 6, =0
and 6,y = m/2) were considered. This yields a total of 2002 (=2 types of isochromats *
(Bfinlfstep,, t1) + 2 outbands *(Af,y. /fsiep,,,,)) different isochromats that were simulated and

controlled per pulse. The computation time for each pulse was around 12 h on a computing

grid of 4-core, 2.5 GHz machines.

2.5 MRE acquisitions
Classical MEG MRE and OC-based MRE sequences were carried out on both phantoms. For
the classical method, a RARE sequence was used with a low turbo factor of 4. A single cycle

of sinusoidal MEG of 164 mT/m amplitude was added before and after the first refocusing
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pulse. MEG was synchronized with the mechanical excitation and its frequency was equal to
the vibration frequency in each acquisition. The OC RF pulses were inserted as excitation
pulses in RARE* (turbo factor = 4) and UTE (402 spokes) sequences (see Figure 2). The OC
pulse itself was synchronized with the mechanical excitation. Since the OC approach implies
that motion has to be aligned with the constant gradient, motion was sensitized in a single
direction, corresponding to the slice direction. For the tendon tissue, it was oriented so as to
have its fibers aligned within the selected slice. Axial slices of 1 mm thickness were acquired.
The TE was fixed to the minimum possible for each sequence. Four equally-spaced phase
offsets were acquired. To avoid artifacts during the viscoelastic parameters reconstruction, the
excitation frequencies were adapted to each phantom so that there were at least one and a half
wavelength encoded in the propagation direction and that a wavelength contained at least nine
voxels*3. Further details of the acquisition parameters for each phantom are summarized in
Table 2.

The wave generator was triggered at the beginning of each TR to reach a steady-state wave
propagation before the beginning of the MR sequences. Two acquisitions with inversion of the
wave polarity were done for phase images subtraction and removal of static phase offsets.

Acquisitions without motion were also carried out to compute the phase noise.

2.6 Image analysis
2.6.1 G’ reconstruction
Raw phase images were unwrapped with a quality guided path following phase unwrapping
algorithm*4. The proportional 2D displacement fields were calculated. Then, a directional filter
was applied in the main propagation direction (from bottom to top) and the temporal Fourier
transform was applied to the displacement fields. The first harmonic was kept for the
viscoelastic parameters reconstruction. Then, spatial fourth-order 2D Butterworth filters with
lower and upper thresholds of 0.3 and 1.5 cm! were applied to fiter and preserve the
wavelengths of interest as much as possible!!4>. The spatial filter limits were chosen based on
simulations of estimated wavelength values with different cut-offs filters values (data not
shown). The Helmholtz equation inversion algorithm!046 was applied to the filtered
displacement fields to calculate the shear storage modulus G* at each frequency, assuming a
density of 1000 kg/m2. Finally, a 3x3 median filter was applied to the elastograms.
ROIs were manually drawn excluding the phantom borders and regions where the wave
propagation was not sufficient. The mean and standard deviation of G’ were computed inside
the ROIs.

10
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2.6.2 PNR computation

The Phase-to-Noise ratio (PNR) is calculated to evaluate and compare the motion encoding
efficiency of the different sequences on the phantom. The 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 the 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 (c): PNR=A/G.

2.7 Rheometry measurements
In order to corroborate the shear storage modulus value of the bovine tendon found by MRE,
rheometry measurements were carried out with a high-frequency rheometer’-48 three days after
MRE experiments. A disc-shaped axial section of the tendon with a diameter of 15 mm and a
1.5 mm thickness was contained between two glass plates mounted on a piezoelectric actuator.
The top plate was driven vertically by the piezoelectric element in a small sinusoidal motion
(~nm) with a frequency varying between 1 and 630 Hz, the small motion warranting that the
measurements are independent on the strain and only dependent on the frequency. A squeeze
flow was thus induced in the sample and the stress transmitted to the second plate was measured
by the other piezoelectric ceramic. The complex modulus, and then the shear storage modulus,
were directly deduced from the pressure applied by the sample on the sensor and the amplitude
of motion*®. As the sample was an axial slice of the tendon, the induced stress was
perpendicular to the tendon fibers, resulting in the measurement of the G’ in the same direction

as in the MRE experiments.

11
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3. Results (1021)

3.1 OC pulses in the simulation framework

3.1.1 OC pulses validation

To make a first validation of the performance of the OC pulses, the final states and the slice
profile can be calculated by simulating through Bloch equations the application of the pulse to
a numerical phantom with the same parameters as the optimization. The pulse B (see table 1)
is considered here for the illustration of the OC pulses characteristics, presented in Figure 3.
Figure 3A shows the simulated slice profile, calculated by integrating the transverse
magnetization inside pixels aligned along the slice gradient direction. It reasonable fits to the
desired slice thickness of 1 mm. Figure 3B presents the final states of the transverse
magnetization in the transverse plane of the Bloch sphere of all the isochromats considered in
the optimization process. The 0 and n/2 phase isochromats are perfectly distinct. We can define
the simulated encoded phase as the difference between the mean phase of each isochromat

(Psim = Psim,, wp ~ Psimyg, ,)- Ideally, it should be equal to 7/2 but in this case, it is smaller

due to the short T2-values considered.

3.1.2 Robustness to the T2 variability

As OC pulses are optimized for a given T2, ideally the T2 of the studied sample has to be
known a priori to adapt the T2 for the pulse optimization, which is sometimes not possible.
The robustness of OC pulses to the variability of T2 is evaluated here by simulation to
demonstrate the performance of OC pulses when having heterogeneous T2 samples such as
tendons. To this end, the OC pulse B was applied through Bloch equations on several numerical
phantoms with different T2 values. To simulate the effect of the OC pulse when there is no
mechanical excitation, the pulse was also applied to the same numerical phantoms with a null
motion amplitude. Figure 4 shows the obtained results. Figure 4A and 4B present the final
states and the slice profiles on two numerical phantoms of T2 values of 1 and 20 ms with and
without motion. When there is no mechanical excitation, no phase is encoded since the two
isochromats population behave similarly (like if both had an initial phase of 0). The simulated

phase noise o

«im Can be defined as the standard deviation of the isochromats phase in the
absence of motion. The slice profile is nearly unchanged and so the obtained transverse
magnetization amplitude is the same with and without motion for the same T2. From the
figures, we can observe that the transverse magnetization amplitude is lower respectively

higher if the sample T2-values are higher respectively lower to the optimized one. Results are

12
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quantified and presented in Figure 4C, which shows the simulated encoded phase, the phase
noise and the transverse magnetization amplitude with varying T2 values of the sample.
Finally, the PNR, defined as the ratio of the simulated encoded phase divided by the phase
Noise (@i /0sim ), Were computed and are shown in Figure 4D. PNR has the maximum value

when T2=T2,,, and decreases very slightly when T2>T2,,,. However, an abrupt decrease is

opt*

noticed when T2<T2,,,.

3.2 Phantom acquisitions
Figure 5 shows the magnitude and phase images as well as the obtained elastograms of the
phantom with the different sequences at 600 Hz. The layer with the concentration of 5 mM of
MnCl (i.e. the lowest 1ms T2-value) is only visible in magnitude images obtained with the
OC UTE sequence since it has the shortest echo time. But the shear waves are encoded with
both the OC RARE and OC UTE sequences.

The classical MEG MRE method is compared to the OC strategy in terms of phase encoding
and PNR through the different acquisitions at two frequencies. Results are summarized in
Figure 6A-B. Note that vertical axes are presented in logarithmic scales to enable the

comparison among all acquisitions.

In the 5 mM MnCl> concentration layer (Figure 6A), the classical MEG sequences at both
frequencies have long TEs compared to T2 so no signal can be acquired. Only the OC strategy
allows a phase encoding, obtaining best PNRs with the OC UTE sequence.

In the 1 mM MnCl: concentration layer (Figure 6B), the classical MEG sequence only gives a
signal at 600 Hz and the layer can therefore not be characterized at 300 Hz. At 600 Hz, the
classical MEG and OC RARE sequences present higher phase encodings however the resulting
PNRs are higher with the OC UTE.

Finally, the mean values and standard deviation of the shear storage modulus G’ obtained for
both excitation frequencies with the different sequences are presented in Figure 6C-D for the
5mM and the 1 mM MnCL concentration layers, respectively. An unexpected decrease of the

shear modulus with increasing MnCl. concentration can be noticed.

3.3 Tendon ex vivo acquisitions
Figure 7 shows the results obtained onthe bovine tendon at an excitation frequency of 600 Hz.

Classical MEG and OC RARE sequences had too long echo times compared to the transverse

13
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relaxation time of the tendon, yielding weak signals. Figures 7A-B-C display the magnitude
images obtained with the classic MEG MRE, the OC RARE and the OC UTE sequences,
respectively. Again, OC RARE and OC UTE showed propagating shear waves on phase images
but only OC UTE led both magnitude images with sufficient SNR and phase images usable to
reconstruct the G’. Figure 7D shows the phase image obtained with the OC UTE sequence. An
increased wavelength is detected where the tendon is located. This implies ahigh shear storage
modulus, which can also be seen in the elastogram in Figure 7E. The mean and standard
deviation values of G’ calculated in the ROI were 128 + 26 kPa.

3.4 Tendon rheometry measurements
Figure 8 shows rheometry results. The shear storage modulus of tendon has a power law
behavior. Data was fitted to a frequency power law model according to G'~ f* where f
represents the motion frequency and o the exponent. The fit was done whit a non linear least
squares method on Matlab (R? = 0.9836). The obtained exponent was 0.1147. The value of

shear storage modulus at 600 Hz obtained by interpolation is 183 kPa.

14
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4. Discussion (1171)

This article presents the advances in the application of the Optimal Control theory to MRE: the
quantification of the mechanical properties of tissues having very short transverse relaxations
times. This method is based on the use of RF pulses, designed with an optimal control
algorithm, able to simultaneously perform slice selection and motion encoding, allowing signal
acquisitions right after the RF pulse and so enabling short echo times. This is the main
advantage compared to the classical MRE method, which applies motion encoding gradients
between the excitation and the signal acquisition to encode motion, resulting in long echo
times, especially for low frequency vibrations. The performance of the OC pulses was already
validated on usual T2 samples3?:°0. In this study, we built upon these previous results to improve
and adapt the OC algorithm to short T2-values in order to explore new applications of the OC
MRE strategy.

Compared to the existing MRE strategies proposed in the literature to reduce the TE, the OC
approach does not use motion encoding gradients before or after the pulse excitation (like the
DENSE sequence®? and the fractional encoding®!) and as it is classically done, it encodes the
motion in phase images (unlike the MSPrep strategy®4). The OC strategy is thus the first method
able to encode motion on the magnetization phase of isochromats with very short transverse
relaxation times. From figure 3B, we can observe that the final transverse magnetization is
about 50% of the theoretical maximum. However, in theory if we compute the signal obtained
from a sample with a transverse relaxation time equal to the one of the optimization pulse B

(T2,p,, = 2ms) atatime t=75=5 ms, we obtain a final transverse magnetization of about 8%.

opt
This demonstrates the ability of OC pulses to partially compensate the effect of very short
transverse relaxation times during its application thanks to the consideration of relaxation times

throughout the optimization process.

One advantage of the OC strategy rests upon the flexibility of the algorithm. Indeed, in the
optimization process we can consider any experimental imperfection. For example, several
isochromats with different oscillating frequencies can be considered to perform simultaneous
multifrequency MRE?°. In addition, here we demonstrated by simulation the robustness of OC
pulses to the sample T2 variability: OC pulse are robust when the actual T2 is longer than the
optimized one and even when T2s are slightly smaller than the optimized value, the OC pulse
is still able to fulfill correct phase encoding but transverse magnetization rapidly decreases.

This means that an OC pulse optimized for the minimum possible T2 could be used in a
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relatively wide range of T2s. This would facilitate the use of the OC strategy on clinical setups

since just a few pulses could be sufficient for different applications.

According to the results, the classical MEG MRE sequence cannot quantify mechanical
properties of very short T2 tissues since the echo times are prolonged by the presence of MEGs.
On the other hand, the OC strategy can do it. Even if the magnitude images obtained with the
OC RARE show a week signal in the 5 mM MnCl. concentration layer and the tendon (Figure
5and 7B, respectively), the wave propagation is still encoded. From phantom results, we can
notice that despite leading to lower encoded phase values, the reason for which will be
investigated in future studies, the OC UTE sequence produces the highest PNRs at both
excitation frequencies since phase noise are also reduced. PNRs are higher at 600 Hz than at
300 Hz. This could present an advantage compared to the classical MEG sequence which needs
oscillating gradients that cannot reach high frequencies due to slew rate limitations. Moreover,
being able to perform MRE at high frequencies is especially positive for the application on
small and stiff tissues such as tendons.

Shear storage modulus values found on the agar phantoms are consistent with the literature5?
even though the difference of G” with MnCl2 concentration was unexpected. However, to our
knowledge there are no reported values of G’ of tendons on the MRE literature. Hence, we
carried out rheometry measurements on the tendon to corroborate the shear storage modulus
obtained by MRE?®2. Both results were of the same order of magnitude (128 vs 183 kPa by MRE
and rheometry, respectively) and were consistent since tendons are known to be quite stiff°3-
55 The difference between them could be explained by the fact that rheometry measurements

are localized and with fiber orientations that might differ slightly from MRE measurements.

The OC UTE sequence is therefore the only method that allows the characterization of
mechanical and anatomical properties from phase and magnitude images, respectively, of very
short T2 tissues. Indeed, even averaged, the RARE sequence would not produce a sufficient
SNR to consider a reliable reconstruction of viscoelastic parameters®® nor a significant
improvement of PNR. Nevertheless, the principal drawback of the OC UTE sequence is the
longer acquisition time since many spokes are needed to respect the Nyquist theorem for a
good reconstruction. Moreover, due to how the OC problem has been defined, the
magnetization has still to return to the thermodynamic equilibrium state (M = (0,0,1)) after

each repetition so long TRs are needed. One possibility to reduce the repetition time would be
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to further consider during the optimization process an equilibrium state different from the
thermodynamic equilibrium. The acquisition time could then be reduced.

Currently, a limitation of the OC strategy is that only oscillatory motion vibrating in the same
direction as the constant gradient can be encoded. Research is underway to extend the
application of the strategy to the encoding of 3D motion. We are also exploring the adaptation
of OC pulses to clinical MRE. Indeed, the constraints of clinical systems (maximum gradient
amplitude and slew rate and maximum RF power amplitude) and the parameters used in clinical
MRE (motion excitation frequency and amplitude...) are different from those of preclinical
MRE. In particular, the energy deposited by the pulses must be sufficiently low to comply with

accepted SAR levels. These challenges will be addressed in further works.

Finally, the application of MRE to quantify mechanical properties of short T2-values tissues is
challenging. Some of the biological tissues having short T2 that have demonstrated to suffer
from mechanical properties variations caused by diseases are lungs®’ and tendons®®. Some
patients can also have short T2 liver values when presenting high iron liver content in cases
such as hemochromatosis?®. While MRE was successfully carried on human lung parenchyma
with a fractional encoding MRE sequence?!, tendons have not been investigated by MRE yet.
Ultrasound elastography studies showed that Achilles tendinopathy induces a softening of the
Achilles tendon (AT) tissues®®°° and several MRI studies demonstrated that UTE sequences
are more adapted than conventional Cartesian sequences for an early detection of abnormalities
of the AT®60, Hence, being able to obtain important anatomical information with an UTE
sequence while characterizing its mechanical properties with the proposed OC UTE sequence
could be a useful tool for the investigation of tendon diseases. High concentration iron livers
could also benefit from the short echo times obtained with the OC strategies to enable a better

mechanical characterization and thus simplifying patient’s follow up.
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5. Conclusion (192)
This article proposes a MRE strategy to mechanically characterize tissues having short
transverse relaxation times. RF pulses designed with an Optimal Control algorithm are able to
simultaneously perform slice selection and motion encoding. Motion encoding gradients being
no longer needed, k-space readout can occur just after the excitation pulse and thus very short
echo times obtained. This strategy was combined with both an accelerated spin echo (RARE)
and an ultra-short echo time (UTE) sequence. Both sequences were successfully applied on
short T2 samples, allowing the reconstruction of shear storage modulus maps. Results
demonstrated that the OC UTE sequence produced better PNR. The OC UTE sequence could
be a valuable tool to explore the anatomy and the mechanical properties of biological tissues
having short T2 tissues. Future work will keep on the development of the optimal control
algorithm to study the possibility of using a different equilibrium state in order to reduce the
repetition time and so accelerate the acquisition. Finally, preclinical in vivo studies would be
further carried out on a high concentration iron liver mouse model to analyze the pertinence of

OC pulses of quantifying the mechanical properties of such tissues.
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Tables

Table 1. Optimization parameters of the different OC pulses: excitation frequency fexc, duration

7 and relaxation times.

Pulse | fexc (Hz2) | T(ms) | T2opt (mMs)
A 300 7 2
B 600 5 2
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Table 2. Pulse sequence parameters stablished 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 65 x 65 mm? for the in vitro and ex vivo acquisitions, respectively. The MnCl phantom was characterized
at 300 and 600 Hz. The tendon was only characterized at 600 Hz.

Phantom | fexc (Hz) | Acquisitions | A(V) | fmec (Hz) | OC pulse | TE (ms) | TR (ms) | Acquisition time
300 | MEG MRE 300 - 12.5 300 38s
300 OCRARE 1 - A 3.9 300 38s
1&5mM 300 OCUTE - A 0.07 300 8min 2s
MnClk 600 | MEG MRE 600 - 8.3 300 38s
600 OCRARE 1 - B 3.9 300 38s
600 OCUTE - B 0.07 300 8 min 2s
600 MEG MRE 600 - 9.7 1500 3min 12's
Tendon 600 OC RARE 2 - B 4.04 1500 3min 12s
600 OCUTE - B 0.07 1500 40 min 12s
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Figures

Figure 1. Definition of the numerical phantom to solve the OC problem applied to MRE.

Motion of spins induced by the shear wave is represented in dark blue oscillations. Note that

two different vertical axes are considered.
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1  Figure 2. Sequence diagram of the OC UTE sequence used in this study. The OC pulse B (7 =
2 5 ms) is shown for illustration. The RF pulse and the magnetic field gradients are synchronised
3 with the mechanical excitation and moved at each phase offset in order to sample the shear
4 wave propagation.
5
TE
Mechanical AAAAANAAAAAAAAAAAAANAAAN
excitation VAVAVAVAVAVAVAVATAVAVAVAATAVAVATAVAVAVAVAAVAVAY
OC RF pulse
Gz
Gy
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6
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Figure 3. Characteristics of the OC pulse B: A) Simulated slice profile. The pink and green
dashed lines represent the theoretical controlled slice thickness and outbands, respectively. B)
Final transverse magnetization states in the Bloch sphere after the application of the OC pulse.
The 0 (purple) and m/2 (green) isochromats are perfectly distinct. The group in the center (blue)
represents the isochromats outside the controlled bandwidth.
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Figure 4. Numerical evaluation of the robustness of the OC pulse B with respect to the
variability of the sample T2. Final magnetization states in the transverse plane after the
application of the OC pulse and simulated slice profiles with and without motion for samples
with T2 values of : A) 1 ms B) 20 ms. C) Transverse magnetization amplitude, simulated
encoded phase and phase noise. D) PNR variation with respect to the sample T2 which varies

between 0.2 and 20 ms.
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Figure 5. Magnitude (left colum), phase (central column) and shear storage modulus G’ (right
column) images obtained at 600 Hz with the different sequences : classical MEG MRE (top
line), OC RARE (central line) and OC UTE (bottom line). For the OC sequences, pulse B was
used. Both layers are delimited in magnitude images by dotted lines: the 5 and 1 mm MnCI2

concentration layer are located on the left and right, respectively.
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A)

C)

G' (kPa)

Figure 6. Results of phase encoding A, phase noise o and Phase-to-Noise ratio PNR (in

arbitrary units) obtained with the different acquisitions at multiple frequencies onthe A) 5mM

and the B) 1 mM MnCl concentration layers. Note that vertical axes are in logarithmic scale.

Mean values and standard deviation of the shear storage modulus G’ obtained for both

excitation frequencies with the different sequences are presented on the C) 5 mM and the D)

1mM MnCl. concentration layers.
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Figure 7. Magnitude images of the tendon with the A) Classical MEG MRE, B) OC RARE and
C) OCUTE sequences. D) Phase image and E) elastogram obtained with the OC UTE sequence
at 600 Hz on the tendon. G’ mean value inside the ROI is 128 kPa.
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Figure 8. Shear storage modulus perpendicular to tendon fibers obtained by rheometry. Motion
frequency varies from 10 to 630 Hz. Results are fitted to a power law (dotted line) whit a non
linear least squares method on Matlab and the obtained trend equation is displayed onthe figure

(R2 = 0.9836).
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