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Abstract

Objective To comparatively assess the performance of highly selective pulses computed with the SLR algorithm in fast-spin
echo (FSE) within the current radiofrequency safety limits using a metamaterial-based coil for wrist magnetic resonance
imaging.

Methods Apodized SINC pulses commonly used for clinical FSE sequences were considered as a reference. Selective
SLR pulses with a time-bandwidth product of four were constructed in the MATPULSE program. Slice selection profiles
in conventional T1-weighted and PD-weighted FSE wrist imaging pulse sequences were modeled using a Bloch equations
simulator. Signal evolution was assessed in three samples with relaxation times equivalent to those in musculoskeletal tis-
sues at 1.5T. Regular and SLR-based FSE pulse sequences were tested in a phantom experiment in a multi-slice mode with
different gaps between slices and the direct saturation effect was investigated.

Results As compared to the regular FSEs with a conventional transmit coil, combining the utilization of the metadevice with
SLR-based FSEs provided a 23 times lower energy deposition in a duty cycle. When the slice gap was decreased from 100
to 0%, the “slice cross-talk” effect reduced the signal intensity by 15.9-17.6% in the SLR-based and by 22.9-32.3% in the
regular T1-weighted FSE; and by 0.0-6.4% in the SLR-based and by 0.3-9.3% in the regular PD-weighted FSE.
Discussion and conclusion SLR-based FSE together with the metadevice allowed to increase the slice selectivity while
still being within the safe SAR limits. The “slice cross-talk” effects were conditioned by the number of echoes in the echo
train, the repetition time, and T1 relaxation times. The approach was more beneficial for T1-weighted SLR-based FSE as
compared to PD-weighted. The combination of the metadevice and SLR-based FSE offers a promising alternative for MR
investigations that require scanning in a “Low-SAR” regime such as those for children, pregnant women, and patients with
implanted devices.
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Introduction

Over the last few years, special attention has been paid to the
use of metamaterial-based radiofrequency (RF) devices and
metasurfaces (referred to as metadevices) in magnetic reso-
D4 Ekaterina A. Brui nance imaging (MRI) [1-5]. This type of device is intended
e.brui@metalab.ifmo.ru to dramatically improve the RF magnetic field transmission
efficiency of the MR system. In addition, metadevices are
expected to focus the RF magnetic field in an area of interest
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(SAR) of electromagnetic energy depends not only on how
the RF magnetic field is transmitted (i.e. what is the distribu-
tion of electric field provided by an RF coil) but also on the
intensity of RF energy transmitted (i.e. which RF pulses and
pulse sequences are employed during the image acquisition).
That is why SAR becomes an issue at ultra-high field [6]
considering that (i) body tissues absorb more RF energy at
higher frequencies and (ii) the RF pulses power needed for
a given magnetic field (B,*) level increases with respect to
frequency. This issue may also be relevant in clinical fields
when using pulse sequences containing high-amplitude
pulses. As an example, adiabatic pulses, which are robust to
radiofrequency inhomogeneities, have been used for an effi-
cient fat suppression in musculoskeletal imaging at 3T [7]
or for a robust saturation in first-pass cardiac perfusion MRI
at 3T [8]. As a consequence, the SAR aspect usually limits
the utilization of highly selective RF pulses [9] which deploy
intense RF energy. Moreover, SAR regulations restrict the
data acquisition speed and limit signal-to-noise ratio (SNR)
by bounding the refocusing angle in fast pulse sequences,
such as fast spin-echo (FSE) and single-shot fast spin-echo
(SSFSE) [10, 11].

Even at a low magnetic field i.e. 1.5T, the SAR aspect can
actually be a limit when one intends to use high amplitude
and/or rapidly applying RF pulses. In that case, RF schemes
used in the clinical settings have to be modified to fulfill the
regulations [10, 12]. On that basis, any way of increasing the
acceptable threshold of RF power and/or RF pulses frequency
would be very attractive as long as the SAR is not modified.
Metadevices open then up a very interesting opportunity to
extend the limits of energy deposition of such pulse sequences,
which could then be used in clinical MRI. Interestingly, a
48 times maximum local SAR reduction has been recently
reported when a whole-body “birdcage” coil, which is the
most commonly used transmit coil, was supplemented by a
wireless metamaterial-based volumetric coil for hand and wrist
MRI [4]. This substantial reduction could be used to improve
the utilization of fast spin-echo (FSE) sequences which are the
most SAR-demanding pulse sequences used in musculoskele-
tal clinical MRI. Efficient utilization of FSE sequences is most
of the time restricted by the corresponding large SAR. In fact,
FSE sequences combine spins excitation and rapid refocusing
based on selective RF pulses with a certain narrow frequency
band coupled to a local magnetic field gradient oriented per-
pendicularly to the desired slice (the slice selection gradient).
A perfect rectangular slice profile is actually expected to make
sure of the homogeneity of the localized excitation of spins. A
non-rectangular excitation profile should lead to a decreased
magnetization vector flip at the slice edges. In a multi-slice
mode, the repeated refocusing may lead to an undesired direct

@ Springer

saturation (“slice cross-talk™) effect [9] when the spacing
between the slices is not large enough. In multiple spin echo-
based MR sequences, this type of bias is combined with a
magnetization transfer effect, which can eventually lead to a
large signal loss [13].

Dedicated highly selective pulses with a more rectangular
excitation profile should reduce the error caused by poor slice
selectivity but are associated with extensive energy deposition.
The most widely used selective RF pulses in clinical MRI are
truncated SINC-shaped pulses, apodized with Hamming or
Hanning window [9]. The time-bandwidth product (TBW) of
a SINC pulse defines the excited slice profile. A sufficiently
rectangular profile can be reached at TBW > =6 [14]. How-
ever, this is only possible for long pulse duration and/or a large
excitation bandwidth, which are both limited by multiple fac-
tors. First, the frequency bandwidth of a pulse is limited by the
technical characteristics of the gradient system of a scanner
(e.g. linear 22 mT/m—for 1.5T Magnetom Avanto in routine
and 40 mT/m in research mode). Second, stretching RF pulses
in time is deleterious to imaging as it causes signal loss and
delays echo formation, eventually affecting image contrast.
The most prevalent limitation is the limited energy deposi-
tion. Indeed, the increased TBW of a pulse is associated with
a larger amplitude, which results in an increased SAR, a time-
averaged measure proportional to the integral of the squared
RF pulse waveform over the pulse duration [9]:

Trf
SAR ~ / BY:S2(tydt, (D)
0

where B;—is the pulse amplitude, T,f—its duration, and
S(r)—its waveform normalized to 1. For all these reasons,
SINC-shaped pulses with high TBW are not commonly used
in clinical MRI. The same situation occurs for other highly
selective pulses with advanced waveforms such as those
computed with the Shinnar-Le Roux (SLR) algorithm [15].
The SLR algorithm allows to design highly selective RF
pulses with limited duration and strong constraints on the
slice profile while leveraging digital filter design from the
highly flexible polynomial formulation.

The aim of the present study was to comparatively assess
the performance of these attractive highly selective pulses
within the current RF safety limits thanks to the use of a
metadevice. Fast spin-echo pulse sequences with clinical
parameters and integrating selective RF pulses computed
using the SLR algorithm were numerically simulated and
implemented experimentally for phantom scanning using the
metadevice previously used at 1.5T for wrist MRI [4].
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Methods
Modeling

A Bloch equations simulator [16] was used as a basis for
modeling the magnetization evolution in Matlab (The
MathWorks, Natick, 2016). Using rotation and propaga-
tion matrices, the Bloch equations simulator iteratively
calculates the magnetization vector components at each
time point and for given instantaneous values of gradients
and RF magnetic field amplitudes [17].

RF pulses

Regular apodized SINC pulses commonly used in clinical
FSE sequences in low SAR mode on Siemens Magnetom
Avanto MRI scanner were used as a reference. The param-
eters of RF and gradient pulses were extracted from the
Siemens Magnetom Avanto MRI operating system and
were used for the simulations. Excitation and refocusing
profiles of these regular pulses were simulated. As a first
step, the refocusing pulse profile computation was carried
out for an ideal 90°-flip magnetization vector for the entire
range of spatial positions [i.e. when longitudinal compo-
nent M, (0) = 0 and transverse component M x},(O) = 1]. The
rationale of this choice was to avoid the influence of a non-
ideal excitation profile. The relaxation was also neglected
during this phase.

The SLR pulses were constructed in the MATPULSE
program [18]. The durations of the SLR pulses were iden-
tical to those of the reference pulses to keep the echo times
unchanged. The excitation pulse was redesigned to pro-
vide no side lobes in the excitation profile by optimizing
the ripples percentage in the pass and rejection bands. Its
frequency bandwidth was similar to the one used for a
regular excitation pulse. To increase the time-bandwidth
product, and thus to increase the selectivity of the refo-
cusing pulse, the frequency bandwidth of the 180° SLR
pulse was chosen larger in comparison to the regular pulse.
The limitation on the gradient amplitudes (2.2 G/cm) was
taken into consideration while choosing the TBW of the
pulse. We did not consider the maximal possible TBW (x
11) in order to leave the possibility of decreasing the slice
thickness from 3 to 1 mm without exceeding the gradi-
ent limitations. Thus, the SLR pulse with TBW =~ 4 was
considered. The ripples percentages were chosen to obtain
the sharpest refocusing profile without visible ripples in
the passband.

FSE pulse sequence modeling

The signal evolution throughout the fast spin-echo
sequence was modeled with the Bloch equations simula-
tor for the slice selection only. We did not include the
spatial signal encoding within the slice. The corresponding
solutions were considered for a steady-state mode. At this
stage, the excitation profile and the relaxation were taken
into account.

Two FSE pulse sequences were computed as recom-
mended for 1.5T wrist imaging by Siemens (https://www.
siemens-healthineers.com). The parameters of the pulse
sequence were as follows: repetition time TR =550/3800 ms,
echo time TE =13/39 ms, excitation angle a =90°, refocus-
ing angle f=180°, echo spacing ES =13 ms, echo train
length ETL =4/8. For a 2D version of the FSE sequence,
each echo in the echo train conventionally acquires a new
line in the k-space [19]. That is why, in FSE sequences, TE
is the time of echo occurrence, which applies for the central
part of the k-space and conditions signal contrast in the final
image. For the T1-w/PD-w sequences we computed, it refers
to the first and third echo, respectively.

Signal evolution was assessed for three samples (corre-
sponded to 3 calibrated phantoms, Eurospin II, Diagnostic
Sonar LTD, Scotland) with T1 and T2 relaxation times rang-
ing from 329 to 992 ms and from 108 to 128 ms, respectively
(see Table 1 for details). T1 times were chosen to represent
three key compartments of MSK tissues: fat/bone marrow,
cartilage, and muscle at 1.5T [20]. The other parameters
were as follows: frequency offsets from — 50 to 50 Hz with
a 1 Hz step; spatial positions of the magnetization vectors
from — 15 to 15 mm with a 0.1 mm step (this set the dimen-
sions of the sample and the number of points in it).

Slice profiles in FSE

The spatial profile of the transverse magnetization compo-
nent M, averaged over the entire range of frequency off-
sets, was considered as a signal profile in the direction of
the slice selection (the slice profile). The slice profiles were
calculated for regular and computed SLR pulses for each
echo. In a real MRI experiment, the signal is acquired from
the entire refocused area and not only from the width of the

slice profile half-maximum. Therefore, it was necessary to

Table 1 Relaxation time of the samples

Phantom # TI1 (ms) T2 (ms) TI of corresponding tissues (ms)
[20]

Pl 329 111 310/290 (fat/bone marrow)

P2 827 108 770 (cartilage)

P3 992 128 980 (muscle)
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control the width of the entire refocused area (TH,) and the
signal refocused within this width (S,—total signal) during
the modeling and so to estimate how RF pulse shape affects
the final images signal intensity. In the present work, the full
width of the main lobe together with the first side lobes of
the slice profile were considered as TH,. At the same time,
the sharpness of the slice profile was estimated through the
ratio between the signal (S) accumulated within the desired
slice thickness (TH) and the total signal S;. The larger the
ratio, the sharper the slice profile (for an ideal rectangular
slice profile, this ratio would approach 1).

Experiments

The calculated SLR pulses were implemented in the soft-
ware of the Siemens Magnetom Avanto MRI scanner. Pulse
sequences with parameters similar to those used in the mod-
eling were tested in ‘Low SAR’ mode for two cases i.e. with
the regular pulses and with the engineered SLR pulses. The
receiver gain was kept the same for all experiments, provid-
ing a possibility to compare absolute signal intensities. SAR
automatically measured by the scanner was recorded.

The calibrated cylindrical gel phantoms (Eurospin II,
length—11 cm, radius—3 cm), having the same relaxation
times as in modeling (Table 1), were placed in a 3D-printed
holder and positioned in the center of a metadevice as

Fig. 1 Experimental setup for phantom measurements. The inset in
the right bottom corner shows the order of phantom positioning in the
holder

previously reported [4] (Fig. 1). Images were obtained in a
multi-slice mode with seven slices (thickness—3 mm). In
order to assess experimentally the effect of direct saturation
that had not been modeled, different gaps between slices i.e.
100%, 50%, 25%, 10%, and 0% (“‘contiguous” slices) were
considered. Slices were excited in one concatenation (in an
interleaved order, predefined by the vendor). The average
signal intensity was measured in a region of interest located
in the medial (4th) slice of each multi-slice set and for each
phantom. The results of the signal intensity measurements in
the images with a 100% slice gap i.e. with a minimal direct
saturation effect were compared with the modeling results.

To check the actual slice profiles in a single slice regime,
an ACR [21] phantom was utilized. Profiles of the first echo
in T1-w FSE and of the third echo in PD-weighted FSE
were measured. Relaxation parameters of the phantom were
unknown. A 10 mm-thick single slice was acquired perpen-
dicular to the dedicated wedges height of the phantom. For
each wedge, ascending and descending, an average intensity
profile was extracted. This intensity profile was then spa-
tially derived to compute the slice profiles. The ascending
and descending profiles were eventually averaged in order
to compensate for any remaining misalignment between the
slice and the phantom. Since the ACR phantom boasts two
sets of identical and coplanar wedges, these two measure-
ments were averaged as well.

Results
Modeling
RF pulses

The RF and gradient pulses parameters used for the
modeling of 3-mm wide slice selection in a regular FSE
are summarized in Table 2. The obtained excitation and
refocusing profiles for the regular pulses are depicted in
Fig. 2a. Usually, the full-width at half-maximum of an
excited profile is considered as the slice thickness (TH)
[22]. However, for the particular case of FSE sequence, a
lower than required gradient amplitude is commonly used

Table 2 Parameters of RF

: ; Pulse type Flip angle (°) Length (ms) BW (kHz) Passband Rejection Pulse G* (mT/m)
pulse§ used in modeling and ripples band ripples  amplitude
experiment (%) (%) (uT)
Regular 90 2.816 1.36 - - 7.93 73
Regular 180 3.840 0.68 - - 13.68 53
SLR 90 2.816 1.36 1 8.33 7.3
SLR 180 3.840 1.06 0.5 0.5 23.99 8.2

4G is the amplitude of the slice-selective gradient necessary for refocusing a 3-mm width slice
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Fig.2 Excitation (black curves) a
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SLR
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profiles of regular pulses a,
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in 1.5T Siemens Magnetom
Avanto scanner for FSE in
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during the excitation in order to avoid a 3rd arm artifact
caused by poor gradient linearity [23]. In that context,
the slice thickness corresponds to a homogenously excited
area of the profile (plateau) with less than 1% standard
deviation of signal intensity.

The pulse profiles modeling showed that for the 90° SLR
pulse, the optimal percentages of ripples in the pass-band
and in the rejection band were both equal to 1%. Any further
increase led to undesired ripples in the slice profile. Right
after the excitation, the excited profile (Fig. 2b, black curve)
was almost identical to a profile excited by a 90° regular
pulse (Fig. 2a, black curve). Of interest, the side lobes typi-
cally observed for SINC pulses and large flip angles were
not observed using SLR pulses. The energy produced by this
SLR pulse was 5% higher than for the reference 90° pulse.

The frequency bandwidth of the refocusing SLR pulse
was extended by a factor of 1.55 as compared to the regular
pulse thereby allowing the time-bandwidth product to be
increased to 4.06. The most suitable values of ripples per-
centage for the 180° pulse turned out to be 0.5%. The SLR
pulse refocusing profiles are represented in Fig. 2b (gray
curve). The corresponding calculated energy deposition was
73% higher than for the reference 180° SINC pulse. SLR
pulses parameters are also listed in Table 2. Thanks to the
bandwidth of the proposed refocusing SLR pulse together
with the gradient amplitude limitations (max 22 mT/m),
slice thickness could be decreased from 3.0 to 1.1 mm.

25
Time, ms

Slice profiles in FSE

Figure 2c illustrates the time-dependent changes of RF mag-
netic field amplitudes (black and gray curves for regular and
SLR-based FSE, respectively) together with the slice selec-
tion, rewind, and crusher gradients (orange curve) that were
generated in the T1-w FSE pulse sequence. Afterward and
until the end of the pulse sequence cycle, the arrays had
zero value, except an additional crusher gradient at the end
of the cycle (not shown in Fig. 2¢), which was assumed to
fully spoil the transverse magnetization. A diagram for the
PD-weighted FSE differed from Fig. 2c only by the number
of refocusing and corresponding gradient pulses.

Slice profiles were simulated for three samples with
different relaxation times (Table 1). Examples of the
slice profiles (for sample P1) are displayed in Fig. 3
for the T1-weighted FSE integrating SINC (Fig. 3a)
or SLR pulses (Fig. 3b) and for the PD-weighted FSE
with SINC (Fig. 3¢) or SLR pulses (Fig. 3d). For the
first echo, the entire refocused area was wider for SINC
(0.66 cm) as compared to SLR pulses (0.52 cm) and so
for the whole set of samples. The corresponding total
signal ratios (S,5M*/8 RES) for the first echo in T1-w FSE
and for the third echo in PD-w FSE are summarized in
Table 3. As indicated, signals were higher for the con-
ventional FSEs as compared to the SLR-based sequences.
Of interest, one could observe that this gain originated
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Fig.3 Slice profiles of echo signals obtained for a sample with
T1=329 ms in T1-weighted FSE modeling with regular pulses a and
SLR pulses b, and in PD-weighted FSE modeling with regular pulses

Table 3 Modeling results

Phantom T1-weighted FSE, echo# 1 PD-weighted
FSE, echo # 3

Pl 0.98 0.94

P2 0.96 0.94

P3 0.96 0.94

The ratio of total signals (S,5®/S,RES) obtained in modeling of SLR-
based and regular variants of FSE for the echo signals forming the
central part of k-space in each of the pulse sequences. Ratios are cal-
culated for three samples, having different T1 times (P1—329 ms,
P2—827 ms, and P3—992 ms)

from the refocusing of side lobes, i.e., from areas out-
side the desired slice. However, these asymmetric side
lobes most probably resulted from computational errors.
In the T1-w sequence, the S,5-%/§ REC ratio was slightly
lower for higher T, relaxation times as a result of a larger
saturation effects due to a relatively short TR. Also, the
wider slice profile area was subjected to a larger refocus-
ing angle (closer to 180°) when using SLR pulses.

As indicated in Fig. 4, the sharpness of the slice pro-
files was higher for all samples in SLR-based sequences.
The sharpness was quite robust with respect to T1
changes in PD-w FSE, whereas for the T1-w sequence, it
decreased with increasing T1 values.
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Experiments

Phantom images were obtained using the metadevice and the
pulse sequences with different slice gaps. Signal intensities
measured in the phantoms are summarized in a diagram in
Fig. 5. The standard deviation of the signal intensity meas-
ured in the ROIs did not exceed 2%. Using a 100% slice
gap, the signal intensity obtained with the SLR-based pulse
sequence was lower than for the regular sequence, and the
measured S,5"%/§ REC ratios (Table 4) ranged from 0.87 to
0.99 in T1-w FSE, and from 0.86 to 0.92 in PD-w FSE for
different phantoms. These ratios increased significantly for
T1-w FSE when the slice gap was reduced to 0%: 0.98-1.04;
and slightly for the PD-w FSE: 0.88-0.94.

For the T1-w FSE, when the slice gap was decreased from
100 to 0% the signal intensity dropped by 15.7-17.6% for
different phantoms in the SLR-based sequence (Table 5). At
the same time, the corresponding signal reduction was sig-
nificantly worse for the regular pulse sequence 22.9-32.3%.
For the PD-w FSE, the signal intensity drop was much
lower—in the range of 0.03-6.4% (SLR) and 0.3-9.3%
(Regular).

Using of SLR pulses increased the SAR recorded by the
scanner by a factor of 2.1 for both T1-w and PD-w FSE
sequences.

The measured slice profiles of the first echo in T1-w
FSE and of the third echo in PD-w FSE are presented in
Fig. 6. SLR pulses provided sharper slice selection and
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Fig.4 Modeling results. The sharpness of slice profiles (S/S,) cal-
culated for T1-weighted a and PD-weighted b FSE in three samples
with different T1 (P1—329 ms, P2—827 ms, and P3—992 ms).
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Fig.5 Signal intensities measured in MR images obtained using
regular FSE sequences (black markers) and SLR-based ones (gray
markers) in a multi-slice scanning mode of T1-w FSE a and PD-w
FSE b with different inter-slice gaps: 0%, 10%, 25%, 50%, 100%.
The images were acquired with the same receiver gain that provided
a possibility to compare absolute signal intensities. The depend-

lower total signal for both echoes (Table 6). The sharp-
ness difference was larger for the third echo in PD-w
FSE as compared to the first echo in T1-w FSE and so as
predicted by the modelization (see Figs. 3 and 4). How-
ever, the measured profiles did not fully reproduce the

ences are presented for three phantoms with different T1 relaxation
times: P1—329 ms (circle markers), P2—827 ms (squared markers),
P3—992 ms (triangular markers). The absence of the direct saturation
effect would correspond to no signal reduction when compare images
acquired with 100% and 0% gaps

predicted ones with no side lobe for the regular case, and
the values of the sharpness were higher than predicted.
The ratios of total signals (§,5“*/5,RES) were in the pre-
dicted range (Table 6).
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Table 4 Experimental results

Slice gap ~ 100% 0%
Phantom  T1-weighted  PD- T1-weighted  PD-
FSE weighted  FSE weighted
FSE FSE
P1 0.99 0.92 1.04 0.92
P2 0.87 0.86 0.98 0.88
P3 0.87 0.91 0.99 0.94

The ratio of total signals (S,5“*/5,RES) measured for SLR-based and
regular variants of FSE pulse sequences in three phantoms, having
different T1 times (P1—329 ms, P2—827 ms and P3—992 ms) when
scanning with 100% and 0% slice gap

Table 5 Experimentally measured signal intensity drop (in %) due to
the reduction of a slice gap from 100 to 0% of the slice thickness

Sequence T1-weighted FSE PD-weighted FSE
Pulse type Regular SLR Regular SLR
Pl 22.9 17.6 0.3 0.0
P2 31.6 15.7 7.0 4.7
P3 323 159 9.3 6.4
Mean 28.9 16.4 55 37
SD 53 1.1 4.7 33

Table 6 Experimentally measured parameters of the obtained for
SLR-based and regular variants of FSE for the echo signals forming
the central part of k-space in each of the pulse sequences: the sharp-
ness of slice profiles (S/5)) and the ratio of total signals (SISLR/SIREG)

Pulse sequence T1-weighted FSE, echo  PD-weighted

#1 FSE, echo # 3
S/S, (Regular) 0.89 0.87
S/S, (SLR) 0.93 0.94
§,SLR/s REG 0.99 0.93

Slice profiles were measured in an ACR phantom

a T1-weighted FSE, echo # 1
200

[any
w
o

=
o
o

Signal, a.u.

w
o

o

-15 -10 -5 0 5 10 15
Distance, mm

Fig.6 Measured slice profiles of the first echo in T1-weighted FSE a
and the third echo in PD-weighted FSE b. Black curves correspond
to the pulse sequences with SLE RF pulses, and the gray ones—to
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Discussion and conclusion

In the present study, we performed a comparative analysis
in terms of RF energy deposition and slice selectivity for T1
and PD-weighted FSE sequences including either an SLR
or a truncated SINC-based pulse. We eventually intended to
use the corresponding sequences for musculoskeletal MRI
using a metadevice, for which we previously reported a 2.4-
fold SNR gain as compared to a conventional RF setup [4].

Let us consider the initial SAR generated in a duty cycle
of a regular FSE with a conventional RF setup (when a
full-body “birdcage” is used for transmission) as SAR,. We
initially reported that using the metadevice the RF safety
of a regular procedure was dramatically increased with a
48 times SAR reduction [4] i.e. SAR,=SAR,/48. Combin-
ing the metadevice with an FSE pulse sequence including
SLR pulses provided a 2.1-fold increase regarding energy
deposition considering the regular FSE as a reference
(SAR,) i.e. SAR;=SAR,*2.1. On that basis, the latter
setup still provided a 23 times lower energy deposition i.e.
SAR;=SAR,/23 as compared to the conventional situation.
Overall, the energy deposition related to the SLR-based
pulse sequences performed with the metadevice was kept
far below the initial RF safety limits.

Experimental results (Table 5) illustrated that the “slice
cross-talk” effect was reduced in SLR-based FSEs in com-
parison to regular SINC-based FSEs. This was confirmative
of the increased RF pulses selectivity shown by modeling
(Fig. 3) and experiment (Fig. 6). This reduction was more
prominent for the phantoms featuring cartilage and muscle
due to long T1 relaxation times. This is in agreement with
the findings of Constable et al. [13], who demonstrated that
the direct saturation effect in multi-slice acquisition was
more prominent in samples with higher T1/T2 ratios. Inter-
estingly, the slice profiles obtained both from modeling and
experiment demonstrated a reduction of the slice selectivity
with an increasing number of echoes.

b PD-weighted FSE, echo # 3
200

[y
(%
o

Signal, a.u.
=
o
o

%)
o

Py

-15 -10 -5 0 5 10 15
Distance, mm

o

the regular sequences with SINC pulses. Black dashed vertical lines
indicate the slice thickness (10 mm) set by the operator



Magnetic Resonance Materials in Physics, Biology and Medicine

It was predicted from the modeling that the SLR-based
FSE would provide a lower signal intensity than the regular
one when the “slice cross-talk” effect was not taken into
consideration. However, the experimentally measured (with
100% slice gap) signal intensity difference was higher than
could be expected from the modeling for all cases. This
difference most probably comes from the magnetization
transfer (MT) effect, one of the main accounting factors of
the signal loss in multi-slice acquisition (in both tissues and
agarose-based solutions) even with significant slice gaps
[13]. The widening of RF pulse bandwidth has been shown
to amplify this effect [15]. Interestingly, using a PD-w TSE,
including the largest number of refocusing pulses, this effect
even led to a change in the image contrast (Fig. 5) and so
when the regular refocusing pulses (bandwidth =0.68 kHz)
were replaced by SLR pulses (bandwidth=1.06 kHz).

When considering a 0% slice gap (recommended for
clinical applications) and using T1-w FSE, the signal inten-
sity measured experimentally was similar for regular and
SLR-based sequences (Table 4). In other words, the sharper
profile of the SLR pulse allowed to acquire a higher signal
intensity within the desired slice whereas the signal contri-
bution from outside areas was lower (Figs. 3 and 6). Using
PD-w FSE incorporating SLR pulses, this partial elimination
of the “slice cross-talk” effect did not outperform the signal
loss likely caused by MT effects. In that particular case,
the corresponding sequence could not be considered ben-
eficial. However, it should be taken into account that for
in vivo applications, the MT rate in tissues differs from the
one in agarose phantom. Thus, the relative impact of these
two processes may be different from what is reported here
and should be assessed.

The increased robustness of the slice selection provided
by the combination of the metadevice and the SLR-based
FSE is promising for clinical applications for which the
SNR should be optimal. This is the case, for instance,
for wrist imaging in rheumatoid arthritis (RA) and more
specifically the assessment of cartilage loss [24, 25]. The
cartilage loss criterion extracted from 3T MR images
has been recently added to the rheumatoid arthritis MRI
scoring system (RAMRIS). Of interest, images acquired
at lower fields (1T and 1.5T) with conventional RF coils
were reported to provide a poor resolution at the cartilage/
bone interface so that the corresponding images could not
be used for clinical purposes [26]. At 1.5T, only dedicated
receive multichannel coils allow to achieve the proper res-
olution [25]. However, these coils are not broadly avail-
able mainly because of an elevated cost. A 2.4-fold SNR
increase has been reported at 1.5T when using the volu-
metric metadevice as compared to a conventional flexible
4-channel receive coil [4]. Of interest, this metadevice was
wirelessly coupled to the body birdcage coil, a coil avail-
able in all modern scanners. Of high interest for clinical

applications, the combination of highly selective SLR
pulses with the metadevice should provide an increased
image resolution [27] and a higher slice selection accu-
racy. One has to acknowledge a limitation related to the
fact that the current metadevice design does not allow to
utilize parallel imaging technique, which could be used
to accelerate image acquisition with multichannel receive
arrays coil for simultaneous multi-slice imaging [28].

The studied pulse sequences did not fully utilize the
benefit of SAR reduction opened up by the metadevice
utilization. As the magnetization transfer effects depend
on the macromolecular environment, the effects of TBW
increase for in vivo applications should be studied. How-
ever, this leaves a room for a further improvement of
image quality with, as a matter of example, an increased
number of slices. Apart from the slice selectivity improve-
ment for 2D FSE sequences used in a low-SAR mode,
the opportunity of safely increasing RF pulse amplitude
with the metadevice might be used for a further shorten-
ing of pulse duration in fast scanning mode for different
pulse sequences. However, the gradient amplitude limita-
tions and MT effects should be taken into consideration
given that the pulse shortening is expected to be linked to a
broadening of its frequency profile. Furthermore, the slab
selection in 3D pulse sequences might also be improved
so that aliasing effects [29] should be reduced. This should
also be related to a shortening of the scan time given that
slice oversampling could also be reduced. Taking into
account that low gradients are needed to select a thick
3D slab, the limitation for slab selection gradient ampli-
tudes will not be as strict as for slice selection in 2D FSE.
This should allow to further increase the TBW of a selec-
tive excitation pulse [30]. The proposed approach may be
transferred to higher fields, for instance, for improving
targeted breast MRI with a help of dielectric resonators,
which substantially reduce peak SAR values [31].

The present study provided both simulation and experi-
mental evidence of an increased slice selectivity in MR
images recorded using SLR-based FSE sequences com-
bined with a metadevice and so within the safe SAR limits.
A pronounced benefit has been experimentally shown for
T1-weighted FSE—a pulse sequence, which is important for
cartilage imaging. The larger magnetization transfer effect
in agarose-based phantoms for PD-weighted sequence pre-
cluded from this improvement. In addition, the calculated
energy deposition was decreased by a factor of 23 as com-
pared to what has been previously reported for wrist imag-
ing using a conventional RF setup [4]. The combination of
the metadevice and SLR-based FSE offers an interesting
alternative for MR investigations, which require scanning
in a low SAR regime such as those for children, pregnant
women, and patients with implanted devices (cardiac pace-
makers, auditory devices, etc.).

@ Springer
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