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Abstract

Background

This study evaluates the possibility for replacing conventional 3 slices, 3 breath-holds MOLLI
cardiac T1 mapping with single breath-hold 3 simultaneous multi-slice (SMS3) T1 mapping
using blipped-CAIPIRINHA SMS-bSSFP MOLLI sequence. As a major drawback, SMS-
bSSFP presents unique artefacts arising from side-lobe slice excitations that are explained by
imperfect RF modulation and bSSFP low flip angle enhancement. Amplitude-only RF
modulation (AM) is proposed to reduce these artefacts in SMS-MOLLI compared to
conventional Wong multi-band RF modulation (WM).

Materials and methods

Phantoms and ten healthy volunteers were imaged at 1.5T using a modified blipped-
CAIPIRINHA SMS-bSSFP MOLLI sequence with 3 simultaneous slices. WM-SMS3 and AM-
SMS3 were compared to conventional single-slice (SMS1) MOLLI. First, SNR degradation
and T1 accuracy were measured in phantoms. Second, artefacts from side-lobe excitations were
evaluated in a phantom designed to reproduce fat presence near the heart. Third, the occurrence
of these artefacts was observed in volunteers, and their impact on T1 quantification was
compared between WM-SMS3 and AM-SMS3 with conventional MOLLI as a reference.
Results

In the phantom, larger slice gaps and slice thicknesses yielded higher SNR. There was no
significant difference of T1 values between conventional MOLLI and SMS3-MOLLI (both
WM and AM). Positive banding artefacts were identified from fat neighbouring the targeted
FOV due to side-lobe excitations from WM and the unique bSSFP signal profile. AM RF pulses
reduced these artefacts by 38%.

In healthy volunteers, AM-SMS3-MOLLI showed similar artefact reduction compared to WM-

SMS3-MOLLI (3+2 vs 5+3 corrupted LV segments out of 16). In-vivo native T1 values



obtained from conventional MOLLI and AM-SMS3-MOLLI were equivalent in LV
myocardium (SMS1-T1=935.5+36.1ms; AM-SMS3-T1=933.8+50.2ms; P=0.436) and LV
blood pool (SMS1-T1=1475.4+35.9ms; AM-SMS3-T1=1452.5+70.3ms; P=0.515). Identically,
no differences were found between SMS1 and SMS3 postcontrast T1 values in the myocardium
(SMS1-T1=556.0£19.7ms; SMS3-T1=521.3+28.1ms; P=0.626) and the blood (SMS1-T1=
478+65.1ms; AM-SMS3-T1=447.8+81.5; P=0.085).

Conclusions

Compared to WM RF modulation, AM SMS-bSSFP MOLLI was able to reduce side-lobe
artefacts considerably, providing promising results to image the three levels of the heart in a
single breath hold. However, few artefacts remained even using AM-SMS-bSSFP due to
residual RF imperfections. The proposed blipped-CAIPIRINHA MOLLI T1 mapping sequence
provides accurate in vivo T1 quantification in line with those obtained with a single slice
acquisition.
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List of abbreviations

MOLLI: Modified Look-Locker Imaging
SMS: simultaneous multi-slice

bSSFP: balanced steady-state free precession
RF: radiofrequency

AM: amplitude-only modulation

WM: Wong modulation

SNR: signal-to-noise ratio

LV: left ventricle

CAIPIRINHA: Controlled Aliasing in Parallel Imaging Results in Higher Acceleration
FOV: field of view

CMR: cardiac magnetic resonance

SPGR: spoiled gradient-echo readout

EPI: Echo planar imaging

FA: flip angle

ACS: auto-calibration signal

GRAPPA: Generalized Autocalibrating Partially Parallel Acquisition
BW: bandwidth

FLASH: Fast Low Angle Shot

TBW: time-bandwidth product

ROI: region of interest

SD: standard deviation



1. Introduction
Myocardial T1 is now considered as an important biomarker for in vivo tissue characterization
and quantification of fibrosis [1], [2]. The modification of native T1 values has been observed
in a large range of cardiac diseases where fibrosis often plays an important role linked to Extra-
cellular volume fraction changes [3]-[9], but T1 values can also be altered in the cases of
amyloidosis [10], thalassemia [11] or blood volume changes [12].
Among the various techniques that have been proposed for cardiac T1 mapping, Modified
Look-Locker Imaging [13] (MOLLI) is currently the most frequently used due to its high
precision and reproducibility [14]. One of the challenges of cardiac MRI is breathing motion,
which is dealt with by performing breath-holds during acquisitions. Using the MOLLI sequence
with balanced steady-state free precession (bSSFP) readout, one slice can be acquired in 10 to
15 seconds under breath-hold [13]. But for patients with arrhythmia, even a breath-hold of 15
seconds can be hard to achieve and maintain when done several times within the same
examination. Multiple techniques have been proposed to accelerate MOLLI [15]-[24], however
none so far have considered acquiring multiple slices simultaneously.
Simultaneous multi-slice (SMS) imaging [25] techniques allow the reduction of acquisition
time by exciting multiple slices simultaneously using multiband radiofrequency (RF) pulses.
For T1 mapping acquisitions, SMS is an interesting solution allowing the acquisition of the
three slices basal, median and apical in a single breath-hold.
Controlled Aliasing in Parallel Imaging Results in Higher Acceleration (CAIPIRINHA) [26] is
a preferred technique for SMS acquisitions, because it allows increasing the distance between
superimposed pixels from slices acquired simultaneously, which facilitates the unwrapping of
images. This distance is increased by shifting the slices with respect to each other in the imaging
FOV. Slice shifting corresponds to a linear phase increment within k-space, usually obtained

by phase increments between adjacent k-space lines from different RF excitations or gradient



blips. CAIPIRINHA has been applied to spoiled gradient-echo readout (SPGR) using RF phase
cycling. In CMR, CAIPIRINHA-SPGR has been applied to cine [27] and cardiac T1 mapping
with the Saturation pulse-prepared heart rate independent inversion recovery (SAPPHIRE)
sequence [28]. However, bSSFP remains the primary choice for readout in CMR T1 mapping
at 1.5T, due to its higher contrast and SNR.

CAIPIRINHA-SMS may show its potential for accelerating CMR if combined with bSSFP
readout [29], [30]. But, concurrently performing CAIPIRINHA RF increments and maintaining
the periodic RF cycling from the bSSFP sequence greatly limits the compatibility of the two
and stands as a technical challenge.

SMS-accelerated bSSFP imaging was introduced by Stéb et al. [29], who defined a particular
RF phase cycle that, for the simultaneous acquisition of 2 slices (SMS-2), provided a FOV/2
shift for the 2™ slice (i.e. an alternate  shift every other line). While one slice undergoes a RF
phase cycle with /2 increments, the second slice experiments -n/2 increment cycles (or 3m/2
increments). The undesired consequences of these modified RF phase cycles are the
corresponding shifts of the frequency response in off-resonance phase of n/2 and - w/2,
respectively. Thus, CAIPIRINHA-induced displacements of the bSSFP banding artifacts are
observed within slices and differ between each simultaneously acquired slice. To circumvent
this issue, Stéb and Speier [30] recently proposed Gradient-controlled local Larmor adjustment
(GC-LOLA) to unbalance the gradients along the slice encoding direction to shift back the
frequency response profiles from all slices. An additional pair of gradients along the slice
encoding direction compensates for the phase accrual induced by RF phase. One major
drawback of this extra pair of gradients is the integration of the spins’ frequency response across
the slice thickness, which widens the stop bands and thus renders this SMS-bSSFP approach

more demanding in terms of BO homogeneity.



An alternative approach to SMS-bSSFP is to maintain the bSSFP RF phase cycle intact and to
rely on slice-gradient blips [31] resulting in a linear increment of the phase between slices prior
to readout, at each TR. This approach draws from the blipped-CAIPIRINHA techniques
employed in Echo Planar Imaging (EPI)[32]. To maintain balanced gradients at each new
excitation, the exact negative slice-gradient blip is added after each readout (Figure 1). As a
benefit from this approach, the bSSFP frequency response is preserved, and banding artefacts
are not different from those in non-accelerated bSSFP. This technique, termed blipped
CAIPIRINHA, was recently integrated in cine MRI [33] with promising results. In this study,
blipped-CAIPIRINHA is evaluated for single-shot bSSFP in the MOLLI sequence.

To better handle power peaks occurring by RF superposition in the implementation of
CAIPIRINHA, Wong et al. proposed a phase optimization of multiband pulses [34]. With this
modulation scheme, however, side-lobe excitations were shown to produce signal from non-
targeted slices [35]. Using bSSFP in particular, the occurrence of this signal led to unresolved
positive banding in the context of cardiac imaging as shown by Landes et al. [36]. Indeed,
imperfect rendering of multiband RF pulses can lead to excitation of side-lobes in slice-
encoding direction. These side-lobes correspond to non-targeted slice excitations with very low
flip angles. However, bSSFP has a unique frequency response at low flip angles with high
signal magnitudes in proximity to off-resonance stop-bands (see Appendix A). Thus, positive
banding signals from un-targeted slices can arise in SMS-bSSFP images and cannot be resolved
by the SMS unaliasing reconstruction due to the missing correspondence in calibration data.
Recently, Abo Seada et al. [35] proposed a tailored multiband RF design using amplitude-only
modulation that mitigates the imperfect hardware rendering of multiband RF pulses. As such,
amplitude-modulated multiband RF pulses demonstrated reduction of side-lobe excitations in
a spoiled gradient-echo sequence when compared to conventional multiband RF optimizations

such as that proposed by Wong [34] . This tailored design uses a single dimension for RF



modulation to avoid rapid bidimensional oscillations and simplify RF rendering when
compared to conventionally real and imaginary Wong’s multiband RF optimization.

In this study, the two approaches for RF design (amplitude-modulated and Wong’s optimized
modulation, in the following named AM and WM, respectively) were evaluated in the context
of a single-shot blipped SMS-bSSFP MOLLI sequence. First, blipped-CAIPIRINHA SMS-
bSSFP (both AM and WM) was evaluated in a phantom to observe the influence of slice
thickness, slice distance and pixel bandwidth on image SNR. Second, T1 quantification
accuracy and precision using the proposed AM-SMS-MOLLI was assessed in calibrated T1
phantoms. Third, the relative intensity of side-lobe artefacts was compared between WM and
AM designs for SMS-bSSFP. And fourth, T1 maps from SMS-MOLLI was compared to single-
slice reference T1 maps from conventional MOLLI, in a sample of healthy volunteers using the
two RF designs to appreciate the corresponding severity of side-lobe excitation artefacts in

Vivo.



2. Material and methods
All CMR experiments were performed on a 1.5T Avanto Scanner (Siemens Healthineers,
Erlangen, Germany) using a dedicated 32-channel cardiac coil array (InVivo, Siemens,
Gainesville, Florida, USA). The in vivo study was approved by the local ethical board
committee and conducted according to the modified Declaration of Helsinki. Ten healthy
volunteers (7 men and 3 women) were recruited (COFLORES clinical trial NCT02848703,

www.clinicaltrials.gov ) and enrolled for a cardiac MRI examination after providing informed

consent. Images for both phantom and volunteers were acquired using a custom blipped-
CAIPIRINHA-bSSFP MOLLI, where gradient blips areas are standardized to obtain FOV/N
shift for each slice where N is the number of SMS slices. The area varies for each TR, cycling
every N TR (Figure 1) with the following parameters, unless stated otherwise:
FOV=341x350mm?, spatial resolution= 1.87x1.87mm?, TR/TE/flip angle (FA)=
2.76ms/1.19ms/35°, pixel band width (BW)=800Hz/px, slice thickness=8mm, slice gap=20mm
and a Generalized Autocalibrating Partially Parallel Acquisition (GRAPPA) factor 2 with 48
external auto-calibration signal (ACS) lines. Sinc-shaped excitation pulse duration was set to
Ims. Breath-hold durations for in-vivo examinations were between 11 and 13s depending on
the volunteers’ heart rate.

2.1.Phantom experiments

2.1.1. SNR evaluation
The American College of Radiology (ACR) MRI phantom [37] has been used for this
experiment. Twenty single-shot SMS3-bSSFP images were acquired at 1s intervals without
inversion preparation using the following parameters: FOV=320x320mm?, spatial resolution:
2x2mm?, TR/TE/ FA=3.81ms/1.49ms/30°, BW=600, 800, 1000, 1200 and 1400Hz/px (For all
parameters, please refer to Appendix B, Table 1). For SMS and GRAPPA reconstruction

calibration, a set of 48 low-resolution k-space lines was acquired 1s prior to the accelerated



acquisition using a FLASH readout (64x48 matrix, 5° flip angle, TR/TE=4.0ms/2.0ms). In the
first part of the experiment, the slice thickness was varied from 3 to 8mm (Imm step) and the
gap between slices was fixed at 48mm. For the second part, slice thickness was fixed at 6mm,
to consider a realistic scenario for CMR conditions with difficult conditions for SMS as small
slice thickness produces more noisy SMS images, and the slice gap varied from 200 to 800%
of the slice thickness with a 100% step. For both experiments, images were acquired without
SMS and using WM-SMS3 and AM-SMS3, for comparison. The temporal variance was used
to assess SNR. Hence, SNR was defined as the time series’ mean intensity over intensity
standard deviation. To remove signal acquired before reaching the steady state, the five first
images were discarded from each time series.
2.1.2. T1 quantification
SMS1-T1 and SMS3-T1 maps were acquired on a calibrated relaxometry phantom with 12
tubes of Agarose gel (Eurospin II, Diagnostic Sonar LTD, Scotland) using conventional
MOLLI and SMS accelerated MOLLI, respectively, with the recommended 5(3)3 scheme [1]
and the acquisition parameters described above but with FOV=300x300mm?, TBW=2 and a
simulated heart rate of 60 bpm (For all parameters, please refer to Appendix B, Table 2). T1
was measured in regions of interest (ROI) drawn manually in each tube and mean values in the
ROI were compared between SMS and conventional MOLLI.
2.1.3. AMvs WM

SMS REF pulses are characterized by highly temporally modulated waveforms. Rapid phase or
frequency modulation can be extremely demanding on the performance of RF hardware. Wong
[34] showed that the peak of the modulation function can be minimized by adding numerically
optimized phase offsets, referred in the following as WM. WM optimisation will usually
produce complex-valued RF pulses with rapid modulation of both amplitude and phase

components, which is very requiring on MRI RF hardware. Designing equivalent pulses that
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contain only amplitude modulation (real-valued waveforms) [35] can effectively mitigate this
issue by limiting modulation on a single dimension. As such, AM pulses rendering has higher
fidelity than WM.
For reproducing the unfavourable conditions of SMS in CMR, a tube of mayonnaise was chosen
to simulate the epidermal fat and placed on top of the ACR phantom representing the targeted
field-of-view (Figure 2.A). AM and WM SMS3-bSSFP images were acquired (For all
parameters, please refer to Appendix B, Table 3) with two slices placed inside the phantom and
the third slice placed in the signal void corresponding to the plastic casing of the phantom under
the mayonnaise tube. The whole first slice was used to quantify the intensity of the side-lobe
artefact (Figure 2.A). The intensity of the imaging artefact was normalized by the intensity of
one identical slice acquired in the mayonnaise tube. The time-bandwidth product (TBW) being
a critical parameter for RF pulse rendering, TBW values of 1, 2 and 3 were tested for their
impact on side-lobe artefacts. The RF chain raster time of 1pus which led to 1000 points.

2.2. In-vivo experiments
SMS3-bSSFP images were acquired with WM and AM RF design optimizations. TBW was
varied from 1 to 3 (For all parameters, please refer to Appendix B, Table 4). The purpose was
to compare the two techniques by evaluating the artefact signal obtained. TBW value decrease
allowed to soften the pulse profile to reduce the severity of side-lobes artefacts.
Native SMS3-T1 maps were acquired using the 5(3)3 MOLLI scheme. Slice gap was fixed such
as to provide simultaneous acquisition of the three levels of basal, mid-ventricular and apical
slices (typical gap of 250% of the slice thickness, i.e. 20mm). 15 minutes after contrast
injection, further images were acquired using the same parameters, but with the 4(1)3(1)2
MOLLI scheme [1]. Both modulations WM and AM were tested pre- and post-contrast.
Conventional MOLLI with no SMS acceleration (SMS1-T1) was also performed at the three

slice levels (For all parameters, please refer to Appendix B, Table 5).
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2.3. Image reconstruction
Image reconstruction including SMS unaliasing was performed using the Gadgetron framework
[38]. SMS unaliasing was performed using Split-Slice-GRAPPA [39], in the following named
SSG, with leak-block reconstruction. The algorithm was implemented in Matlab (R2016a,
Mathworks, Navick, MA) with an empirically optimized kernel size of 5x3 and a Tikhonov
regularization of 107, In-plane acceleration was further reconstructed using L1-eSPIRIT as
implemented in BART [40], [41] with Wavelet regularizations (Daubechies, 3 levels) and a 10
3 regularization. The custom reconstruction pipeline was embedded in a Matlab “gadget” for
direct image reconstruction at the console.

2.4. In vivo image analysis
T1 values were obtained by placing ROI on the 16 segments of the left-ventricular (LV)
myocardium, over the three slices base, mid and apex, defined by the American Heart
Association [42]. In both AM-SMS3-T1 and WM-SMS3-T1, the presence of positive banding
artefacts in the myocardium served to identify corrupted segments. The ROI that were placed
in the corrupted segments were then removed for a second analysis to isolate the effect of outlier
values due to positive banding artefacts.

2.5.Statistical analysis
Statistical analysis was performed using GraphPad Prism 7.0a. All values are presented as
meantstandard deviation (SD). For comparing T1 values between conventional MOLLI and
SMS-MOLLI, paired Student’s tests were used in addition to a Bland-Altman test to compare

the different techniques. Significance was set at P-values < 0.05.
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3. Results

3.1. Phantom experiments

3.1.1. SNR and T1 evaluation
The highest SNR was obtained with the highest slice thickness (highest SNR for AM = 124+21;
highest SNR for WM = 124+23) (Figure 3.A) and slice gap (highest SNR for AM = 92+5;
highest SNR for WM = 100£10) (Figure 3.B), and the lowest BW tested. There was no
difference in SNR between WM-SMS3 and AM-SMS3, but the mean SNR value dropped from
118438 without SMS to 66+26 using SMS (AM and WM) when the slice thickness varied.
There was also a drop in SNR value when the slice gap varied, from 130+17 without SMS to
46+20 with SMS (AM and WM). In general, when using SMS, there was 45% loss of SNR
with slice thickness variation, and 64% loss when the slice gap varied. In the case of
acquisitions using standard parameters for cardiac T1 mapping (slice thickness=8mm, slice
gap=20mm, BW= 800Hz and AM optimization), there is 50% loss of SNR using SMS.
In terms of T1 quantification, there was no significant difference when comparing SMS1-T1
and SMS3-T1 values (Fig 4.). SMS3-T1 values were also correlated to the values of the
calibrated Agarose tubes (R?=0.99) (Fig 4. D). Bland -Altman bias of SMS1-T1 compared to
the calibrated T1 values was -7.1£3.5% with 95% limits of agreement from -14.1% to -0.15%.
When comparing WM-SMS3-T1 values to the vendor provided T1 values, the bias was -
1.3+1.9% with 95% limits of agreement from -4.9% to 2.4%. In terms of AM-SMS3-T1 values
vs. calibrated T1 values, Bland-Altman bias was -7.2+3.9% with 95% limits of agreement from
-14.9% to 0.4%. The Bland-Altman analysis between the calibrated T1 values and, SMS1-T1
and both WM-SMS3-T1 and AM-SMS3-T1 values showed that SMS-MOLLI slightly

underestimated calibrated T1 values (Fig 4. D)
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3.1.2. AMvs WM
As expected with WM, one can clearly see the signal leakage of the tube of fat in the first slice
that was positioned outside the phantom and that should not contain signal (Figure 2.B). The
positive bandings occurring with the WM can be further amplified by the presence of epidermal
fat surrounding the targeted FOV in the apex-base dimension as shown in Appendix A.
This artefact can also be seen on the other slices because of the inability of the reconstruction
algorithm to separate it from the targeted slices. When using AM, the artefact intensity of the
non-targeted slice (fat tube) was significantly reduced on the three slices (Figure 2.B). The two
empty slices acquired using AM and WM were compared in terms of artefact signal. There was
a significant difference between the two (WM slice: 27.5+78.8, AM slice: 17.1+42.5,
P<0.0001) showing the efficiency of the AM technique in artefact reduction (38% artefact
signal reduction).

3.2. In-vivo studies

3.2.1. AMvs WM
SMS3-bSSFP images obtained using WM showed slice signal leakage artefacts (Figure 5.A top
row) over all slices (basal, median and apical). When using AM optimization, artefacts were
either considerably reduced or completely disappeared (Figure 5.A bottom row). With TBW=1,
moderately modulated pulse profile led to partial volume effects but resulted in fewer phase
variations, and thus facilitate rendering by hardware, such that no signal leakage artefacts can
be observed. Increasing TBW to 2 and further to 3 improved slice profile definition as expected,
limiting partial volume effect. Higher TBW corresponds to faster RF modulation which implied
increased artefacts when using WM (Figure 5.B). Based on these observations, TBW=2 was

used for the in-vivo T1 mapping experiments.
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3.2.2. T1 quantification

The AM technique was able to decrease the number of corrupted segments in comparison to
WM in the T1 maps (on average over the 10 volunteers, 5+3 and 3+2 corrupted segments out
of 16 for WM and AM, respectively) (Figure 6). As shown in Figure 7, there was a significant
difference between SMS1 and SMS3 native T1 values in the myocardium (SMSI-
T1=935.5+£36.1ms; AM-SMS3-T1=1050.2+116.2ms; P=0.005). However, native T1 values
were equivalent when the corrupted segments were excluded from the analysis (SMSI1-
T1=935.5+£36.1ms; AM-SMS3-T1=933.8+50.2ms; P=0.436). T1 values in the left-ventricular
blood was not significantly different either (SMS1-T1=1475.4435.9ms; AM-SMS3-
T1=1452.5+70.3ms; P=0.515). Post-gadolinium AM-SMS3-T1 values were not different from
the corresponding single-slice values in the myocardium, with and without the corrupted
segments (all segments included: SMS1-T1=556.0+19.7ms; AM-SMS3-T1=577.9+£76.3ms;
P=0.511; corrupted segments excluded: SMSI-T1=556.0£19.7ms; AM-SMS3-
T1=521.3+28.1ms; P=0.626), as well as in the LV blood pool (SMS1-T1= 478+65.1ms; AM-
SMS3-T1=447.84£81.5ms; P=0.085). For more in depth data analysis, Appendix C was added
to provide mean+SD T1 values for each one of the 16 LV myocardium segments over the 10
healthy volunteers. Native SMS1-T1, post injection SMS1-T1, native AM-SMS3-T1 with and
without corrupted segments, and post injection AM-SMS3-T1 also with and without corrupted
segments was included.

Bland-Altman analysis over the 10 volunteers for the comparison between the SMS1-T1 and
AM-SMS3-T1 techniques is reported in Table 1. Excluding the corrupted segments from the
analysis of the myocardium T1 values, highly reduced the Bland-Altman bias when comparing
native SMS1-T1 and AM-SMS3-T1 values (bias with all segments = -11.34+9.8%; bias without
corrupted segments = 1.5+5.4%), and postcontrast SMS1-T1 and AM-SMS3-T1 values (bias

with all segments -3.0412.5%; bias without corrupted segments = 0.7+3.1%).
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4. Discussion

In this study, we showed that proposed Blipped-CAIPIRINHA-SMS-MOLLI allowed to extend
spatial coverage from single-slice MOLLI to 3 slices, covering the three levels of the left
ventricle. Resulting T1 values showed excellent correlation to reference T1 values and single-
slice MOLLI values when tested on a calibrated phantom. However, side-lobes artefacts from
Wong-modulated RF pulses were identified. Alternative RF modulation using amplitude-only
optimization reduced these artefacts and improved T1 maps quality. Results from 10 healthy
volunteers also showed in vivo artefacts reduction and artefacts-free T1 values obtained were
comparable to single-slice MOLLI values.

Due to the nature of bSSFP sequences, where both longitudinal and transverse magnetization
need to be maintained in a steady state, the use of phase cycling [43] for SMS implementations
is very challenging, hence the interest of using gradient-blipped CAIPIRINHA to facilitate the
separation of simultaneously excited slices. In this work, we present a SSFP implementation of
the blipped-CAIPIRINHA SMS technique initially proposed by Setsompop et al. [32] for EPI,
in the context of the MOLLI sequence for CMR T1 mapping. A unique challenge in SMS-
bSSFP imaging is the dramatic enhancement of low flip-angle excitations corresponding to
undesired side-lobe excitation [36]. Indeed, the difficulty for MRI hardware to produce short
(<1ms) rapidly modulated multiband-RF pulses translates into excitation imperfections. These
imperfections can be negligible in spoiled gradient-echo sequences, but they have a severe
impact when occurring in bSSFP where they cause spatially localized positive banding artefacts
that can leak across the simultaneously excited slices. These positive banding signals are not
resolved by the SMS reconstruction and eventually pollute one or several of the reconstructed
slices.

In the context of longer RF pulses with numerous bands (N=6), Abo-Seada et al. [35] proposed

a solution to mitigate SMS excitation imperfections based on amplitude-only modulated RF
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design. Here, this method was adapted to bSSFP with shorter pulses and fewer bands (N=3)
and compared to standard phase optimization techniques [34] intended for peak RF power
reduction. Given the reduction of artefacts provided by AM-SMS-bSSFP, we also evaluated
reproducibility and reliability of SMS-accelerated MOLLI T1 mapping and compared them to
a conventional MOLLI sequence.

The obtained results indicate that positive banding artefacts in the context of blipped-
CAIPIRINHA SMS-bSSFP can be reduced using the AM technique. Reduction of similar
artefacts using AM compared to WM has also been demonstrated with different RF duration
and resolution [35]. Applied to the MOLLI sequence, blipped-CAIPIRINHA SMS acceleration
retains T1 accuracy compared to conventional MOLLI or literature values [13], for both
myocardium and blood. By extension, CAIPIRINHA SMS-bSSFP has the potential to
accelerate other T1 mapping techniques [15], [19], [28] as well as multiple CMR applications,
including T2 mapping, cine as well as dynamic real-time imaging in the body. In this context,
the use of AM multi-band RF modulation will be key to avoid artefacts as observed presently.
Limitations

Several potential alternative solutions for handling positive banding artefacts were not tested
here. First, conventional CAIPIRINHA slice-undersampling (shifts of 2rr/Nslices) could be
substituted to displace the artefacts as the slice shifts are adjusted. This solution remains to be
adjusted per acquisition, and the intensity and size of the artefacts would penalize the clinical
usefulness of the acceleration. Second, the Gradient-controlled local Larmor adjustment (GC-
LOLA) approach proposed by Stidb and Speier [30] could be a candidate to obtain SMS
acceleration instead of blipped-CAIPIRINHA. GC-LOLA is known to perturbate the frequency
response from the bSSFP readout. This perturbation could potentially mitigate the enhancement
of positive banding in side-lobe excitation slices. Exploring the occurrence of positive banding

in GC-LOLA would need to consider the particular conditions of our study: the number of
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bands (N=3) was higher than that reported with GC-LOLA (N=2), and we focussed on single-
shot bSSFP for MOLLI, which might be more sensitive to side-lobes excitations than steady-
state bSSFP as employed in GC-LOLA cine. A third solution, as proposed by Landes et al.[36],
is to calibrate for these extra excited slices. By acquiring calibration data from these extra slices,
the positive banding signals can be resolved at the SMS reconstruction stage and completely
removed from the targeted slices. This solution assumes that the side-lobe positions can be
identified, and that additional data are acquired prior to imaging. The first condition was
satisfied by Landes et al. using a thorough measurement of the exact RF excitation envelope
using gradient reversal acquisition [44]. The second condition would require extra calibration
data corresponding to side-lobes positions at the beginning of the SMS acquisition, increasing
the potential for misalignment between the extended calibration acquisition and the accelerated
imaging acquisition [27], as well as lengthening the total acquisition time, thus reducing the
benefits from the SMS acceleration. Fourth, Landes et al. proposed more recently [45] to tune
the RF design to purposely reduce side-lobes excitation by an iterative process between RF
exact shape measurement using GRATER [44] and RF design. This solution is tedious and can
only fix the design for one RF pulse at a time, but it has the potential to reduce even further the
side-lobe excitation than the proposed AM-only RF design.
S. Conclusions

Consensus-driven 3-slices MOLLI T1 mapping can be shortened to a single breath-hold using
SMS-bSSFP. To reduce artefacts, amplitude-modulated RF excitations should be preferred
albeit residual artefacts remain. Indeed, from the result that side-lobes excitations artefacts were
linked to Wong RF phase-modulation, AM-SMS-bSSFP was able to reduce side-lobes artefacts
considerably. Additionally, the proposed solution to exploit amplitude-only modulated
multiband RF design is highly versatile, easy to reproduce and offers solid foundations to

pursue SMS-bSSFP evaluation for accelerated cardiac MRI. Complementary technical
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improvements, such as an improved SMS reconstruction algorithm to isolate targeted signals
[46], may further benefit SMS-accelerated MOLLI and contribute to reaching clinical reliability

in the future.
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Figure legends

Fig. 1. Blipped CAIPIRINHA SMS-bSSFP. GZ Rewind gradients of the bSSFP are
transformed into blips by adding and subtracting phase offsets at each TR. RF modulation is
preserved, and bSSFP frequency response as well.

Fig. 2. Comparison between Wong modulated, and amplitude modulated SMS3-bSSFP images.
(A) SMS3-bSSFP images were acquired in a water phantom with the proximity of fat
(mayonnaise) to mimic in vivo CMR context. The first slice was placed in the void between the
phantom and the fat to enhance artefacts. (B) WM-SMS3-bSSFP leads to spurious side-lobes
excitations that are not calibrated for and lead to positive artefacts in reconstructed slices.
Change of RF modulation using AM reduces side-lobes artefacts (WM slice: 27.5+78.8, AM
slice: 17.1+42.5, P<0.0001 corresponding to 38% artefact reduction). WM, Wong modulation;
AM, amplitude modulation.

Fig. 3. SNR variation maps. (A): slice thickness and bandwidth variation (slice gap=48mm).
(B): slice gap and bandwidth variation (slice thickness=6mm). Highest SNR values were
obtained with higher slice thickness and slice gap, and lower bandwidth.

WM, Wong modulation; AM, amplitude modulation.

Fig. 4. T1 maps of calibrated Agarose gel tubes using SMS3 and SMS1 MOLLI. (A) Regions
of interest, with the corresponding tube number, used to get T1 values. (B) Bar plot of the
calibrated values of each tube and those obtained using SMS1-T1, WM-SMS3-T1 and AM-
SMS3-T1. (C) SMSI1-TI1(left) and AM-SMS3-T1(right) maps of the middle slice. (D) Bland-
Altman analysis comparing the different MOLLI techniques (SMS1-T1, WM-SMS3-T1 and
AM-SMS3-T1) to the vendor provided T1 values of the Agarose tubes. The three techniques
underestimate the theoretical T1 values, most probably due to the MOLLI estimation model,

with no significant difference and small bias between SMSI1-T1 values of the conventional
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MOLLI sequence, and both WM-SMS3-T1 and AM-SMS3-T1 values of the Blipped-
CAIPIRINHA-SMS-MOLLI sequence. WM, Wong modulation; AM, amplitude modulation.
Fig. 5. Comparison between WM and AM for SMS3 Blipped-CAIPIRINHA bSSFP. (A)
comparison over the three slices base, mid and apex. (B) TBW value effect on images with WM
and AM optimization over the basal slice. The white arrows show the signal leakage artefacts
when using WM that completely disappear with AM. WM, Wong modulation; AM, amplitude
modulation; TBW; product Time-Band Width.

Fig. 6. T1 maps over base, mid and apex using blipped-CAIPIRINHA SMS-MOLLI. From top
to bottom: native SMS1-T1 maps using conventional MOLLI, native AM-SMS3-T1 maps
using SMS-MOLLI, postcontrast (15 min) SMS1-T1 maps and postcontrast (15 min) AM-
SMS3-T1. AM, amplitude modulation.

Fig. 7. Box-and-whisker plots of the mean native T1 and postcontrast T1 values in the
myocardium and the blood using conventional MOLLI and AM-SMS3-MOLLI (with and
without the artefact-corrupted LV segments).

Tables legends

Table 1. Bland-Altman analysis for comparison between SMSI-T1 and AM-SMS3-T1

techniques over the 10 volunteers.
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Fig. 1. Blipped CAIPIRINHA SMS-bSSFP. GZ Rewind gradients of the bSSFP are transformed into
blips by adding and subtracting phase offsets at each TR. RF modulation is preserved, and bSSFP

frequency response as well.
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Fig. 2. Comparison between Wong modulated, and amplitude modulated SMS3-bSSFP images. (A)
SMS3-bSSFP images were acquired in a water phantom with the proximity of fat (mayonnaise) to mimic
in vivo CMR context. The first slice was placed in the void between the phantom and the fat to enhance
artefacts. (B) WM-SMS3-bSSFP leads to spurious side-lobes excitations that are not calibrated for and
lead to positive artefacts in reconstructed slices. Change of RF modulation using AM reduces side-lobes
artefacts (WM slice: 27.5£78.8, AM slice: 17.1£42.5, P<0.0001 corresponding to 38% artefact
reduction). WM, Wong modulation; AM, amplitude modulation.
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Fig. 3. SNR variation maps. (A): slice thickness and bandwidth variation (slice gap=48mm). (B): slice
gap and bandwidth variation (slice thickness=6mm). Highest SNR values were obtained with higher

slice thickness and slice gap, and lower bandwidth. WM, Wong modulation; AM, amplitude modulation.
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Fig. 4. T1 maps of calibrated Agarose gel tubes using SMS3 and SMS1 MOLLI. (A) Regions of interest,
with the corresponding tube number, used to get T1 values. (B) Bar plot of the calibrated values of each
tube and those obtained using SMS1-T1, WM-SMS3-T1 and AM-SMS3-T1. (C) SMS1-T1(left) and
AM-SMS3-T1(right) maps of the middle slice. (D) Bland-Altman analysis comparing the different
MOLLI techniques (SMS1-T1, WM-SMS3-T1 and AM-SMS3-T1) to the vendor provided T1 values of
the Agarose tubes. The three techniques underestimate the theoretical T1 values, most probably due to
the MOLLI estimation model, with no significant difference and small bias between SMS1-T1 values of
the conventional MOLLI sequence, and both WM-SMS3-T1 and AM-SMS3-T1 values of the Blipped-
CAIPIRINHA-SMS-MOLLI sequence. WM, Wong modulation; AM, amplitude modulation.
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Fig. 5. Comparison between WM and AM for SMS3 Blipped-CAIPIRINHA bSSFP. (A) comparison
over the three slices base, mid and apex. (B) TBW value effect on images with WM and AM
optimization over the basal slice. The white arrows show the signal leakage artefacts when using WM
that completely disappear with AM. WM, Wong modulation; AM, amplitude modulation; TBW; product
Time-Band Width.
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Fig. 6. T1 maps over base, mid and apex using blipped-CAIPIRINHA SMS-MOLLI. From top to
bottom: native SMS1-T1 maps using conventional MOLLI, native AM-SMS3-T1 maps using SMS-
MOLLI, postcontrast (15 min) SMS1-T1 maps and postcontrast (15 min) AM-SMS3-T1. AM, amplitude
modulation.
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Fig. 7. Box-and-whisker plots of the mean native T1 and postcontrast T1 values in the myocardium and
the blood using conventional MOLLI and AM-SMS3-MOLLI (with and without the artefact-corrupted

LV segments).

Table 1. Bland-Altman analysis for comparison between SMS1-T1 and AM-SMS3-T1 techniques over the 10 volunteers.

. o 1
AM-SMS3-T1 Bland- 95% limits of | AMSMS3TL BlangiaASIEman 9§g/:e|:er:qltesn?
- B B jas* °
SMS1-T1 all segments Altman bias agreement no corrupted no corrupted no corrupted
(meantSD) all segments segments
(meantSD) (meansD) all segments (meanSD) segments segments
- - (mean%SD)
Myocardium From -30.5% From -9.2% to
+ + - +9.89 + %+5.49
native T1 935.5£36.1ms | 1050.2+116.2ms 11.349.8% t07.9% 933.8£50.2ms 1.5%+5.4% 12.2%
Blood From -12.3%
+ + +7.09
native T1 1475.4+359ms | 1452.5+70.3ms 1.4+7.0% 0 15.1% NA NA NA
Myocardium From -27.6% From -5.4% to
+ + -3.0¢ 7 + %+3.19
postcontrast T1 556.0£19.7ms 577.9£76.3ms 3.0+12.5% 10 21.6% 521.3£28.1ms 0.7%+3.1% 6.8%
Blood From -12.7%
+ + + 9
postcontrast T1 478+65.1ms 447.8+81.5ms 7.1+10.1% 10 27.0% NA NA NA

*: %Difference(100*(SMS1-T1-AM-SMS3-T1)/average) vs. average; NA: non-applicable.
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Appendix A

In the following figure, the frequency response profile from the bSSFP readout was simulated using Bloch
equations for the fat signal and the myocardium signal. The simulation was performed using the following
parameters derived from the in vivo experiments and relaxation values at 1.5T from the literature [47], [48]:
Fat: T1/T2 = 250ms/70ms; myocardium: T1/T2 = 950ms/55ms ; TE/TR = 1.37ms/4.76ms.

The myocardium response was tested with two flip angles: 35° (main bands) and 3° (side-lobes). Fat
frequency response was tested only for a flip angle of 3° to demonstrate that for bSSFP, even with small FA,
high signal is observed in positive bands at the frequency offsets corresponding to the conventional dark
bands characteristics of bSSFP. Therefore, cardiac SMS-bSSFP displays a unique sensitivity to side-lobe

excitations that potentially overlap with epidermal fat in short-axis acquisitions and exhibits positive banding

artifacts.
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Appendix B

Table 1. Acquisitions parameters for SNR evaluation on phantom

Parameters Slice thickness variation Slice gap variation
NO-SMS | WM-SMS3 | AM-SMS3 | NO-SMS | WM-SMS3 | AM-SMS3

tShlilgliness 3,4,5,6,7 and 8mm 6mm

Slice gap 48mm 12, 18, 24, 30, 36, 42 and 48mm

Bandwidth 600, 800, 1000, 1200 and 1400Hz/Px

TR/TE/FA 3.81ms/1.49ms/30°

FOV 320x320 mm?

Spatial 2x2 mm?

resolution

Acceleration GRAPPA X2

Table 2. Acquisition parameters for phantom T1 quantification

Parameters NO-SMS-T1 SMS3-T1
Slice thickness 8mm
Slice gap 20mm
Bandwidth 800Hz/Px
TR/TE/FA 2.76ms/1.19ms/35°
FOV 300x300mm?
Spatial resolution 1.87x1.87mm?
Time-Bandwidth product 2
Simulated heart rate 60bpm
Acceleration GRAPPA X2
MOLLI scheme 5(3)3

Table 3. Acquisition parameters for WM vs AM on phantom

Parameters WM-SMS3 AM-SMS3
Slice thickness 8mm
Slice gap 20mm
Bandwidth 800Hz/Px
TR/TE/FA 2.76ms/1.19ms/35°
FOV 341x350mm?
Spatial resolution 1.87x1.87mm?
Time-Bandwidth product 1,2 and 3
Simulated heart rate 60bpm
Acceleration GRAPPA X2
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Table 4. In-vivo acquisition parameters for WM vs AM

Parameters WM-SMS3 AM-SMS3
Slice thickness 8mm
Slice gap 20mm
Bandwidth 800Hz/Px
TR/TE/FA 2.76ms/1.19ms/35°
FOV 341x350mm?
Spatial resolution 1.87x1.87mm?
Time-Bandwidth product 1,2 and 3
Acceleration GRAPPA X2

Breath-hold duration

Between 11 and 13s

Table S. In-vivo acquisition parameters for T1 quantification

Parameters NO-SMS-T1 SMS3-T1
Slice thickness 8mm
Slice gap 20mm
Bandwidth 800Hz/Px
TR/TE/FA 2.76ms/1.19ms/35°
FOV 341x350mm?
Spatial resolution 1.87x1.87mm?
Time-Bandwidth product 2
Modulation NA WM/AM
Acceleration GRAPPA X2
MOLLI scheme Native T1: 5(3)3 / postcontrast: 4(1)3(1)2

Breath-hold duration

Between 11 and 13s
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Appendix C
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Mean and spatial variability of T1 values over the 10 subjects for each segment. Native SMS1-T1, post
injection SMS1-T1, native AM-SMS3-T1 with and without corrupted segments, and post injection AM-
SMS3-T1 also with and without corrupted segments are included.
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