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ARTICLE INFO ABSTRACT

Background: The purpose of this work was to evaluate different magnetization preparation and readout
sequences for modified Look-Locker inversion recovery (MOLLI) toward improved T; mapping in the
heart. Elements investigated include: catalyzation sequences to prepare the magnetization before readout,
alternate k-space trajectories, a spoiled gradient recalled echo readout, and a 5b(3b)3b MOLLI sampling
scheme (‘b’ denoting beats).

Methods: Conventional 3b(3b)3b(3b)5b MOLLI with a linear k-space trajectory was compared to four
variants in simulations, in vitro and in vivo (at 3T). Variants were centric conventional MOLLI,
centric-paired conventional MOLLI, linear 5b(3b)3b MOLLI and spoiled gradient recalled echo MOLLI.
Each of these was applied with three magnetization catalyzation methods, and T; measurement accuracy
and precision were evaluated in simulations via a Monte Carlo algorithm, in a set of calibrated phantoms,
and in ten healthy volunteers. Contrast-to-noise, heart rate dependence and B;+ dependence were
also evaluated.

Results: A linear k-space trajectory was superior in vitro to centric and centric-paired trajectories. Of the
catalyzation methods, preparation of transverse magnetization only—using a linearly increasing flip angle
catalyzation—improved MOLLI Ty measurement accuracy, precision, and map quality versus methods that
include catalyzation of the longitudinal magnetization. The 5b(3b)3b MOLLI scheme offered comparable
native T; measurement accuracy and precision to conventional MOLLI, despite its shortened acquisition.

Conclusions: MOLLI T; measurement accuracy, precision, and map quality depend on the method of
catalyzation of magnetization prior to image acquisition, as well as on the readout method and MOLLI
sampling scheme used.
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conditions. The original MOLLI sequence, [1] introduced in 2004 and
further improved in Messroghli et al. [2], provides precise estimates

1. Introduction

The modified Look-Locker inversion recovery (MOLLI) pulse
sequence is used to measure the longitudinal relaxation time, Ty,
in the beating heart. This allows for the quantitative assessment
of myocardial T; values under both native and contrast-enhanced
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of T; in myocardium; however, its T; measurement accuracy is
suboptimal, and can be affected by numerous factors [3]. We propose
that MOLLI can be altered to enhance its T; measurement utility via
alternative k-space trajectories, different magnetization catalyzation
sequences, and alternative readout methods—three topics that have
seen little-to-no investigation in the literature, and will be discussed
at length in this work.

1.1. Theory

Conventional MOLLI consists of multiple inversion recovery
(IR) experiments, during which recovery of the longitudinal
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magnetization is rapidly sampled using the Look-Locker technique
[4]. An electrocardiogram-triggered, balanced steady-state free
precession (bSSFP) readout is used for sampling during the cardiac
cycle’s most quiescent phase [5]. Due to timing constraints, data are
acquired in the transient phase of the SSFP signal evolution, resulting
in signal oscillations at the onset of the radiofrequency (RF) pulse
train. These oscillations may produce spurious signal measurements,
affecting the accuracy and precision of MOLLI T, estimates. A suitable
magnetization catalyzation sequence for bSSFP—a linear flip angle
sweep or a half-alpha (HA) approach, [6,7] for example—is essential
for mitigating these oscillations. Several catalyzation sequences exist
for preparing, or “priming”, longitudinal and transverse magnetizations:
typically a binomial RF pulse and spoiler gradients for the former,
and a variable flip angle pulse train for the latter [8]. An example of a
combined longitudinal and transverse magnetization catalyzation
sequence is shown in Fig. 1. To date, the significance of catalyzation
sequences to T; mapping is still in need of investigation.

Signal oscillations in bSSFP result in artifacts, and are associated
with k-space ordering schemes [9]. While the improved 2007
MOLLI sequence used a centric k-space trajectory, [2] some MOLLI
implementations—such as the original description in 2004—have
used a linear trajectory to minimize signal oscillations [1]. However,
with linear ordering, some saturation of the longitudinal magneti-
zation occurs prior to sampling of the center of k-space. This acts
as a k-space filter that results in underestimation of the transient
longitudinal magnetization, degrading measurement accuracy.
Centric ordering provides an estimate of M, closer to the undis-
turbed-recovery case, though eddy currents are induced by large
changes in gradient amplitude between phase encoding steps,
causing signal variations that may reduce T; measurement accuracy.
A compromise between linear and centric trajectories is the
centric-paired approach, which mitigates such signal variations by
pairing k-space samples according to the phase-alternating RF
scheme of bSSFP [10]. Within these pairs, the dephasing generated
by the first step is intrinsically canceled by the second step, and
residual eddy currents are eliminated if their time-constants are
longer than the repetition time (TR).

Conventional MOLLI uses a bSSFP readout for its high signal-to-
noise ratio (SNR), high efficiency, and intrinsic flow compensation.
However, this readout increases sensitivity to off-resonance, and
some magnetization saturation occurs due to the moderate
flip-angles (e.g. 20-35°) used to sample the recovering longitudinal
magnetization—perturbing the recovery from the model assumed
for Ty calculation. The Look-Locker correction used in T; mapping
requires two important assumptions: first, that the RF pulses used
to sample longitudinal recovery are of low flip angle—less than 10°
[11]—and secondly, that a continuous readout pulse train is applied.
Neither assumption holds true for MOLLI, leading to substantial
scope for error in its T; measurements [12]. The spoiled gradient
recalled echo (GRE) readout, [13] a possible alternative to bSSFP,
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uses low flip angle excitation pulses, which cause less saturation
in myocardium than the conventional MOLLI bSSFP readout, at the
cost of a lower SNR. Such a readout may offer improved MOLLI T,
measurement accuracy.

1.2. Aims

Previous studies have investigated the effect of heart rate,
inversion time and inversion efficiency on MOLLI's accuracy and
precision, [2,12,14,15] and recent works have evaluated these
qualities in the context of extracellular volume measurements [16].
The primary aim in this study was to investigate several novel MOLLI
variants—each based on a conventional 3b(3b)3b(3b)5b MOLLI
scheme—with alternative magnetization catalyzations and image
readouts. These were compared with conventional MOLLI, and the
recently-reported 5b(3b)3b MOLLI, [15] in order to evaluate any
improvements over the original MOLLI scheme. Comparisons were
made via numerical simulations and in vitro and in vivo acquisitions,
focusing on their heart rate dependence, B;+ sensitivity, contrast-to-
noise, and T; measurement accuracy and precision. Whether
3b(3b)3b(3b)5b MOLLI is an optimal scheme is not under investigation;
readout effects within a chosen scheme are of interest here. It is
anticipated that this work will inform users of other MOLLI schemes
as well as users of the original method.

2. Materials and methods

All in vitro and in vivo experiments were performed on a
three tesla MRI scanner (Achieva 3.0 T TX, Philips Healthcare, Best,
The Netherlands) using a six-channel phased array cardiac coil for
reception and two RF transmit channels—to improve B;+ homogeneity
via RF shimming [17,18].

A set of 7 doped agarose gel phantoms was prepared for this
study, with T,/T; values (in ms) as follows: 326/59, 470/57, 755/57,
876/64, 1110/59, 1227/58 and 1585/60. The T; range was chosen
to cover native/post-contrast myocardium—post-contrast T; values
being of interest for extracellular volume calculations [19]—and T,
values were strictly controlled to minimize T, bias. Blood-like T,
values were not included, as stationary phantoms are inadequate for
assessment of flowing blood [15]. Phantom T, values were calibrated
using an IR fast-spin-echo (IR-SE) sequence (TR/echo time [TE] =
10,000/12 ms; 11 inversion times, TI = 50:150:1100, 1400, 3000,
and 5000 ms; in-plane resolution = 1.7 mm x 2.1 mm; slice thick-
ness = 10 mm; echo train length = 6). All phantom experiments
were performed at 21 °C.

2.1. Experimental setup
“Conventional MOLLI”, based on the optimized original MOLLI

sequence, [2] was chosen as a standard for comparisons—to evaluate
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Fig. 1. lllustration of an LSUB magnetization catalyzation sequence for bSSFP: The sequence consists of longitudinal and transverse magnetization preparations, played prior to the
bSSFP readout, with TR being the bSSFP TR. Note that the LSU catalyzation sequence described in this work omits the longitudinal preparation.

Please cite this article as: Cameron D, et al, Selection of magnetization catalyzation and readout methods for modified Look-Locker
inversion recovery: A T; mapping primer, Magn Reson Imaging (2015), http://dx.doi.org/10.1016/j.mri.2015.02.004



http://dx.doi.org/10.1016/j.mri.2015.02.004

D. Cameron et al. / Magnetic Resonance Imaging xxx (2015) XXx—-xxx 3

any improvements relative to this widely reported method.
The sequence consisted of three IR blocks, in a 3b(3b)3b(3b)5b
arrangement, with b’s indicating images were acquired one-per-
beat, with a three beat pause between consecutive IR blocks. Other
parameters were as follows: diastolic image acquisition, o = 35°,
TR/TE = 2.3/1.08 ms, in-plane resolution = 1.25 x 1.25 mm?,
matrix size = 288 x 288, a linear k-space trajectory, minimum
TI = 100 ms, and a sensitivity encoding (SENSE) factor of 2. Four
variants of this sequence were devised with the following modifications:

(A) A 5b(3b)3b MOLLI scheme with two IR blocks rather than
three, as reported by Kellman and Hansen [15].

(B) A centric k-space trajectory.

(C) A centric-paired k-space trajectory.

(D) A spoiled GRE readout with an alpha-pulse flip angle of 4°—
calculated as the Ernst angle for native myocardium [20].

Each MOLLI variant was otherwise identical to conventional
MOLLI All five MOLLI sequences (besides spoiled GRE) were tested
with three popular cardiac magnetization catalyzation sequences in
simulations, in vitro and in vivo, as follows:

(i) An HA catalyzation [7,21].
(ii) A linear sweep up (LSU) catalyzation, consisting of a
transverse magnetization preparation only [6,22].
(iii) An LSU catalyzation with a binomial RF pulse and spoiler
gradient for preparing the longitudinal magnetization (LSU
binomial [LSUB]) [8,23]. See Fig. 1 for an illustration.

The combination of these catalyzation sequences with each MOLLI
scheme led to a total of 13 different MOLLI setups. Furthermore, each
catalyzation sequence was tested with 4, 7, 10 and 13 startup echoes;
in total, 12 different catalyzation sequences were compared.

2.1.1. Simulations

While there is an analytical solution for steady-state free-
precession [20], there is no equivalent for MOLLI's single-shot bSSFP
approach, so this was simulated numerically. Scripts were written
using MATLAB 2012a (The MathWorks, Natick, MA, USA), approxi-
mating the action of a set of RF pulses on a set of simulated magnetic
moments using solutions to the Bloch equations in the rotating frame
[24]. See Fig. 2 for a flowchart illustrating the structure of the numerical
simulation. Gradient, RF and timing parameters were imported
from Philips’ pulse programming environment (Philips Healthcare,
Best, The Netherlands) to replicate the in vitro and in vivo MOLLI
protocols described here. The imaging slice profile was measured, and
replicated in the simulation, and different k-space trajectories were
approximated using different timings for the observation window: the
first readout TR interval for centric-ordered MOLLI, and the middle
readout TR interval for linear-ordered MOLLIL. As this simplified
approach rendered centric and centric-paired readouts effectively
identical, centric-paired ordering was not investigated via simulations.
A set of reference T; values, corresponding to the seven calibrated
phantoms, was estimated with each MOLLI variant by applying a
three-parameter Levenberg-Marquardt curve fit to the simulated
magnetization measured by each variant, as follows:

M(t) = A—Bexp(—t/T;) (1)

where M(t) is the magnetization at time t and T;* is the “apparent”
T,. Look-Locker correction [11] was then used to correct T;* to “true”
T, using as follows:

T, = Ty(B/A—1) 2)

Note that the Look-Locker correction was derived for, and assumes,
a spoiled GRE sequence with low flip angle alpha pulses [11].

The approach for T; fitting described here is the same as that used in
the original MOLLI implementation [1].

For assessment of T; measurement accuracy and precision, a Monte
Carlo algorithm was written whereby Gaussian noise was added to the
MOLLI-measured signal, and T; measurements were repeated for low
(10:1), medium (30:1), and high (60:1) SNR over 100 noise realizations.

2.1.2. In vitro experiments

In vitro, the four MOLLI variant schemes were compared to
conventional MOLLI in the 7 calibrated phantoms, and each variant was
tested with all 12 configurations of the catalyzation sequences. T; maps
were calculated automatically during image reconstruction and T; means
and standard deviations were measured using regions of interest (ROIs)
drawn in ImageJ (National Institutes of Health, Bethesda, MD, USA).

2.1.3. In vivo experiments

Ten healthy volunteers were recruited for this study (mean age
[range] = 33 [20-47] years, mean resting heart rate [SD] = 63 [6]
bpm). Informed consent was obtained from all participants, and
ethical approval was granted by the local ethics committee. For each
volunteer, single slice mid-ventricular short axis MOLLI images
were acquired using each MOLLI sequence, and myocardial T; maps
were generated automatically. In order to evaluate the degree of B,
transmit variation across the heart, B;+ maps were also acquired.
These were obtained using the saturated double angle acquisition
method, [25] with an echo-planar imaging readout, [17] a saturation
delay of 500 ms, TR = 1 beat, TE = 3.4 ms and an in-plane resolution
of 5 x 10 mm.

To obtain T; measurements, myocardial ROIs were drawn on all T,
maps using ImageJ, and eroded by one pixel to avoid partial volume
and chemical shift artifacts at myocardial interfaces. A second ROI was
drawn in the center of the cavity to assess blood T;. Average T; values
and standard deviations were then measured for each ROL

2.2. T; measurement accuracy
The T; measurement accuracy of each MOLLI sequence was

evaluated in simulations and in vitro via comparison of relative bias
values, which were given by:

100 <« Ti (measurep) — T1 (reF)
RB(%) = —— 3
(%) N ; T, wer 3)

where Ty (rer) is the reference Ty, Ty (veasurep) is the MOLLI-estimated
Ty, and N is the total number of data points—seven in this case,
corresponding to the reference T; values.

In vivo, given that there was no T; reference standard, the T;
measurement accuracy of each novel MOLLI variant was compared
with a typical 3b(3b)3b(3b)5b LSUB MOLLI sequence via Bland-
Altman analysis, performed in SigmaPlot (Systat Software, Chicago, IL,
USA). Significant differences in the variants’ T; bias relative to the
reference method were investigated with Student’s t-tests, performed
in Microsoft Excel 2007 (Microsoft, Redmond, WA, USA).

2.2.1. Heart rate dependence of MOLLI variants

The dependence of T; measurement accuracy on heart rate was
investigated in simulations and in vitro. In both experiments, T; values
were estimated with each MOLLI sequence for all 7 reference T values,
with simulated heart rates ranging from 40 to 100 bpm, in steps of
10 bpm. Simulation measurements were made without added noise.

2.2.2. Effect of readout flip angle on T; measurement accuracy of
MOLLI variants

Each of the MOLLI sequences was also tested, in simulations only, for
the effect of readout flip angle errors on their T; measurement accuracy.

Please cite this article as: Cameron D, et al, Selection of magnetization catalyzation and readout methods for modified Look-Locker
inversion recovery: A T; mapping primer, Magn Reson Imaging (2015), http://dx.doi.org/10.1016/j.mri.2015.02.004



http://dx.doi.org/10.1016/j.mri.2015.02.004

START Program

Monte Carlo
Noise Loop

T, Estimation

Parameter
Initialisation
< RELAX
c
2
R
S § 5
r  Z
Z o +
( .%' % RF Pulse RFNORM
§ 2 2 Loop &RF
zZ %
Q
=z

GRE
Loop

D. Cameron et al. / Magnetic Resonance Imaging xxx (2015) XXx—xxx

End

Sort Signal Array
According to Td

17

Add Gaussian
Noise

L7

Levenberg-Marquardt
Fitting Algorithm

Export Estimated
T, Values

END Program

Fig. 2. A simplified flow chart describing the structure of the MOLLI numerical simulation used in this work. Different elements of the pulse sequence are incorporated in a set of
nested loops, with the entire numerical simulation being repeated for multiple SNRs (SNR loop), noise realizations (Monte Carlo noise loop), and T; values (T; estimation loop).
Another set of internal loops forms the basis of the MOLLI simulation itself. Starting from the right, the 'read loop' represents a balanced steady-state free-precession (bSSFP) TR
interval, containing subroutines corresponding to an alpha pulse (RF), gradients (GRAD) and a short relaxation interval (RELAX). This loop is repeated across a number of
isochromats in the read direction, generating a bSSFP signal, and the same process is repeated in the slice direction ('slice loop’) to take the slice profile into account. The 'GRE loop'
repeats the ‘slice’ and ‘read’ loops according the bSSFP train length (i.e. the number of TR intervals), and the outermost 'RF pulse loop’ plays the inversion preparation pulse and

the magnetization catalyzation pulses. Td = delay time.

A By+ error term was introduced to all RF pulses in the readout, with
values of —20%, —10%, 0, + 10% and + 20% relative to the nominal flip
angle. Separate analyses were performed for post-contrast myocardium
(470 ms) and native myocardium (1227 ms) T, values.

2.3. T; measurement precision
2.3.1. Comparison of SNR for all MOLLI variants

The T; estimate precision of each MOLLI sequence, in simulations
and in vivo, was evaluated via the coefficient of variation (CV):

V(%) = % x 100 )

a measure of relative dispersion, where o is the standard deviation
and p is the mean.

In vitro, Ty estimate precision was assessed via measurement of
SNR. This was achieved via an alternative approach whereby the
relative SNRs of each variant were compared—since the calculation
of the standard deviation of the noise in a phased-array set up is
non-trivial when acceleration techniques such as SENSE are
used.[26] Signal intensities for each sequence were measured in
the MOLLI image with the longest delay time, and noise character-
istics were assumed to be the same for each scan, as sequence
preparation phases and coil setups were identical throughout. In this
way, SNR differences could be evaluated without complex assess-
ment of absolute SNR. In vivo, precision was assessed in terms of
absolute CV, calculated via Bland-Altman analysis.
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2.4. Contrast-to-noise ratios (CNRs)

CNRs were calculated for each MOLLI variant in simulations,
in vitro, and in vivo, in order to gage the sensitivity of each method to
clinically significant T; changes: an example of which is that of native
T, elevation in myocardial edema, as described by Dawson et al. [27]
The ability of a T; mapping method to differentiate edematous
myocardium from normal myocardium can be characterized by the
CNR, as follows:

CNR = M 5)

where Ty (normaly ad Tq(oedema) are the MOLLI-estimated T; values in
normal myocardium and edematous myocardium, respectively. In
this study, the standard deviation of the noise, 0, was assigned a
value of unity: given the well-characterized noise in simulations, and
the identical scan preparations and receiver bandwidths in vitro
and in vivo. In simulations and in vitro, Ty cedema) Was represented by
the 1227 ms phantom, while the 1110 ms phantom was chosen to
represent normal myocardium, Ty(normal). In Vivo, no participants
exhibited myocardial edema; therefore, the spleen was used as a
surrogate for edematous myocardium, given its comparable T; and
T, relaxation times (T; =~ 1300 ms and T, = 60 ms at 3 T) [28].
Contrast-to-noise ratio was again calculated using Eq. 5, with
T1(oedema) being measured from an additional ROI drawn in the
spleen. This analysis was performed in five volunteers, and means
and standard deviations were determined.

2.5. Image quality

In order to evaluate T; map quality in vivo, y*> maps were
generated offline using Philips’ RelaxMaps tool. These indicate how
well the data conform to the model used to create the fit. They were
assessed subjectively—in parallel with T; maps and source images—
and image sets that exhibited artifact (pixel-fit failures, bSSFP
banding, partial volume, phase wrap) were scored according to the
size of the artifacts (0 = no artifact; 1 = subtle artifact, such as local
pixel-fit failures; 2 = moderate artifact, obscuring either myocardium
or blood pool; 3 = severe artifact, obscuring myocardium and
blood pool).

3. Results
3.1. T; measurement accuracy

Table 1 shows mean relative bias values for MOLLI sequences
in simulations and in vitro. Results are summarized for several
catalyzation sequences, each with a number of different startup train
lengths. The 5b(3b)3b LSU scheme gave the least bias in simulations,
while the spoiled GRE scheme gave the least bias in vitro. A more
detailed breakdown of T; measurement accuracy is given in Fig. 3,
where relative bias values are shown for individual T; values at three
different SNRs. This clearly illustrates the tendency for MOLLI
sequences to underestimate longer T; values, and also shows that
estimates of short, post-contrast T; values are typically the most
sensitive to noise.

3.1.1. Bias of MOLLI variant T; measurements in vivo

In vivo, given that the effect of changing the startup train length was
minimal both in simulations and in vitro, a ten-startup-echo scheme
was chosen for each MOLLI variant as a compromise between T,
measurement accuracy and readout train length. Table 2 shows the T;
bias, in milliseconds, determined from Bland-Altman analysis, where
3b(3b)3b(3b)5b LSUB MOLLI was used as the reference standard.

Table 1
Mean relative bias of MOLLI T; estimates in simulations and in vitro using different
readout schemes and startup train lengths.

Simulation In vitro

# Startup echoes 4 7 10 13 4 7 10 13

3b(3b)3b(3b)5b LSUB 133 13.0 128 130 168 179 180 176
3b(3b)3b(3b)5b LSU 111 112 11.0 111 176 175 172 17.1
3b(3b)3b(3b)5bHA 108 11.0 109 113 174 172 172 171
5b(
5b(

3b)3b LSUB 97 97 96 97 196 196 200 196

3b)3b LSU 90 89 93 9.2 197 196 195 196
5b(3b)3b HA 8.8 9.3 9.2 9.4 193 193 194 194
Spoiled GRE 9.5 96 938 100 170 171 168 169
Centric LSUB 116 114 104 11.0 204 21.0 210 202
Centric LSU 120 118 116 99 222 219 211 225
Centric HA 115 112 109 106 215 21.0 204 204
C-P LSUB - - - - 180 177 185 182
C-P LSU - - - - 182 183 183 182
C-PHA - - - - 180 177 182 18.0

Inversion recovery fast-spin-echo T; measurements are used as comparators, with
relative, unsigned biases (%) averaged across all seven reference T, values. The lowest
mean relative bias for each sequence is highlighted in italics, and the sequences with
the overall smallest bias in simulations and in vitro are also indicated in bold. The
simulation results shown here were acquired with infinite signal-to-noise.

A positive bias indicates less T; underestimation than conventional
MOLLI, which is known to substantially underestimate T, in native
myocardium and blood. In myocardium and blood pool, all MOLLI
variants showed similar accuracy to conventional MOLLI, except
spoiled GRE MOLLI, which showed a significant positive T; bias in
myocardium (p < 0.001). The 5b(3b)3b MOLLI sequence agreed well
with conventional MOLLI, with a small bias and a line of zero difference
within the 95% confidence intervals of the bias (—17 to 35 ms).
Regarding magnetization catalyzation approaches, both LSU-prepared
conventional MOLLI and HA-prepared MOLLI showed significantly
better T; measurement accuracy than the LSUB-prepared reference
standard in myocardium (p = 0.006 for each).

3.1.2. Heart rate dependence of MOLLI variants

Figs. 4 and 5 show the heart rate dependence of each MOLLI
sequence—in simulations and in vitro, respectively—with percentage
T, estimate error plotted against reference T, values. In simulations
only, linear and centric sequences were applied with all three
catalyzation approaches (LSU, LSUB, and HA, ten startup echoes)
without added Gaussian noise. Both in simulations and in vitro,
5b(3b)3b MOLLI overestimated short T; values at low heart rates,
but otherwise underestimated T;. All other variants underestimated
T, atall heart rates, and the underestimation increased with increasing
heart rate. Spoiled GRE MOLLI showed the least heart rate dependence
in vitro (mean T estimate error [SD] = —15.3 [5.0] %); while centric
MOLLI showed the greatest dependence (mean T; measurement error
[SD] = —21.4[8.0] %).

3.1.3. Effect of readout flip angle on T; measurement accuracy of
MOLLI variants

Fig. 6A shows plots of T; measurement error versus flip angle error
for each MOLLI variant. Conventional MOLLI schemes showed the
greatest Ty variation with flip angle, particularly with LSUB and HA
catalyzations, where T; errors reached 6.4% and 7.0%, respectively. The
LSU-prepared variant showed substantially less flip angle dependence,
(max. Ty error = 2.7%) and was more consistent across post-contrast
myocardium, native myocardium and blood-like T; values. Centric
MOLLI schemes gave T; estimates that were less flip-angle-dependent
than conventional MOLLI (max. T; errors = 0.7% for LSUB, 0.9% for
LSU, and 1.5% for HA) as did 5b(3b)3b-LSU and spoiled GRE MOLLI
(max. Ty errors = 3.5%and 1.1%, respectively). In general, T, estimates
were seen to decrease with increasing flip angle; however, LSUB-prepared
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Fig. 3. Plots of the bias and dispersion of MOLLI variant T; measurements from Monte Carlo simulations: The relative bias and relative dispersion of ten MOLLI sequences are
shown using color scales, which are limited to +40% and + 50%, respectively—in order to highlight differences between the methods. Results were obtained from 100 noise

realizations at SNRs of 10, 30, and 60.

centric MOLLI gave post contrast T; estimates that increased with flip
angle. In vivo, B+ maps gave a mean (SD) flip angle of 87.4 (11.9)% of
the nominal value across the left ventricle. Fig. 6B shows an example of
an axial B;+ map acquired in a volunteer.

3.2. T; measurement precision

3.2.1. Comparison of SNR for all MOLLI variants

Measurements of T; estimate precision from simulations are
shown in Table 3, with a detailed illustration in Fig. 2. Mean relative
dispersions are similar from sequence-to-sequence, tending to
decrease with increasing SNR. The 5b(3b)3b sequences demonstrated
the smallest mean relative dispersions, while spoiled GRE MOLLI
showed significantly larger mean relative dispersions than all other
variants atall SNRs (p < 0.001 in all cases). Furthermore, estimates of

Table 2
Bland-Altman T, bias and dispersion (CVs) for MOLLI sequences in myocardium and
blood, in vivo.

Myocardium Blood pool
MOLLI sequence T, bias (SD) ms Mean CV T, bias (SD) ms Mean CV
(3b)3b(3b)5b LSUB - 0.132 - 0.019
b(3b)3b(3b)5b LSU 66 (35)* 0.027°  —9(20) 0.020
3b(3b)3b(3b)5b HA 64 (36)* 0.104 6 (39) 0.017
(3b)3b LSUB 9 (35) 0.133 49 (31) 0.020
5b(3b)3b LSU 75 (46)" 0.038"  31(24) 0.039%
5b(3b)3b HA 70 (46)" 0.030° 31 (35) 0.039%
Spoiled GRE 97 (57)" 0.153 —28 (63) 0.044*
Centric LSUB —31(65) 0.115 —26 (59) 0.032*
Centric LSU 21 (64) 0.041°  —28(110) 0.071*
Centric HA 37 (46) 0.027°  —5(105) 0.060"
C-P LSUB —39(78) 0.119 —39 (54) 0.044*
C-P LSU 29 (45) 0.037°  —66 (45)" 0.049*
C-PHA 14 (59) 0.029°  —42 (80) 0.049*

A 3b(3b)3b(3b)5b LSUB MOLLI sequence is given as the reference standard for Bland-Altman
analysis. The best accuracy (positive bias indicating less T; underestimation relative to
conventional MOLLI) and precision are indicated in bold for T; measurements in
myocardium and blood pool.

* Indicates a significant difference relative to the reference—3b(3b)3b(3b)5b LSUB
MOLLI, relevant p-values in text.

short, post-contrast-like T; values were seen to be the most variable in
cases of poor SNR (10:1).

In vitro pseudo-SNR measurements were made with an assumed noise
of unity, because of the identical sequence preparation phases and coil
setups used, ie. the signal itself was taken as a measure of SNR, after
correction for scaling factors associated with digital imaging and
communications in medicine (DICOM) storage. Table 2 shows pseudo-SNR
measurements for all MOLLI variant/startup combinations. Centric MOLLI
gave the best SNR, and the LSU catalyzation was associated with improved
SNR in all variants. The spoiled GRE variant showed the poorest SNR.

3.2.2. Relative dispersion of MOLLI variant T; measurements in vivo
Table 2 shows measures of MOLLI variant precision in vivo,
quoted as CVs. Spoiled GRE MOLLI and centric and centric-paired
variants showed significantly poorer precision than conventional
MOLLI in myocardium (p < 0.001, p = 0.003 and p = 0.001,
respectively), while 5b(3b)3b MOLLI showed similar precision to
the conventional sequence. HA and LSU-prepared MOLLI variants
tended to show significantly improved precision over conventional
MOLLL In blood pool, all non-3b(3b)3b(3b)5b MOLLI sequences—
aside from 5b(3b)3b LSUB MOLLI—showed significantly reduced
precision relative to conventional MOLLI (p < 0.05 for all).

3.3. Contrast-to-noise ratios

Table 4 collates pseudo-CNRs from simulations, in vitro experi-
ments, and in vivo experiments. Both in simulations and in vivo,
5b(3b)3b LSU MOLLI showed the largest CNR, closely followed by the
3b(3b)3b(3b)5b LSU sequence; furthermore, the CNR of 5b(3b)3b
LSU MOLLI showed the least variability in vivo. Considering in vitro
data, MOLLI sequences with the 3b(3b)3b(3b)5b sampling scheme
showed slightly higher CNRs than those with the 5b(3b)3b scheme,
while spoiled GRE MOLLI demonstrated the largest CNR.

3.4. Image quality
Considering in vitro image quality, Fig. 7 illustrates signal

intensity variations in phantoms according to k-space trajectory.
Linear ordering produces slightly uneven signal intensity in MOLLI
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Fig. 4. Plots showing the heart rate dependence of MOLLI variants in simulations: Percentage T; measurement error in conventional and centric MOLLI variants is plotted against

virtual phantom T, values in each pane. Data are shown for simulated heart rates of 40 bpm-100 bpm. GRE = gradient recalled echo, LSU = linear sweep up, LSUB = LSU
binomial, and HA = half-alpha.

3b(3b)3b(3b)5b MOLLI Centric MOLLI Centric-Paired MOLLI

400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600

5b(3b)3b MOLLI Spoiled GRE MOLLI

—_— 40 BPM

50 BPM
60 BPM
70 BPM
80 BPM
90 BPM
100 BPM

T, Measurement Error (%)

400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600

Reference T, (ms)

Fig. 5. Plots showing the heart rate dependence of conventional MOLLI and five MOLLI variants in vitro: Each variant uses a ten startup echo LSU catalyzation sequence. Percentage

T, measurement error is plotted against IR fast-spin-echo reference T; values in each. Data are shown for simulated heart rates of 40 bpm-100 bpm. GRE = gradient
recalled echo.
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Fig. 6. The effect of flip angle error on MOLLI variant T; measurement accuracy in simulations: Plots show T; measurement errors in each MOLLI variant for flip angle errors of —
20%, —10%, 0, + 10% and + 20% (A). Colored lines indicate errors for post-contrast myocardium (470 ms, green), native myocardium (1227 ms, black), and blood-like (1585 ms,
red) T; values; GRE = gradient recalled echo, LSU = linear sweep up, LSUB = LSU binomial, and HA = half-alpha. Also shown is a short-axis localizer image with a color overlay

showing the relative B, across the left ventricle (B).

Table 3
Relative dispersion and SNR measurements for each set of MOLLI variants and
catalyzation sequences in simulations and in vitro.

MOLLI variant/ Simulation - mean relative dispersion (%) In vitro

catalyzation SNR = 10:1 SNR — 301 SNR — 60:1 PsCUdo-SNR
3b(3b)3b(3b)5b LSUB 213 135 117 300.0
3b(3b)3b(3b)5b LSU  20.4 13.0 107 367.6
3b(3b)3b(3b)Sb HA 205 134 112 363.1
5b(3b)3b LSUB 215 13.1 10.0 360.7
5b(3b)3b LSU 206 11.0 9.0 367.6
5b(3b)3b HA 192 128 93 304.9
Spoiled GRE M3 232 162 80.3
Centric LSUB 196 12.9 109 505.8
Centric LSU 195 12.9 109 530.8
Centric HA 22.8 133 10.2 532.6
C-P LSUB - - 408.9
C-PLSU . . 484.8
C-P HA § y 456.9

Data are presented for simulations (mean CVs in percent) and for in vitro experiments
(pseudo SNR measurements). Sequences with the best CV/SNR are indicated in bold.
C-P = centric-paired.

base images, centric ordering leads to large, eddy-current-induced
signal intensity variations across the image, and centric-paired ordering
gives smooth signal intensity.

Example T; maps for all MOLLI schemes applied in vivo are
displayed in Fig. 8. In total, 111 out of 130 T; maps exhibited artifacts
to some degree. Centric and centric-paired MOLLI readouts showed
significantly worse artifact scores than linear 3b(3b)3b(3b)5b MOLLI
(mean [SD] = 2.1 [1.0] for both, versus 1.0 [0.7], p < 0.001) and
demonstrated considerable blurring and poor y2 The 5b(3b)3b
MOLLI variant had similar artifact scores to conventional MOLLI
(mean [SD] = 1.2 [0.8]), as did spoiled GRE MOLLI—which gave
noisy Ty and x? maps, but exhibited no prominent artifacts (mean
[SD] score = 1.2 [0.4]). In terms of catalyzation sequences, LSU
demonstrated significantly better artifact scores than LSUB (mean
[SD] = 1.0 [0.1] versus 2.0 [0.7], p = 0.0002); HA-catalyzed MOLLI
sequences had similar artifact scores to those catalyzed by LSUB.

4. Discussion

The main findings of this work are as follows: 1) the LSU
magnetization catalyzation sequence yields substantially better T,
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Table 4
CNRs for each set of MOLLI variants and catalyzation sequences in simulations, in vitro,
and in vivo.

MOLLI variant/catalyzation Simulations In vitro In vivo
3b(3b)3b(3b)5b LSUB 80.3 109.5 116.1 (81.6)
3b(3b)3b(3b)5b LSU 90.3 104.7 181.9 (50.2)
3b(3b)3b(3b)5b HA 92.0 101.9 126.2 (161.9)
5b(3b)3b LSUB 97.5 97.1 127.7 (162.5)
5b(3b)3b LSU 106.9 91.1 188.8 (45.0)
5b(3b)3b HA 91.8 92.7 167.6 (74.5)
Spoiled GRE 51.6 127.5 136.4 (42.8)
Centric LSUB 70.7 721 131.9 (82.3)
Centric LSU 83.0 69.3 147.7 (92.0)
Centric HA 91.1 61.0 103.7 (95.7)
C-P LSUB - 109.2 175.5 (117.3)
C-P LSU - 98.4 149.9 (124.1)
C-P HA - 100.4 179.7 (45.2)

Data are shown for simulations, in vitro experiments, and in vivo experiments.
Simulation and in vitro results indicate the difference in T; estimates between
‘abnormal myocardium’ (a phantom with T; = 1227 ms) and ‘healthy myocardium’
(a phantom with T; = 1110 ms). In vivo results are presented as mean (SD), and
represent the difference between ‘abnormal myocardium’ (spleen is used as a
surrogate, with T; =~ 1300 ms) and healthy myocardium. In all instances, the
standard deviation of the noise is assumed to be unity, and the sequences with the
best CNR are indicated in bold. C-P = centric-paired.

measurement accuracy versus the LSUB catalyzation in myocardium,
being less sensitive to B;+ inhomogeneity, less heart-rate-dependent,
and giving better SNR and CNR; 2) 5b(3b)3b MOLLI shows similar T;
measurement accuracy and precision to conventional MOLLI, with a
reduced acquisition time and modestly improved CNR, but it was seen
to overestimate short T; values at low heart rates; 3) spoiled GRE MOLLI
showed the least heart rate dependence, and improved T; measure-
ment accuracy in myocardium, yet it was also the most sensitive
to noise; 4) centric and centric-paired MOLLI variants do not show
significantly improved T; measurement accuracy or precision over
conventional MOLLI with a linear k-space trajectory, and are associated
with increased image artifact in vivo.

Generally, the numerical simulation was a good predictor of
in vitro and in vivo results. Phantom measurements were in
concordance with those calculated in simulations, though heart-rate
dependence was more pronounced in vitro for all variants.
Considering the performance of MOLLI variants in vitro and in vivo,
both centric and centric-paired MOLLI variants’ T, estimates showed
reduced accuracy versus conventional MOLLI in vitro, and increased
image artifact in vivo. Both effects were likely due to transient signal
oscillations during the approach to the steady state. Overall, the T;
measurement accuracy of these variants was similar to that of
conventional MOLLI, albeit with poorer T; map quality.

The 5b(3b)3b MOLLI sequence performed well both in vitro and
in vivo, demonstrating similar T; measurement accuracy, precision, and
SNR to conventional MOLLI, despite having a much shorter acquisition
duration. It was less sensitive to B;4 inhomogeneity and the quality
of its T; maps was comparable with conventional MOLLI maps, showing
very few visible artifacts. Furthermore, it showed increased CNR
relative to conventional MOLLI both in simulations and in vivo,
indicating improved sensitivity to T; changes in myocardial edema.
The 5b(3b)3b scheme should perform well in patients who find
breath-holding difficult; however, it was seen to overestimate shorter
T, values at low simulated heart rates in simulations and in vitro, and
is thus recommended for native T; mapping only—concurring with
recommendations made by the scheme’s inventors [15].

Regarding magnetization catalyzation sequences, the LSU catalyza-
tion performed best for all bSSFP MOLLI sequences: it gave the largest
SNR in vitro; good CNR across the board; excellent T; map quality and
precision in vivo; superior T; measurement accuracy to LSUB-prepared
MOLLI in myocardium; and less sensitivity to B;+ inhomogeneity.
HA-prepared MOLLI schemes showed similar T; measurement precision
to LSU-prepared schemes, better accuracy than conventional LSUB-
prepared MOLLI for myocardial T; measurements, and better SNR, but
they were associated with greater artifact-incidence than LSU-prepared
sequences and demonstrated substantial T; measurement errors in the
presence of B;+ inhomogeneity. In terms of heart rate dependence,
LSU-prepared MOLLI showed improved T; measurement accuracy over
LSUB-prepared schemes in simulations; due, in part, to the fact that
longitudinal recovery is retarded by the addition of the binomial pulse
catalyzation. Furthermore, between the two composite RF pulse
elements of the longitudinal preparation, the magnetization is dephased
before being restored to the z-axis—increasing the influence of off-
resonance on T; measurement accuracy. Due to the large range of
off-resonance frequencies in the heart, [19] this will cause substantial
dephasing across the left ventricle and reduce the magnitude of the
longitudinal magnetization, as well as overall SNR, for the LSUB-
catalyzed MOLLI sequence. It should also be noted that large and variable
T, estimate errors were seen with an LSUB catalyzation when a B;+ error
was introduced. Bearing these considerations in mind, we recommend
an LSU catalyzation sequence for use with MOLLI T; mapping.

Spoiled GRE MOLLI showed less heart rate dependence than the other
schemes in vitro, as well as superior CNR, but it gave poor blood pool T;
measurements in vivo. This can be partly explained by its poor SNR, which
was demonstrated in simulations and in vitro; however, a more likely source
of error is the lack of intrinsic flow-compensation in spoiled GRE, which
results in reduced signal intensity in flowing blood [29]. Thus, spoiled GRE
MOLLI schemes are not recommended for myocardial T; mapping.

Additional work is required to understand the effect of off-resonance
on transient signal oscillations and, thus, on the performance of catalyzation

Fig. 7. Magnitude images from phantoms scanned with different MOLLI k-space trajectories: A) - linear; B) - centric; and C) - centric-paired. Note that centric-paired MOLLI gives

smooth signal intensity without the large variations seen with centric ordering.
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Fig. 8. Examples of in vivo short axis cardiac T; maps acquired in one volunteer: Five groups of MOLLI variants are used: A) conventional 3b(3b)3b(3b)5b; B) 5b(3b)3b; C) centric;
D) centric-paired; and E) spoiled GRE. Numerals denote different catalyzation sequences, each using 10 startup echoes: (i) LSU; (ii) LSU (skipped pulse pair); and (iii) half-alpha.
The color scale on the right describes the range of T; values shown in these T; maps, in ms.

methods for T; mapping. In addition, simulated MOLLI base images should
be generated for a better understanding of the effect of catalyzation
methods or readout sequences on image quality [30]. Further to the
MOLLI variants studied in this work, a preliminary study included a
variant with a steady-state free-precession free induction decay
readout sequence, as described by Bernstein [29]. This scheme was
not investigated further, due to substantial blood pool artifacts
stemming from its unbalanced gradient configuration.

5. Conclusions

This study, the first comprehensive investigation of magnetiza-
tion catalyzation schemes in T mapping, highlights the significance
of transient signal oscillations in T; mapping, and indicates a number
of areas where the MOLLI acquisition setup can be improved. Most

significantly, we have shown that an LSU catalyzation sequence gives
the best MOLLI T; measurement accuracy and precision, as well as T,
map quality. Finally we confirmed that 5b(3b)3b MOLLI agrees well
with conventional MOLLI: offering robust native T; measurements in
11 heartbeats, which will benefit patients who cannot tolerate long
breath-holds.
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