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1 |

Noncontrast-enhanced pulse sequences often lack the re-
quired contrast to distinguish blood from the myocardium in
cardiac MRI. T,-preparation (T,-Prep) modules' allow this

INTRODUCTION

Purpose: Designing a new T,-preparation (T,-Prep) module to simultaneously pro-
vide robust fat suppression and efficient T, preparation without requiring an addi-
tional fat-suppression module for T,-weighted imaging at 3T.

Methods: The tip-down radiofrequency (RF) pulse of an adiabatic T,-Prep module
was replaced by a custom-designed RF-excitation pulse that induces a phase dif-
ference between water and fat, resulting in a simultaneous T, preparation of water
signals and the suppression of fat signals at the end of the module (a phaser adiabatic
T,-Prep). Numerical simulations and in vitro and in vivo electrocardiogram (ECG)-
triggered navigator-gated acquisitions of the human heart were performed. Blood,
myocardium, and fat signal-to-noise ratios and right coronary artery vessel sharpness
were compared against previously published adiabatic T,-Prep approaches.
Results: Numerical simulations predicted an increased fat-suppression bandwidth
and decreased sensitivity to transmit magnetic field inhomogeneities using the pro-
posed approach while preserving the water T,-Prep capabilities. This was confirmed
by the tissue signals acquired in the phantom and the in vivo images, which show
similar blood and myocardium signal-to-noise ratio, contrast-to-noise ratio, and sig-
nificantly reduced fat signal-to-noise ratio compared with the other methods. As a
result, the right coronary artery conspicuity was significantly increased.
Conclusion: A novel fat-suppressing T,-Prep method was developed and imple-
mented that showed robust fat suppression and increased vessel sharpness compared

with conventional techniques while preserving its T,-Prep capabilities.

KEYWORDS

3T magnetic resonance imaging (MRI), adiabatic, angiography, coronary, fat suppression,
noncontrast, T, preparation

contrast to be increased by using the difference in T, relax-
ation times between these two tissue types.2’3 Such modules
are also used for robust T, mapping of the myocardium and
knee cartilage.“’6 In these applications, unwanted signal
from fat can compromise the delineation and anatomical
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visualization of the tissue of interest, such as cartilage,7 myo-
cardium, or the coronary vessels,8 and thus decrease image
quality. Unsuppressed fat signal may also lead to water-fat—
signal cancellation and can accentuate artifacts.

To suppress an unwanted lipid signal, pulse sequences
usually include additional fat signal-suppressing ap-
proaches, such as chemically selective saturation (CHESS),’
1012 frequency-selective inversion RF
pulses.13’14 Higher magnetic field strengths may complicate
conventional fat-saturation and T,-Prep techniques, which
are sensitive to B, and B, field inhomogeneities. The use of
adiabatic RF-excitation pulses addressed the sensitivity to
B, inhomogeneities.”'18 By introducing a delay before the
tip-up pulse of an adiabatic T,-Prep ion module, the satu-
ration of spins was able to resonate at a target frequency.'’
However, the fixed fat-suppression bandwidth may not be
sufficient to cope with B inhomogeneities around the heart.
Decreasing the bandwidth of the tip-down RF pulse atten-
uated off-resonance fat signals19 but depended on a precise
RF-excitation angle, thus being sensitive to B, inhomogene-
ities while still requiring an additional fat-saturation module.
Moreover, the increase in RF-excitation angle of the tip-down
and tip-up pulse, required to negate inversion recovery of the
fat signal in-between the T,-Prep and the start of the acqui-

sition, reduced the efficiency of the T, preparation of on-
19

water-excitation,

resonance water.

The goal was to develop a novel T,-Prep approach with
a dephasing tip-down RF pulse that addresses the aforemen-
tioned challenges of robustness to B and B; inhomogeneities
while preserving T, contrast and simultaneously suppressing
fat. The sensitivity of this technique to By and B; inhomoge-
neities, as well as the effect of changing T,-Prep durations
and T, and T, relaxation times, was quantified by numerical
simulations. The simulation results were validated in phan-
tom and electrocardiogram (ECG)-triggered navigator-gated
acquisitions of the human heart in healthy volunteers and
were compared against routinely used techniques.

2 | METHODS

2.1 | Tip-down RF pulse design

The tip-down RF excitation pulse of an adiabatic T,-Prep mod-
ule'® was replaced by a custom-designed pulse (Figure 1A).
The purpose of the RF design is to rotate both on- and off-
resonance spins into the transverse plane while introducing a
specific phase difference (A@) between the two spin popula-
tions at the T,-Prep echo time (Figure 1B). Then, the nonselec-
tive tip-up pulse rotates the on-resonance magnetization back
along the longitudinal axis, but because of the phase difference
A@, the off-resonance spins are rotated into the transverse
plane and spoiled by subsequent spoiler gradients (Figure 1C).
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The proposed fat-suppressing phaser adiabatic T,-preparation
(PA-T,-Prep) has a bandwidth that comprises both water and
fat (Figure 1D), and A can be adjusted to obtain the desired
longitudinal components of the off-resonance magnetization at
the end of the module, without altering the T, preparation of
on-resonance spins and without increasing the RF power. Fat
magnetization is rotated with each applied RF pulse, which in-
creases the robustness to B; inhomogeneities.

The RF profile of the tip-down pulse was approximated
as the inverse Fourier transform of two rectangular functions
representing the desired transverse magnetization of water
and fat. One function represents the magnetization with fre-
quencies below f;, (fat) and bandwidth BW/2 that will be
spoiled after T, preparation. The other represents the mag-
netization with frequencies above f;, and bandwidth BW/2
that will be T, prepared (Figure 1D). In addition, a phase
of +Aq/2 is introduced to make the total phase difference
Ag (Figure 1D). Following an inverse Fourier transform, the
pulse shape is proportional to (Figure 1E):

Ao _Ae
ESIHC (et > ez27ttBW/4+e 5 e tertBW/4>

T

1. <27rBW/2t

ey
=sinc (%t) cos (n’%vt+ A(p/Z)

where sinc is the normalized cardinal sine function and ¢ is
time. The pulse duration PD was set to 8180 ps, the upper limit
imposed by the vendor-provided source code. The pulse band-
width was chosen to have a fat-suppression bandwidth close to
700 Hz (total bandwidth 1400 Hz) while having zero-crossings
at the beginning and the end of the pulse, which is satisfied
if BW =—= k€ Z* BW was set to 1467 Hz (ie, k = 3), the
RF-excitation angle was kept to 90°; the pulse off-resonance
frequency (f;)) was set to —100 Hz, in-between water (0 Hz) and
fat (=407 Hz). The optimal A¢ for water-fat—phase separation,
facilitating fat suppression, was initially determined using sim-
ulations and subsequently fine-tuned in a phantom. To compen-
sate for phase gain based on f; and A¢, the initial phase of the
phaser tip-down pulse was set to — % (PD2xfy + Ag).

Although a small flip-angle approximation was used for
the PA-T,-Prep design, a comparison with Bloch simulations
shows negligible impact (<5°) on the amplitude and phase of
the magnetization (Supporting Information Figure S1).

2.2 | Numerical simulations

The effects of the conventional adiabatic T,-prep (CA-T,-
Prep)16 with CHESS fat saturation (+FS) and the proposed
PA-T,-Prep on the longitudinal magnetization were quanti-
fied using numerical simulations performed in MATLAB
(The MathWorks). The tip-down and tip-up RF pulses
were modeled as Hamming-windowed sinc functions of
800 ps of opposite polarity for the CA-T,-Prep+FS. For the
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FIGURE 1 Diagram of the proposed phaser T,-preparation module and

design of the phaser tip-down radiofrequency (RF) pulse. A,

Overview of RF pulses used in the T, preparation module. The module is followed by a spoiling gradient (not illustrated). B, Excitation of the
water (blue) and fat (yellow) magnetizations by the phaser tip-down pulse. The solid and dashed vectors represent the magnetization before and
after the excitation, respectively, and the black-dashed trajectories represent their rotations. Both fat and water are rotated into the transverse plane,
but the pulse introduces a phase difference Ag between the two. C, Excitation of the water and fat magnetizations by broadband tip-up pulse. The
T,-prepared—water magnetization is restored along the longitudinal axis whereas the fat is kept near the transverse plane because of Ag. D, Desired
transverse magnetization fraction IM,(f)l (red) and magnetization phase arg(M,,(f)) (green) after the phaser tip-down RF excitation as function of
spin off-resonance frequency. BW: RF-excitation bandwidth, Ag: phase difference between fat and water magnetization, f,: RF-excitation—pulse
frequency (E) B, amplitude of the phaser tip-down RF-excitation pulse as a function of time, calculated as the inverse Fourier transform of (D). A
Bloch simulation of the RF-pulse profile (1E), as well as the small flip-angle approximation, can be found in Supporting Information Figure S1

PA-T,-Prep, the tip-down pulse as described above was used,
whereas the tip-up pulse was identical to that of the CA-T),-
Prep. The two hyperbolic secant refocusing adiabatic pulses
were modeled using their RF-pulse shapes as implemented in
the sequence with an excitation bandwidth of +800 Hz. The
CHESS pulse was modeled as implemented in the sequence, a
5120 ps, —407 Hz Gaussian pulse with RF excitation angle =
100°. The simulations were performed by Euler integration

of the Bloch equations using steps of 1 us. The T, and T,
relaxation times were set to those of fat at 200 ms and 50
ms, the off-resonance frequency was varied from —1000 Hz
to 1000 Hz, and the B, amplitude ranged from 0% to 200%
to account for By and B; inhomogeneities. Magnetization
was considered suppressed if its longitudinal component at
the end of the T,-Prep was reduced to between +10% of the
starting magnetization M,,. The excitation bandwidth reflects
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the region of longitudinal magnetization being +10% from
the on-resonance magnetization at 100% B, amplitude. Note
that 100% M, is not possible because of the T,-Prep module.

Additional simulations were performed to investigate
the effect of different T,-Prep durations and A¢ on the lon-
gitudinal magnetization of blood (T,/T, = 1463/221 ms),
myocardium (T,/T, = 1072/31 ms), and fat (T /T, = 211/42
ms) compartments with relaxation times determined in our
“heart” phantom to enable a comparison with experimental
data. A 6-peak fat model was used®*?! with frequency com-
ponents of —469 Hz, —420 Hz, —321 Hz, —239 Hz, —48 Hz,
and 74 Hz with respective amplitudes of 0.087, 0.694, 0.128,
0.004, 0.039, and 0.048.

2.3 | Phantom studies

A three-compartment cylindrical heart phantom was used
that contains mixed solutions of agar and NiCl, (Sigma-
Aldrich)* or baby oil (Johnson & Johnson), mimicking the
magnetic relaxation properties of blood (T, = 1463 + 24
ms, T, = 221 + 15 ms), muscle (T; = 1072 + 8 ms, T, =
31 + 04 ms) , and fat (T; =211 £ 1 ms, T, =42 + 0.3
ms). Acquisitions were performed on a clinical 3T scan-
ner (MAGNETOM Prismaﬁt; Siemens Healthcare) using an
18-channel spine and 16-channel chest RF coil with a seg-
mented three-dimensional Cartesian gradient echo sequence
with a field of view of 160 X 96 X 95mm’ and resolution
of 1 X 1 x5 mm’. After the T,-Prep with 10-ms hyperbolic
secant adiabatic refocusing pulses,s’15 25 k-space lines were
acquired using centric ordering: pulse repetition time = 5 ms,
echo time = 2.5 ms, RF excitation angle = 15°, bandwidth =
501 Hz/pixel, and time between T,-Preps = 1 s. The T,-Prep
duration was varied from 40 ms to 60 ms to 80 ms and the A¢
was varied between 90° and 270° by steps of 5° (randomized
acquisition order), and the resulting average signal from each
of the three compartments was quantified. The A yielding
the lowest fat signal for a T,-Prep duration of 40 ms was used
for the rest of the study.

Additional experiments were performed in a National
Institute of Standards and Technology phantom to investigate
the effect of a range of T and T, values, T,-Prep durations,
and A values on the signal behavior in each compartment.

Mean compartment signals were quantified after using
five different T,-Prep modules: no T,-Prep, CA-T,-Prep, CA-
T,-Prep+FS, PA-T,-Prep, and the water-selective adiabatic
T,-Prep with fat saturation (WSA-T,-Prep+FS)."” The RF-
excitation angle of the CHESS pulse was set to 100°, which
was chosen based on experimental fine-tuning performed in
the heart phantom. The B, and B, fields were intentionally
not shimmed to test the sensitivity of each technique to in-
homogeneities. Scan-rescan acquisitions were performed for
quantification of blood, myocardium, and fat-compartment
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mean signal and noise using the acquisition-subtraction
method. > A 1-h-long scan with 100 averages was acquired
prior to the scan—rescan experiment to reach thermal steady
state for true noise quantification. A compartment-specific
SNR was computed relative to the no T,-Prep case to em-
phasize compartment-specific differences across T,-Preps.
A Bj map with a 1000 Hz bandwidth was computed from
two acquisitions with the same acquisition parameters as de-
scribed previously, without T,-Prep and with an echo time
of 2.5 ms and 3.0 ms. Scaling in B, maps was cropped to
+500 Hz. Additionally, a B; map from two acquisitions with
RF-excitation angles of 60° and 120° was computed using a
double-angle method®* and a pulse-repetition time of 10 s.

2.4 | Invivo study

Human studies were approved by the local ethics committee.
Whole-heart free-breathing ECG-triggered navigator-gated
scans were acquired in healthy volunteers who gave written
and informed consent (N = 6, age = 27 + 4 years). To keep
the scan time below 1 h per participant, only the CA-T,-Prep,
CA-T,-Prep+FS, and PA-T,-Prep were tested. The same im-
aging sequence was used as described earlier, except for a
field of view of 230 x 368 X 86.4 mm’ and an isotropic pixel
size of 1.2 mm. Images were reformatted using Soap-Bubble,
a semiautomated reformatting and vessel-tracking software
package.25 The right coronary artery (RCA) vessel sharpness
was computed in a 4-cm segment using Soap-Bubble. Blood,
myocardium, chest fat, and epicardial SNR were quantified
in chest fat, epicardial fat, blood, and myocardium. The SNR
was approximated by dividing the average signal from re-
gions of interests drawn in respective tissues by the standard
deviation of the background noise. The CNR was quanti-
fied between blood and myocardium compartments, as well
as blood and epicardial fat and myocardium and epicardial
fat. Differences between the CA-T,-Prep and PA-T,-Prep, as
well as between the CA-T,-Prep+FS and PA-T,-Prep, were
tested via a Student’s ¢ test for paired data. A Bonferroni cor-
rection was applied to correct for multiple comparisons: P
values obtained with individual ¢ tests were multiplied with
the amount of comparisons to keep the significance threshold
at P < .05. Additionally, the specific absorption rate (SAR)
was recorded from the system console.

3 | RESULTS

3.1 | Numerical simulation

The PA-T,-Prep simulation (Figure 2A) predicted an in-
creased robustness in fat suppression against B, and B, field
inhomogeneities in comparison with the CA-T,-Prep+FS
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FIGURE 2 Numerical simulation of the performance of the entire phaser adiabatic T,-Prep (PA-T,-Prep) and the conventional adiabatic

T,-Prep with fat saturation (CA-T,-Prep+FS). The longitudinal magnetization (M,) as a fraction of the initial magnetization (M) is plotted as
a function of B, strength and off-resonance frequency after application of (A) the PA-T,-Prep and (B) CA-T,-Prep+FS. A B, value of 100%
corresponds to the desired applied RF amplitude. The dashed line indicates the center frequency of fat (—407 Hz), and the outlined green regions

correspond to a resulting longitudinal magnetization with a magnitude less than 10% of the initial magnetization. The excitation bandwidth of the

adiabatic hyperbolic secant pulse that ranges from —800 to 800 Hz can be clearly observed. Line plots of signal behavior versus off-resonance
frequency at 100% B1 amplitude for both (C) PA-T,-Prep and (D) CA-T,-Prep+FS

(Figure 2B). For an off-resonance frequency of —407 Hz, the
magnetization was suppressed if B; was between 84% and
111% for the CA-T,-Prep+FS versus 75% and 130% for the
PA-T,-Prep. At a B; amplitude of 100%, the fat-suppression
bandwidth was 162 Hz for the CA-T,-Prep+FS and 627 Hz
for the PA-T,-Prep (Figure 2C,D). At 100% B, amplitude the
on-resonance magnetization was approximately 54% and ap-
proximately 51% for the CA-T,-Prep+FS and PA-T,-Prep,
respectively (Figure 2C,D). On-resonance magnetization
was excited if B; was between 60% and 125% the CA-T,-
Prep+FS versus 67% and 127% for the PA-T,-Prep. At a B,
amplitude of 100%, the excitation bandwidth was between
—140 Hz and 775 Hz for the CA-T,-Prep+FS and between
—66 Hz and 601 Hz for the PA-T,-Prep.

As expected based on our pulse design, simulation results
show that the choice of Ag affects the level of fat suppres-
sion (Figure 3A), whereas it does not affect the on-resonance
signal. The optimal Ag is affected by the T,-Prep duration
and varied from 105° to 135°. However, once the optimal A¢
for a given T,-Prep duration (d;) is found, the optimal A@
for another T,-Prep duration (d,) can be estimated as follows
(derivation in Supporting Information):

A =1 dZT_dl . _E
@, =sin e T xsin|Ag; +

5 @)

ST

3.2 | Phantom studies
The minimum average fat signal occurred at A, ranging
from 105° to 135°, depending on the T,-Prep duration (Figure
3B). The choice of A@ only affects the level of fat suppres-
sion (Figure 3B), and it does not affect the on-resonance sig-
nal nor is it influenced by changes in T, or T, (Figure 3C-H).

The SNR of the blood, myocardium, and fat compart-
ment using either the CA-T,-Prep, CA-T,-Prep+FS, WSA-
T,-Prep+FS, and PA-T,-Prep relative to using no T,-Prep
show differences in fat suppression and T,-weighting
(Figure 4). Compared with the CA-T,-Prep, CA-T,-Prep+FS
and WSA-T,-Prep+FS, the PA-T,-Prep reduced the lipid sig-
nal by 93.2%, 70.0%, and 66.1%, respectively. The blood and
myocardium compartment SNR in PA-T,-Prep images were,
respectively, 0.7% and 0.9% lower than in the CA-T,-Prep,
0.1% and 3.8% lower than in the CA-T,-Prep+FS, and 3.4%
and 26.9% lower than in the WSA-T,-Prep+FS (Figure 4).
Compared with the CA-T,-Prep, CA-T,-Prep+FS and WSA-
T,-Prep+FS, the PA-T,-Prep increased blood—myocardium
CNR by —0.5%, 3.4%, and 35.3%, the blood—fat CNR by
—1399%, 22.5%, and 13.1%, and the myocardium—fat CNR
by —166%, 62.3%, and —7.2% (Figure 4).

Fat suppression using the PA-T,-Prep was improved in re-
gions where field inhomogeneities hindered the capabilities
of other methods (Figure 4, orange arrows). In contrast to the
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FIGURE 3 A, Simulated magnetization from blood, myocardium, and fat compartments with relaxation times identical to the “heart”
phantom. Local minima on the fat signal curve indicate optimal fat suppression ranging from A¢ = 106° to A¢p = 136°, depending on the T,-Prep
duration. B, Signal-to-noise ratio (SNR) of the blood, myocardium, and fat compartments determined from experiments in the heart phantom show
an optimal A@ ranging from 115° to 135°, depending on the T,-Prep duration. SNR of different T, compartments (C,D,E) and T; compartments
(F,G,H) in a National Institute of Standards and Technology (NIST) phantom show the expected effect of changes in T,-Prep durations but no
effects of changing A¢. Both simulations and experiments show that on-resonance compartments are unaffected by the change of Ag

CA-T,-Prep+FS and PA-T,-Prep, the WSA-T,-Prep reduced
blood and myocardium signals in regions where the B, im-
perfections increased the precession frequency by more than
200 Hz (Figure 4, green arrows).

3.3 | Invivo study

The PA-T,-Prep visually increased the RCA vessel conspicu-
ity compared with the CA-T,-Prep+FS and the CA-T,-Prep
(Figure 5A). The PA-T,-Prep reduced chest fat SNR to 7.2 +
1.9 from 34 + 10.8 (CA-T,-Prep, P < .005) and 15.3 + 5.2
(CA-T,-Prep+FS, P < .05; Figure 5B). Epicardial fat SNR
was reduced to 2.5 + 0.8 (PA-T,-Prep, P < .005) to 10 +
2.5 (CA-Ty-Prep, P < .05) and 4.6 + 1.9 (CA-T,-Prep+FS,
P < .05; Figure 5B). No significant differences between
blood SNR and myocardium SNR was observed across the
three different T,-Prep approaches (Figure 5B), similar for

the CNR between blood and myocardium (Figure 5C). The
PA-T,-Prep results reported the highest CNR between blood
and epicardial fat, as well as between myocardium and epi-
cardial fat (Figure 5C). Using the PA-T,-Prep approach the
RCA vessel sharpness was 40.2 + 9.6%, compared with 21.0
+ 6.4% (CA-T,-Prep, P < .005) and 33.6 + 6.4% (CA-T,-
Prep+FS, P = .08; Figure 5D). The SAR increased by 1%
using the PA-T,-Prep compared with the two other methods.

4 | DISCUSSION

As shown by the Bloch equation simulations, the PA-T,-
Prep not only increases the fat saturation bandwidth, but
also avoids water signal attenuation when its resonance
frequency is shifted caused by field inhomogeneities.
Additionally, the multiple rotations of the fat magnetiza-
tion during the PA-T,-Prep decrease the fat suppression
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the water-selective method attenuated the signal that was not observed using the PA-T,-Prep. The signal-to-noise ratio (SNR) and contrast-to-noise

ratio (bottom panels) were computed for each technique. The blood and myocardium signals in the CA-T,-Prep, CA-T,-Prep+FS, and PA-T,-
Prep were similar. However, the 120° radiofrequency-excitation angle of WSA-T,-Prep reduced the efficiency of the T, preparation, resulting in

increased myocardium SNR. The fat signal was most reduced using the PA-T,-Prep

dependence on B precision compared with the use of a
single fat saturation pulse.

The WSA-TZ-Preplg achieved fat suppression by increas-
ing the RF excitation angle of tip-down and tip-up pulses,
which affects on-resonance magnetization and results in a loss

of T, preparation. In comparison, the PA-T,-Prep rotates the
magnetization 90° such that the effectiveness of the T, prepa-
ration is conserved, as confirmed by the measured SNR in the
phantom and in vivo experiments. The water-fat—phase sepa-
ration A¢@ influences the orientation of the fat magnetization
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FIGURE 5 A comparison of the T,-preparation (T,-Prep) modules in the human heart in vivo at 3T. A, Electrocardiogram-triggered

navigator-gated reformatted images of healthy volunteers using the conventional adiabatic T,-Prep without (CA-T,-Prep) and with fat saturation

(CA-T,-Prep+FS) and the phaser adiabatic T,-Prep (PA-T,-Prep). Orange arrows indicate improved fat suppression using the PA-T,-Prep

compared with the conventional fat suppression (FS) using chemically selective saturation. B, Signal-to-noise ratio. C, Contrast-to-noise ratio. D,

Vessel sharpness. *P < .05, **P < .005

after the T,-Prep (Figure 1) and can be adjusted to adapt the
module to different pulse sequences. For example, a balanced
steady-state free-precession acquisition may require ramp-up
pulses between the T,-Prep and the acquisition during which
the fat signal may recover. In this case, A@ may be increased
to compensate for this additional recovery.

Similar to the CA-T,-Prep+FS, the WSA-T,-Prep, or a
CHESS fat-saturation pulse, the PA-T,-Prep suppresses the fat
once before the acquisition. After suppression, the fat magne-
tization will start to recover; consequentially, the effectiveness
of the fat suppression is limited by the pulse sequence that
follows. Although simulations provided a good initial estimate
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of the optimal A¢, within an imaging sequence there are many
parameters that affect the final signal weighting of fat. It is
complex to simulate accurately; hence, there are small discrep-
ancies in optimal A@ between simulations and experiments
and the need for an experimental fine-tuning. Once A is
found it, can be transferred to the in vivo setting provided that
the same acquisition parameters are used, and that the phan-
tom adequately represents the fat tissue of interest. Otherwise,
an experimental fine-tuning of A is required in vivo. In se-
quences using Cartesian sampling trajectories, the PA-T,-Prep
may remove the need for additional fat-suppression modules
and thus reduce SAR. However, it will be less suitable for ac-
quisition schemes that do not allow for centric reordering of
the phase-encoding planes of k-space, such as radial acqui-
sitions. Although water-selective excitation approaches may
be more suitable for fat suppression in radial whole-heart
MRI at 3T,”*% acquisitions requiring T,-Prep modules may
still benefit from the proposed approach because it offers an
additional, tuneable range of fat suppression. Recently, T,-
Prep approaches designed for coronary artery imaging at 1.5T
included outer volume-suppression straltf:g,if:s,30’31
grated spectral spatial sinc pulses for fat suppression.32 Their
utility at 3T remains to be investigated, considering SAR may
be higher and balanced steady-state free-precession less per-
formant at higher field strengths; therefore, these methods
were not compared in the current study. Another limitation
includes the minimum duration of the PA-T,-Prep module that
the lengthy tip-down pulse imposes. The PA-T,-Prep requires
at least 29 ms compared with 21.7 ms for the CA-T,-Prep,
which may limit the range of available T, contrast, although
this may be addressed using a shorter adiabatic refocusing
pulse pair. It should be noted that the glycerol and olefinic
fat resonances at 5.3 and 4.2 ppm fall within the excitation
band of the PA-T,-Prep and would not be suppressed, which is
also the case with the aforementioned existing approaches and
would not be suppressed. Because these resonances constitute
approximately 9% of the fat signal, this is not considered a
significant disadvantage.

The proposed PA-T,-Prep has a narrow excitation band-
width that may result in on-resonance water being sup-
pressed when B, conditions are not optimal. In the phantom
experiments, a slight decrease of <1% (yet above the noise
level) in blood and myocardium compartment signal was ob-
served. Besides the narrow excitation bandwidth, this slight
loss could also be explained by the excitation profile ripples
of the phaser tip-down pulse caused by its finite duration.
Nevertheless, strong effects of diminished on-resonance ex-
citation were not observed.

A translation of the PA-T,-Prep to different field strengths
is possible; higher magnetic field strengths would require
a decrease in the duration of the tip-down RF excitation
pulse, and lower magnetic field strengths would require an

with inte-

increase. Furthermore, the principle of our PA-T,-Prep de-
sign could be translated to any magnetization preparation
module. Calibrations would need to be performed to find the
optimal A, but there are no theoretical barriers. For exam-
ple, in T,-mapping techniques that use incrementing T,-Prep
durations, it may reduce chemical shift artifacts that hinder
cartilage delineation and quamtification,7 and may obviate
the use of additional fat-suppression modules.*** It could
also be integrated with T,- and T,-mapping tec:hniques.34’35
The approach may be extended to applications that use T,-
Prep modules combined with inversion 1recove1ry,36’3 7 as well
as modules for motion-sensitized driven-equilibrium®®* for
blood signal suppression.

5 | CONCLUSION

In this study, a novel T,-Prep approach was developed that
provides a large spectral bandwidth of fat suppression. The
technique is robust against B, and B, inhomogeneities, and
preserves blood-myocardium SNR and CNR. As a result, the
RCA vessel sharpness was increased compared with conven-
tional approaches.
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FIGURE S1 A comparison of the small flip angle approx-
imation (left) and a Bloch simulation (right) of the RF
pulse profile (Figure 1E). The difference between these
two predictions are due to the violation of the assumption

of small flip angle. Within the excitation bandwidth
(£700 Hz), the ripples of the magnetization phase have
an amplitude of approximately +5°, but the effect of these
might not be visible in practice since they are averaged
out across the wide frequency range of fat. The phase be-
havior outside the excitation bandwidth can be neglected
since the amplitude of the transversal magnetization is
negligible
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