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Purpose: To improve fat saturation in coronary MRA at 3T by

using a spectrally selective adiabatic T2-Prep (WSA-T2-Prep).
Methods: A conventional adiabatic T2-Prep (CA-T2-Prep) was

modified, such that the excitation and restoration pulses were
of differing bandwidths. On-resonance spins are T2-Prepared,
whereas off-resonance spins, such as fat, are spoiled. This

approach was combined with a CHEmically Selective Satura-
tion (CHESS) pulse to achieve even greater fat suppression.

Numerical simulations were followed by phantom validation
and in vivo coronary MRA.
Results: Numerical simulations demonstrated that augmenting

a CHESS pulse with a WSA-T2-Prep improved robustness to
B1 inhomogeneities and that this combined fat suppression
was effective over a broader spectral range than that of a

CHESS pulse in a conventional T2-Prepared sequence. Phan-
tom studies also demonstrated that the WSA-T2-PrepþCHESS

combination produced greater fat suppression across a range
of B1 values than did a CA-T2-PrepþCHESS combination.
Lastly, in vivo measurements demonstrated that the contrast-

to-noise ratio between blood and myocardium was not
adversely affected by using a WSA-T2-Prep, despite the

improved abdominal and epicardial fat suppression. Addition-
ally, vessel sharpness improved.
Conclusion: The proposed WSA-T2-Prep method was shown

to improve fat suppression and vessel sharpness as compared
to a CA-T2-Prep technique, and to also increase fat suppres-

sion when combined with a CHESS pulse. Magn Reson Med
72:763–769, 2014. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION

In MRI of the heart, it is often desirable to suppress fat
signal, as evidenced by the numerous fat saturation strat-
egies available (inversion recovery, dual inversion, satu-

ration bands, spectrally selective pulses, adiabatic

frequency-selection, Dixon-based approaches, etc...) (1–

5). Epicardial fat signal may decrease contrast between

the coronary lumen and surrounding tissue and can lead

to artificial vessel “narrowing” by means of water-fat sig-

nal cancellation. Meanwhile, abdominal fat signal may

accentuate motion artifacts or decrease image quality

through the introduction of unwanted background signal.

In either case, these effects are more pronounced at

higher field strengths, where inhomogeneities in the

main magnetic field, B0, and in the radiofrequency exci-

tation field, B1, complicate conventional fat saturation

strategies (4,6), such as CHEmically Selective Saturation

(CHESS) pulses (3), which are dependent on precise

excitation angles and precessional frequencies.
Meanwhile, cardiac MRI frequently makes use of mag-

netization preparation modules, such as T2 preparation

(or T2-Prep) (7), which is used to improve the contrast

between blood and myocardium (8) in coronary MRA (9)

and in myocardial T2 mapping (10). At 1.5 Tesla (T), T2-

Prep methods generally use a nonselective þ90�, 180�,
180�, �90� pulse train (7) (or variant thereof), whereas at

3T, the 180� pulses may be made adiabatic (11) to

address field inhomogeneities and to ensure a more uni-

form T2 weighting.
In this study, we propose a simple bandwidth modi-

fication of the adiabatic T2-Prep to combine T2-weight-

ing with an intrinsic fat signal suppression. This

approach, dubbed the “Water-Selective Adiabatic T2-

Prep” (WSA-T2-Prep) may be used alone or in combi-

nation with a conventional CHESS pulse. Numerical

simulations of fat suppression efficacy versus B0 and

B1 were performed to compare the robustness of the

WSA-T2-PrepþCHESS combination to that of a conven-

tional adiabatic T2-Prep (CA-T2-Prep)þCHESS pulse.

Phantom studies were then performed to validate these

results, where the residual fat signal was measured

across a range of CHESS pulse radiofrequency (RF)

excitation angles. Finally, in vivo scans of the right

coronary artery (RCA) were performed in healthy vol-

unteers, and the fat suppression efficacy of each

approach was measured in both the epicardium and

abdomen. Signal to noise ratio (SNR) and contrast to

noise ratio (CNR) were also measured for select tissues,

along with vessel sharpness of the RCA.

METHODS

Background

A conventional electrocardiograph (ECG)-triggered coro-
nary MRA sequence consists of a navigator for
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respiratory motion suppression, a T2-preparation module
(7) to enhance contrast between blood and myocardium,
a fat saturation prepulse and a spoiled, segmented, k-
space gradient echo signal readout. At 3T, a T2-
preparation consisting of two 90� block pulses, with
opposite polarity, interspersed by two hyperbolic secant
adiabatic 180� pulses (12), has been shown to be most
effective. In these implementations, the bandwidth of the
RF pulses far exceeds the 440 Hz that separate water and
fat frequencies. While this does lead to a T2-weighted
image contrast, no major frequency-dependent change of
the water and fat signal is expected after the T2-Prep.
However, by adjusting the bandwidth of selected compo-
nents of the T2-Prep, a frequency-selective attenuation of
signal may be obtained. Therefore, in our implementa-
tion of the frequency selective T2-Prep, the first radiofre-
quency (RF) pulse of an adiabatic T2-Prep was increased
in duration, from 0.8 ms to 3.5 ms, reducing its band-
width from 1250 Hz to 285 Hz, so as to only excite a nar-
row range of frequencies. As a result, only the
magnetization of on-resonance water frequencies (i.e.
excluding fat) are tipped into the transverse plane. After
the 180� refocusing pulses, a large bandwidth (1250 Hz)
RF pulse restores the magnetization of the on-resonance
spins (MWater). However, due to its large bandwidth, this
final RF pulse of the T2-Prep also tips the (formerly lon-
gitudinal) magnetization of off-resonance spins (MOffRes)
into the transverse plane, where their signal is then

spoiled. As a result, MWater has been T2-Prepared,
whereas MOffRes (including that of fat) has been spoiled
(Fig. 1).

To further reduce fat signal by means of inversion
recovery, the RF excitation angles of the first and last
pulses (690�) were increased to 6120�. This approach
may then be used alone, or in combination with a typical
fat saturation strategy, such as a CHESS pulse (i.e.,
applied after the T2-Prep, but before imaging).

Numerical Simulation

The method described above was first characterized
numerically. To predict the performance of the WSA-T2-
Prep in the presence of field inhomogeneities, a Bloch
equation (13) simulation was implemented using a com-
mercial software package (MATLAB 7.11, The Math-
Works Inc., Natick, MA). The excitation and restoration
pulses of the WSA-T2-Prep were modeled as Hamming-
windowed sinc functions with durations (800 and 3500
ms) equal to those implemented on the scanner. Taking
the Fourier transform of each nonselective RF pulse
allows one to then determine its excitation profile as
function of precessional frequency. This excitation pro-
file may then be scaled according to B1 strength, such
that the desired RF excitation angle corresponds to a
value of 100%. The profiles of the excitation and restora-
tion pulses of the WSA-T2-Prep may then be predicted

FIG. 1. Conceptual illustration of
the water-selective adiabatic T2-
Prep. The color scale represents

the longitudinal magnetization,
Mz, as a fraction of the available

magnetization, Meq. B1 is given as
a percentage, such that a value of
100 corresponds to the desired

RF pulse power, with deviations
corresponding to B1 inhomogene-
ities. (A) A narrow bandwidth RF

pulse is used to tip MWater into
the transverse plane. (B) A large-

bandwidth RF restoration pulse is
used to restore MWater. (C) The
combination of the two pulses in

opposite direction restores MWater

(dark red) and tips MOffRes into the

transverse plane (green), where it
can be spoiled. The shaded
region corresponds to the preces-

sional frequencies targeted during
fat saturation.
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as functions of both B0 and B1. These results were plot-
ted, along with a profile of their combined effect, in Fig-
ure 1A–C.

The simulation was next expanded to account for the
effects of T1 and T2 relaxation. Both 180� adiabatic
pulses, which rotate magnetization about the z axis,
were assumed to perfectly refocus the magnetization.
This allowed us to ignore T2* effects in favor of pure T2

decay. After each RF excitation pulse, signal evolution
was predicted using fat’s T2 (30 ms) and T1 (200 ms)
relaxation times. Other simulation parameters, such as
the T2-Prep time (40 ms), were taken from the sequence
parameters described below. 60 ms after the T2-Prep, a 5
ms long windowed sinc CHESS pulse was applied,
which matched the product fat saturation of our scanner.
The excitation profile of the CHESS pulse was calculated
as described above, with a �440 Hz offset applied. Sig-
nal was then allowed to evolve for another 60 ms. Doing
so thus allows one to predict the longitudinal magnetiza-
tion remaining at the time of imaging, as a function of
both precessional frequency and B1 strength. This was
done for both the CA-T2-PrepþCHESS and the WSA-T2-

PrepþCHESS combinations. To illustrate what might be
considered "successful" fat suppression, a region was
outlined, where the longitudinal magnetization of fat
was reduced to between �10% and þ10% of its original
value (Fig. 2). In each case, this “successful” fat suppres-
sion occurs over a certain range of B1 field strengths.
This range was measured to determine which fat sup-
pression technique was most effective at fat’s resonance
frequency.

Phantom Study

To validate these predictions, a phantom was con-
structed (14) using agar, NiCl2 (both from Sigma Aldrich,
St. Louis, MO), and baby oil (Johnson and Johnson, New
Brunswick, NJ), with compartments doped to mimic the
relaxation times of blood, myocardium, and fat. This
phantom was scanned using both the WSA-T2-Prepþ
CHESS pulse sequence and its CA-T2-PrepþCHESS pulse
counterpart. For each combination, the CHESS pulse RF
excitation angle was varied from 1� to 360� in steps of 5�

(1�, 5�, 10�,...) and plotted versus the fat signal intensity,

FIG. 2. Comparison of a CHEmically Selective Saturation (CHESS) pulse played out with a conventional adiabatic T2-Prep (A) or in com-

bination with the water-selective adiabatic T2-Prep (B). Scales are as per Figure 1, with the outlined regions corresponding to a signal
intensity of between �10% and þ10% of Meq. The WSA-T2þ CHESS combined approach successfully suppresses fat signal across a

larger range of B1 values than does the CHESS pulse of a conventional sequence, demonstrating an improved robustness against RF
field inhomogeneities. Specifically, the CHESS pulse reduces fat signal to within 6 10% of its original value for B1 values of 94–106% of
the desired value, whereas the WSA-T2-PrepþCHESS combination reduces fat signal to within 610% of its original value for B1 values

of 81–134% of the ideal.
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as measured in the fat compartment of the phantom.
Varying the CHESS pulse RF excitation angle mimics the
effect of a B1 inhomogeneity, as both result in a nonideal
fat saturation pulse. Thus, a fat-suppression strategy that
works well across a range of excitation angles is also
expected to function well in the presence of B1 inhomo-
geneities. All images were acquired on a 3T clinical
scanner (MAGNETOM Trio, Siemens AG, Healthcare
Sector, Erlangen, Germany) using a Cartesian, “artificial
ECG”-triggered, 2D segmented k-space spoiled gradient
echo sequence, with a field of view (FOV) of 192 � 192
mm2, a matrix size of 192 � 192, 3.0 mm slice thickness,
15 k-space lines per (simulated) heartbeat, T2-Prep dura-
tion (TET2-Prep)¼40 ms, RF excitation angle¼ 15�, echo
time (TE)¼ 2.37 ms, repetition time (TR)¼5.37 ms, and
an acquisition time per heartbeat¼ 80.55 ms. Specific
absorption rate (SAR) was recorded from the console of
the system.

In Vivo Study

In vivo experiments were performed in nine healthy
adult volunteers (ages 24–32 years; four female, five
male). Permission from the Institutional Review Board
was obtained for all in vivo scans, and written informed
consent was obtained from all volunteers before the pro-
cedure. For these in vivo scans, the RCA was selected
for volume-targeted imaging (15), using an ECG-triggered
and navigator-gated three-dimensional (3D) acquisition.
The WSA-T2-Prep and CA-T2-Prep modules were com-
pared, both with and without an additional CHESS
pulse. Imaging parameters for all 4 combinations were as
described in the phantom experiments, except for: FOV
360 � 258 mm2, matrix size 240 � 216 � 20 and a 1.5
mm reconstructed slice thickness (3.0 mm acquired).
After acquisition, images were reformatted and analyzed
using Soap-Bubble, a semi-automated reformatting and
vessel tracking software package (16). Fat suppression
efficacy was compared by using vessel sharpness meas-
urements and SNRs, which were measured in selected
regions of interest (abdominal fat, epicardial fat, blood, &
myocardium). CNRs were also measured between blood
and myocardium, to determine the effectiveness of T2

preparation. A paired 2-tailed Student’s t-test was used
to analyze the results, with a P-value <0.05 considered
statistically significant.

RESULTS

Numerical Simulation

The residual longitudinal magnetization after a narrow
bandwidth þ90� RF pulse and a large bandwidth �90�

RF pulse is illustrated in the Bloch equation simulation
shown in Figure 1. This diagram conceptually illustrates
the idea behind the WSA-T2-Prep. After the successive
application of an excitation and restoration pulse, MWater

is fully restored along the longitudinal axis, whereas all
MOffRes are tipped down according to their precessional
frequency and the degree of B1 inhomogeneity they expe-
rience (Fig. 1C).

A more comprehensive simulation is presented in Fig-
ure 2, which illustrates the residual magnetization after

either a solitary CHESS pulse in a conventional T2-Pre-
pared sequence (A) or a CHESS pulse used in combina-
tion with the WSA-T2-Prep (B). In both graphs, the
outlined region corresponds to a residual longitudinal
magnetization between �10% and þ10%, as described
above (see the Methods section).

While a CHESS pulse successfully saturates spins at a
given frequency, it does so only for a very narrow range
of B1 values. Specifically, at fat’s resonance frequency,
the CHESS pulse reduces fat signal to within �10 % to
þ10% of its original value only when the B1 field
strength is within 94–106% of its desired value. This
can be seen in Figure 2A, where the degree of saturation
drops off rapidly as B1 variations are introduced. Con-
versely, when a CHESS pulse is combined with the
WSA-T2-Prep, it remains effective over a large range of
B1 values, as seen in Figure 2B. Specifically, this com-
bined approach reduces fat signal to within �10% to
þ10% of its original value when the B1 field strength is
within 81–134% of its desired value. Thus, according to
the numerical simulations, the WSA-T2-PrepþCHESS
pulse approach should be far more robust against B1

inhomogeneities than a CHESS pulse acting in combina-
tion with a CA-T2-Prep. Note that the WSA-T2-Pre-
pþCHESS pulse’s effectiveness is also maintained over a
relatively broad range of frequencies than for WSA-T2-
PrepþCHESS approach.

Phantom Study

Experimental validation of these simulations is demon-
strated in Figure 3, which shows the results of the

FIG. 3. Signal intensity versus CHESS pulse RF excitation angle

measured in the lipid compartment of a multi-compartment phan-
tom, for both the CA-T2-Prep and the proposed WSA-T2-Prep.

Lower signal intensity indicates greater fat suppression, which
should be robust across a range of RF excitation angles. As a B1

inhomogeneity results in under- or over-tipping of the magnetiza-

tion, this effect may be modeled by varying the RF excitation
angle in a known, homogeneous sample. Note that when using
the WSA-T2-PrepþCHESS combination, not only is fat significantly

reduced at non-ideal RF excitation angles, but also that the local
minima are significantly broader as compared to the CA-T2-

PrepþCHESS combination. In the extreme case, where there is
effectively no CHESS pulse (i.e.: an RF excitation angle of 0� at
the y intercept), the WSA-T2-Prep reduces fat signal by over 50%

as compared to the CA-T2-Prep.
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phantom study. The signal intensity of fat (arbitrary
units) is plotted versus the RF excitation angle used for
the CHESS pulse. Deviations from the optimal RF excita-
tion angle (i.e., the one that maximally suppresses fat
signal) may once again be considered as equivalent to a
B1 inhomogeneity. As can be seen, the WSA-T2-Pre-
pþCHESS combination suppresses fat signal more
effectively at nonideal B1 values than does the CA-T2-
PrepþCHESS combination. Not only is the overall signal
intensity of fat reduced, but more importantly, the local
minima are significantly broader when using the
WSA-T2-PrepþCHESS combination as compared to CA-
T2-PrepþCHESS. In the extreme case, where there is no
effective CHESS pulse (i.e., at a CHESS pulse RF excita-
tion angle that approaches 0�, at the y-intercept), the
WSA-T2-Prep reduces fat signal by over 50% as com-
pared to the CA-T2-Prep. Any differences in SAR fell
below 1%, the detection threshold of the MRI console.

In Vivo Study

Sample images from the volunteer study are shown in
Figure 4, with corresponding SNR and CNR measure-
ments in Table 1. When the WSA-T2-Prep was used as
the sole fat saturation strategy (i.e., with no CHESS
pulse), abdominal and epicardial fat SNRs were reduced
by 38% (P< 0.002) and 20% (P<0.01), respectively, as
compared to using the CA-T2-Prep. This was due to both
a reduction in the absolute signal intensities of the fat
signal, as well as a decrease in background noise (see
Table 1). As a consequence, the WSA-T2-Prep increased
the blood SNR from 59.8 to 71.9 (P¼0.07) and the myo-
cardium SNR from 36.9 to 42.3 (P¼ 0.28) versus the CA-
T2-Prep, though neither of these were statistically signifi-
cant. However. the change in CNR between blood and
myocardium was significant, increasing from 22.9 to 29.6
(P< 0.05). Additionally, vessel sharpness increased from
46.1% to 49.4% (P< 0.05) when the WSA-T2-Prep was

FIG. 4. Representative in vivo images of the right coronary artery, using different fat saturation approaches. Images in the top row (C,D)
were acquired using a conventional adiabatic T2-Prep (A), whereas images in the bottom row (E,F) were acquired using the water-

selective adiabatic T2-Prep (B). Likewise, images in the right column (D,F) were acquired using a CHESS pulse, whereas images in the
left column (C,E) were acquired without any additional fat saturation. While the CHESS pulse suppresses epicardial fat well, it does so

poorly for abdominal fat, possibly due to B1 inhomogeneities. As a result, this allows the abdominal fat to cause visible respiratory
ghosting artifacts in the image. However, in both the CHESS and non-CHESS sequences, the WSA-T2-Prep improved fat suppression in
both epicardial and abdominal fat as compared to the CA-T2-Prep. Vessel sharpness also improved due to decreased epicardial fat sig-

nal and reduced background noise (as seen in G).

Table 1
Image Properties for Select Fat Saturation Strategies

T2-Prep without a CHESS pulse T2-PrepþCHESS Fat Saturation Pulse

Conventional
Adiabatic T2-Prep

Water-Selective
Adiabatic T2-Prep

Conventional
Adiabatic T2-Prep

Water-Selective
Adiabatic T2-Prep

Abdominal Fat SNR 6s 312.6 6 116.2 192.3 6 73.0a 162.3 6 72.8 63.8 6 30.8a

Epicardial Fat SNR 6s 103.9 6 49.6 83.1 6 50.9a 28.0 6 9.1 17.8 6 4.6a

Blood SNR 6s 59.8 6 16.2 71.9 6 14.4 69.8 6 18.5 73.2 6 19.9
Myocardium SNR 6s 36.9 6 12.7 42.3 6 20.5 35.3 6 10.1 42.9 6 11.9

Blood-Myocardium CNR 6s 22.9 6 9.6 29.6 6 10.7a 34.5 6 12.6 30.4 6 9.5
RCA Vessel Sharpness 6s 46.1% 6 8.0% 49.4% 6 8.3%a 66.5% 6 6.1% 72.2% 6 5.5%a

Background Noise (AU) 6s 1.8 6 0.6 1.4 6 0.3a 1.5 6 0.2 1.3 6 0.1a

aIndicates a statistically significant difference between the Conventional Adiabatic T2-Prep T2-Prep and the Water-Selective T2-Prep
(P<0.05).
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used in place of the CA-T2-Prep. In one volunteer, epi-
cardial fat signal made vessel tracking impossible in the
CA-T2-Prep case and the related vessel sharpness meas-
urements were excluded from the results.

When combined with a CHESS pulse, the WSA-T2-
Prep continued to improve fat suppression as compared
to the CA-T2-PrepþCHESS combination. Abdominal and
epicardial fat SNR were reduced by 61% and 37% (both
P< 0.005), respectively. Blood SNR increased nonsignifi-
cantly, from 69.8 to 73.2 (P¼ 0.31), as did myocardium
SNR, from 35.3 to 42.9 (P¼ 0.09). As a result of this
increased myocardium signal, the WSA-T2-PrepþCHESS
combination slightly reduced the CNR between blood
and myocardium, as compared to the CA-T2-Prepþ
CHESS combination, from 34.5 to 30.4, though this was
not statistically significant (P¼ 0.21). However, the
WSA-T2-PrepþCHESS combination did significantly
increase vessel sharpness from 66.5% to 72.2% (P< 0.05)
as compared to the CA-T2-PrepþCHESS combination.
Overall, the combined WSA-T2-PrepþCHESS fat satura-
tion strategy had the greatest reduction in abdominal
and epicardial fat signals, as well as the highest vessel
sharpness in the coronary arteries.

DISCUSSION

The WSA-T2-Prep, in combination with a CHESS pulse,
leads to a more B0- and B1-independent fat saturation
than does a CHESS pulse in a conventional sequence.
This modification adds no time constraints to the
sequence and has a negligible effect on SAR.

The reasons for this improved performance are likely
due to the nature of the WSA-T2-Prep. A CHESS pulse
suppresses signal by applying a certain amount of power
at a certain frequency, leaving the method susceptible to
inhomogeneities in either the power delivered or the
expected frequency of excitation. With lower field
strengths or perfect shimming, this may be sufficient.
However, at higher field strengths or in regions of mag-
netic field susceptibility, CHESS pulses may rapidly lose
their effectiveness. This mechanism of action differs
from that of the WSA-T2-Prep, however, which sup-
presses signal on an exclusionary basis. Off-resonance
spins, regardless of their exact precessional frequency,
are eliminated. As such, it is inherently robust against
B0 variations.

After the WSA-T2-Prep, off-resonance spins, such as
fat, do begin to recover, but they do so only partially. As
a result, the subsequent CHESS pulse acts on a lower
initial fat magnetization than if it were applied on its
own. This limits the problem of imperfect saturation
caused by B1 inhomogeneities.

Some potential limitations of the technique do exist.
One is a possible loss of T2 contrast between the blood
and myocardium. Specifically, as the RF excitation
angles of first and last pulse of the WSA-T2-Prep have
been increased from 690� to 6120�, only 87% of the
magnetization is T2-Prepared (sin(120�)¼ 0.87). Thus,
one might expect a slight decrease in CNR. However, a
benefit of reducing the overall fat signal is that respira-
tory ghosting artifacts originating from areas with high
fat signal intensities are minimized. Such a reduction in

artifactual background signal may then contribute to a
lower measured “noise”, which is consistent with previ-
ous findings (17,18). Thus, despite the over-tipped mag-
netization, the net effect on blood/myocardium CNR is
not significant (see the Results section). In fact, the
blood/myocardium CNR slightly improves in the “no
CHESS pulse” case.

The use of 6120� pulses also introduces the possibility
that short T1 species, such as the liver, may recover suf-
ficiently during T2-Prep such that their longitudinal mag-
netization approaches zero during the subsequent
navigator echoes. This was occasionally seen during pro-
tocol development, particularly in the case of long T2-
Prep durations, but was not encountered with the T2-
Prep durations used in the experiments described above.

A further limitation of this study was that only the
RCA was selected for imaging. The RCA is embedded in
fat over a long stretch of tissue and may, therefore, be
particularly well suited for analysis when testing a new
fat saturation technique. However, as other vessels were
not examined, the performance of the WSA-T2-Prep in
other anatomical regions may need to be evaluated.

Practically speaking, and as with any sequence, it may
also be necessary to adjust the CHESS pulse RF excita-
tion angle, depending on the precise combination of pre-
pulses, k-space acquisition order, and other imaging
parameters.

In terms of novelty, this work is not the first to pro-
pose modifying a T2-Prep sequence for improved fat sat-
uration. A previous approach, described by Nezafat et al
(4), used a T2-Prep composed of a reverse adiabatic half-
passage pulse, followed by an adiabatic fast passage
pulse, followed by a final (nonreversed) adiabatic half-
passage pulse. A small additional delay, d, is introduced
between last two pulses, resulting in a residual 90�

phase difference between water and fat isochromats. As
a result, water is restored by the final adiabatic pulse,
whereas fat is not. This fat magnetization, which remains
transverse, is then spoiled. One shortcoming of this
innovative approach may be its sensitivity to field inho-
mogeneities, as phase dispersion may result in a noni-
deal phase difference between water and fat spins.
Additionally, in the reported implementation, the
(reverse) adiabatic half passage pulse tips fat magnetiza-
tion into the transverse plane and thus may not intro-
duce the degree of inversion recovery found in the WSA-
T2-Prep approach. However, a side-by-side comparison
of these techniques may still be useful.

Another obvious choice for improved fat saturation in
coronary MRA includes the use of Dixon methods (17).
In cases where cardiac fat has a diagnostic value, such
an approach may be interesting. However, as Dixon
methods necessarily require, at minimum, the acquisi-
tion of an additional echo, an increase in scan time or a
decrease in temporal resolution may have to be
considered.

An alternative to fat saturation is the use of spectrally
selective excitation pulses (19). B€ornert et al (20) have
demonstrated that these approaches have similar effec-
tiveness to spectral presaturation. While interesting,
spectral pulses may take significantly longer than their
nonfrequency selective counterparts, mandating longer
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minimum echo and repetition times, which may, in turn,
increase sensitivity to motion or adversely affect scan-
ning time in coronary MRA. That being said, the use of
spectral spatial pulses is completely compatible with the
WSA-T2-Prep method proposed above, as the type of RF
pulses used for imaging has no influence on the magnet-
ization preparation modules.

In summary, the WSA-T2-Prep, while maintaining T2

enhancement characteristics of the T2-Prep, significantly
augments the abdominal and epicardial fat saturation
when combined with a conventional CHESS pulse. The
WSA-T2-Prep also leads to significant fat signal suppres-
sion when no other fat saturation strategy is used. These
in vivo results were consistent with numerical simula-
tions and phantom work, and as a result of this
improved fat suppression, the vessel sharpness of the
RCA was significantly improved, resulting in a greater
conspicuity of the vessel.
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