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Multiple Repetition Time Balanced Steady-State Free

Precession Imaging

Tolga Cukur* and Dwight G. Nishimura

Although balanced steady-state free precession (bSSFP) imag-
ing yields high signal-to-noise ratio (SNR) efficiency, the bright
lipid signal is often undesirable. The bSSFP spectrum can be
shaped to suppress the fat signal with scan-efficient alter-
nating repetition time (ATR) bSSFP. However, the level of
suppression is limited, and the pass-band is narrow due to
its nonuniform shape. A multiple repetition time (TR) bSSFP
scheme is proposed that creates a broad stop-band with a
scan efficiency comparable with ATR-SSFP. Furthermore, the
pass-band signal uniformity is improved, resulting in fewer
shading/banding artifacts. When data acquisition occurs in
more than a single TR within the multiple-TR period, the
echoes can be combined to significantly improve the level
of suppression. The signal characteristics of the proposed
technique were compared with bSSFP and ATR-SSFP. The
multiple-TR method generates identical contrast to bSSFP,
and achieves up to an order of magnitude higher stop-band
suppression than ATR-SSFP. In vivo studies at 1.5 T and
3 T demonstrate the superior fat-suppression performance
of multiple-TR bSSFP. Magn Reson Med 62:193-204, 2009.
© 2009 Wiley-Liss, Inc.
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Balanced steady-state free precession (bSSFP) imaging (1—
3) has found wide use in numerous MRI applications (4—14)
because it yields high signal-to-noise ratios (SNR) within
short repetition times (TR). Balanced SSFP sequences have
T,/ T,-weighted contrast, generating high signal from flu-
ids such as blood. However, the signal from fat can be
even higher. This is often unwanted as it may deterio-
rate the depiction of the surrounding structures of interest.
Therefore, fat suppression is crucial in applications such
as coronary artery imaging (4,5), musculoskeletal imaging
(7,8), and angiography (9-11).

A variety of interesting fat-suppression techniques have
been proposed for bSSFP imaging (15-31). The transient
bSSFP signal can be manipulated to suppress fat with-
out substantially increasing the scan time (15-18); how-
ever, the images may suffer from oscillation-related arti-
facts or blurring due to the transient-signal characteristics
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(32). Phase-sensitive and Dixon-based methods effectively
remove the fat signal through postprocessing (19-25). Nev-
ertheless, partial volume artifacts can lead to underestima-
tion of the water content with phase-sensitive reconstruc-
tions. On the other hand, Dixon-based techniques require
prolonged scan times leading to increased sensitivity to
patient motion.

The aforementioned problems can be partially addressed
ifthe fat signal is reduced by changing the spectral response
of bSSFP. A stop-band can be created around the fat reso-
nance by periodically varying the flip angles of the radio-
frequency (RF) excitations (26—29). Although adequate lev-
els of suppression can be maintained, RF nonlinearities and
inhomogeneities compromise the performance. Another
strategy is to manipulate the RF phases and the repetition
times (TR) instead of the flip angles [e.g., fat-suppressing
alternating repetition time (ATR) SSFP] (30,31). For ATR-
SSFP, the level of suppression strongly depends on the field
inhomogeneity. Furthermore, the pass-band shape is com-
promised to achieve fat suppression. The resulting asym-
metry of the pass-band reduces the effective band-width
and SNR.

In this work, we propose an efficient multiple-TR
bSSFP scheme for imaging of separate resonances with
improved spectral selectivity. The multiple-TR bSSFP
technique creates a broad stop-band without sacrificing
the pass-band performance, by combining periodically
repeated TR-patterns with a couple of simple postpro-
cessing steps. An increased number of TRs in a period
can significantly improve the level of stop-band suppres-
sion compared with ATR-SSFP while maintaining simi-
lar scan efficiency. We present example TR-patterns for
fat suppression at 1.5 T and 3 T with a small num-
ber of different TRs. The multiple-TR stop-band provides
a sufficient level of suppression to tolerate large field
inhomogeneities.

THEORY

The period of a multiple-TR (or equivalently multiple-
excitation) bSSFP sequence consists of N different RF
excitations (¢p) and TRs (TR,), and produces a peri-
odic spectral response. Figure 1a displays the period of a
generic multiple-TR sequence. We can compute the spec-
tral response for a certain echo (acquired at TE; during TR;)
by solving the discrete time system that governs the mag-
netization change from one period to the next, taking this
echo as the starting point (32). In other words, o, and TR,
should be reordered (as shown in Fig. 1b) in the form of oy
and TR,y such that:

,aj_1,a5}) for n' € [1,N],

(1]

ay —> {1, %2, .., AN, 0, ...
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FIG. 1. (a) The period of a multiple-TR sequence consists of N different RF excitations (with flip angles, «,) and repetition times (with

durations, TRp). We can compute the periodic spectral response for an echo acquired at TE; (during TR;) by solving the discrete time system
governing the magnetization change from one period to the next, taking this echo as the starting point. (b) Once the echo at TE; is assumed
to be the initial point, the RF excitations and the repetition times will be reordered. This specific ordering of the multiple-TR period determines
the aforementioned discrete time system and the resulting spectral response.

TRy — {TR; — TE;, TRj44,..., TRy, TRy, ...

forn € [1,N + 1]

) Tijlv TE}}
(2]

The corresponding response has a Fourier-series repre-
sentation, M;(f), whose coefficients (ci) are determined by
the sparse sampling pattern formed by the amplitudes of
the RF excitations and the relative TR-durations. If the grid
spacing is chosen to be the greatest common divisor of all
TRs (At) and K is the number of grid points, the summation
of all TRs in a period is KAt. For TRy « Ty, T2, Mj(f) can
be expressed as:

K-1 N+1
M;(f) = Z cx - €27k where KAt = Z TRy  [3]
k=0 n=1

The period of M;(f) in frequency space is 1/At. Assum-
ing idealized impulse-like RF excitations, the only nonzero
coefficients are due to the RF amplitudes. If we denote the
equilibrium magnetization with M,, the expression can be
simplified as follows:

N
M;(f) = Z [S(lay ) - e8] . gi27t)f - where (4]
n’=1
M. . e=TE/T2 gin o
S(law|) ~ L , and
(T1/T2)(1 — cos |aw|) + (1 + cos |ay|)

o

tw =Y (TRp)

p=1

Here, S(|ox|) denotes the well-known phase-cycled regu-
lar bSSFP signal (33,34). To image the water resonance, we
need to have an on-resonant pass-band. An important spe-
cial case of multiple-TR sequences is when all excitations
have the same tip angle to provide increased immunity
against RF inhomogeneity and nonlinearity. Therefore, a
pass-band can be created at on-resonance by alternating the
sign of every other RF pulse as in regular bSSFP (33,34).
This is a straightforward choice that generates a contrast
nearly identical to that of bSSFP. The resulting constraint
on the RF excitations, ¢y = (—1)"a,, further simplifies

M;(f):

S al n’ 27 (Zn/:l TRP)f
(o) D (=) - ™7\ &p

n'=1

M;(f) = (5]

When all RF excitations have the same tip angle, the
shape of the resulting spectrum is predominantly deter-
mined by the relative TR-durations. Increasing N provides
us more degrees of freedom for shaping the spectrum,
but scan-efficiency considerations limit the plausible set
of sequences. For a multiple-TR sequence, the echoes in
separate TRs have potentially different steady-state mag-
netizations. If data acquired within separate TRs will be
used to reconstruct a single image, the corresponding
steady-state profiles must have substantially equivalent
magnitudes and phases.

Assuming data are collected in two separate TRs, TRy,
and TRy, of a multiple-TR sequence at respective echo
times of TE, and TEy, the resulting spectral responses
will be governed by the reordered TR-patterns {TRy}, and
{TRy}y [formed as in Eq. 2]. If these patterns are circularly
shifted versions of one another, so will the corresponding
discrete time systems be except for a potential 180° phase
offset due to phase cycling. Although such a shift of the
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(a) Examples of multiple-TR sequences are shown: bSSFP (N = 1), ATR-SSFP (N = 2), 3-1-1 (N = 3), 2-2-1-1 (N = 4). All RF

pulses have the same flip angle («); however, the phase-cycling pattern may vary: (0-90-180-270)° for ATR-SSFP, and (0—180)° for the rest.
Data are acquired only during the labeled intervals, which are usually in the longer TRs. (b) The corresponding transverse magnetization
profiles for the bSSFP, ATR-SSFP, 3-1-1, and 2-2-1-1 sequences are shown. ATR-SSFP creates a stop-band around the fat resonance (—220
Hz at 1.5 T); however, its pass-band is nonuniform. In contrast, both multiple-TR sequences (3-1-1 and 2-2-1-1) have a flatter pass-band.
The 2-2-1-1 profile has a broader stop-band compared with the other techniques.

Fourier-series coefficients yields a frequency-dependent
phase difference between the two echoes, their magnitude
profiles are equivalent. To satisfy the aforementioned con-
dition, the following criteria must be met assuming TE, y
= TRyv/2: (a) TRy = TRy. (b) If we form a string where
the durations of the TRs are represented with letters and
equal-duration TRs are assigned the same letter, we should
be able to reorder this string to form a palindrome. e.g.,
“vxx”to“xyx, or“zyxxy’to“xyzyx.” (c) If TRy
is the nth letter counting from the left in this palindrome,
TRy should be the nth letter from the right, i.e., they should
be mirror symmetric. Therefore, TR-patterns that exhibit
this symmetry and consist of only a few TRs are excellent
candidates for multiple-TR bSSFP.

Figure 2a displays a variety of scan-efficient multiple-TR
sequences. The first example is bSSFP itself, which has a
single TR in its period. In contrast, ATR-SSFP uses two dif-
ferent repetition times to manipulate the spectral response

of bSSFP, and one proposed use has been to create a
stop-band around the fat resonance (31). The longer of the
two TRs is usually used for acquiring data. We propose
extending this approach to multiple TRs, where the longer
TRs again correspond to the data-acquisition intervals.

The corresponding magnetization profiles are shown
in Fig. 2b, for the bSSFP, ATR-SSFP, and multiple-TR
sequences with N = 3 (3-1-1, denoting the relative
TR-durations) and N = 4 (2-2-1-1). The TR-durations
were determined through an analysis outlined in later
sections. The following parameters were used: @« = 60°,
T,/T, = 1,000/200 msec for arterial blood, TR; = 4.6
msec for bSSFP, TR,/TR, = 3.45/1.15 msec for ATR with
(0-90-180-270)° phase cycling, TR,/(TRz,TR;3) = 3.1/0.9
msec for 3-1-1, (TR4,TR,)/(TR3,TR,) = 3.45/1.725 msec for
2-2-1-1.

Balanced SSFP produces a sinusoidal-like response,
whereas ATR-SSFP creates a stop-band centered at the fat
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(a) The two echoes in the subsequent data-acquisition intervals, TRy and TRy, of the 2-2-1-1 sequence have substantially equivalent

magnitude profiles. However, the corresponding phase profiles (the solid line for TRy and the dotted line for TR,) are different even after
the 180° offset due to phase cycling is removed from the second echo, yielding a nonlinear phase difference increasing with off-resonance.
Although this difference is relatively bounded within the pass-band (marked with the light gray rectangle), it becomes significant in the stop-
band. Furthermore, the difference assumes two mean values (marked with the dashed black lines) for separate frequency ranges within the
stop-band. (b) As shown in Combinations 1 and 2, the two echoes can be linearly combined to improve the stop-band suppression in either
of the two stop-band frequency ranges. The mIP of these linear combinations achieves this improvement over the whole stop-band, at the
expense of slightly reduced pass-band signal. We can compensate for this loss by thresholding the phase difference of the two echoes and
magnitude-summing the pass-band data while performing the projection only within the stop-band.

resonance (—220 Hz at 1.5 T). A similar stop-band can
be generated while employing 3 TRs (a 3-1-1 TR-pattern)
to yield a pass-band with significantly improved signal
homogeneity compared with ATR-SSFP, and even bSSFP.
Finally, a 4-TR sequence (a 2-2-1-1 TR-pattern) widens the
stop-band to 1.67 times the width of the pass-band after
a minimum-intensity projection (mlIP) step (which will be
explained in the following subsection), while achieving the
same improvement in homogeneity.

The proposed multiple-TR sequences improve the uni-
formity of the pass-band signal and have a similar scan
efficiency to ATR-SSFP. Because its stop-band suppres-
sion can be significantly enhanced, we will particularly
focus on the 4-TR sequence (2-2-1-1) from here on. In the
following subsections, we examine the processing steps
that increase the suppression level and the width of the

stop-band, the dependence of the multiple-TR response
on the relaxation parameters as well as the relative TR-
durations, and look at a simple scheme to dampen the
transient oscillations.

Postprocessing Approaches for Stop-band Improvement

The 2-2-1-1 sequence is particularly interesting because the
level of stop-band suppression can be further improved.
Figure 3a displays the magnitude and phase profiles of the
echoes during the two longer TRs (TR; and TR;), M; and
M,, where the phase of M, is compensated for the 180°
offset due to phase cycling. Because the absolute difference
between their magnitudes is maximally 0.5% of the pass-
band signal amplitude, they have substantially equivalent
magnitude profiles. However, there is a nonlinear phase
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difference between the two echoes that increases with off-
resonance as shown in Fig. 3a:

0 = arg(M,) — arg(M;), where 6 € (-7 7] [6]

This difference can be exploited by performing a linear
combination of the two echoes to suppress the residual
stop-band signal at a given frequency. Because the differ-
ence accumulates around certain mean values within the
two halves of the stop-band separated by a signal null,
we need at least two separate linear combinations to sup-
press the remnant stop-band signal (Fig. 3b). These linear
combinations, Mlac’b, can be expressed as:

M2 = (M; + 0 M) /2 [7]

where ¢, ;, denote the phases required to put the two echoes
180° out-of-phase within the aforementioned halves of the
stop-band. The exact value of ¢, which depends on v =
TR3/TR;, can be determined by simulating the magne-
tization profile of the 4-TR sequence. For t = 0.5, the
phase values are ¢,1, = £58.5°. However, our simulation
results indicate that ¢ is a slow-varying function of 7 at a
given frequency. Therefore, these values can be used for a
range of r without significantly compromising the level of
improvement.

After the remnant signal is reduced at separate frequency
ranges, we can improve the whole stop-band by simply
computing the mIP of the linear combinations:

Mumin = min [ M| (8]

Although the projection operation degrades the pass-
band signal, the phase-difference values are rather con-
strained within the pass-band. This allows us to threshold
the phase difference of the two echoes, and separate the
pass- and stop-band frequency ranges. As shown in Fig.
3b, a magnitude summation of the two echoes preserves
the pass-band signal, whereas the stop-band suppression
is still improved with the mIP of the combinations.

(IM1] + IM21)/2,

_ if 161 < 6o
Mpt B {Mmin,

otherwise (9]
where 6 indicates the phase threshold used to avoid sig-
nal loss in the pass-band. Because the signals degradation
mainly occurs in the relatively flat central portion of the
pass-band, we only consider the frequency range where
the signal magnitude stays above 80% of its on-resonance
value. For r = 0.5, 6y = 28.3° is the corresponding phase
threshold that separates this frequency range. Similar to ¢
values, 6 has a weak-dependence on 7.

The postprocessing steps affect the noise characteris-
tics in addition to the resultant signal. The signal of the
two echoes, M; and M,, can be assumed to have uncorre-
lated bivariate Gaussian distributions with nonzero means,
and equal noise variance, o2. Because the magnitudes of
the linear-combination coefficients are identical for M;
and M,, M), has a Gaussian distribution with half the
noise variance. Next, an mIP is performed on the magni-
tudes of these combinations, which are correlated Rician
random variables. Although separate linear combinations
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with identical noise variance determine the output at dif-
ferent off-resonance frequencies, the correlation between
the combinations increases the resulting noise variance.
Finally, the phase-thresholding operation yields spatially
varying noise because the echoes are magnitude-summed
within the pass-band, and an mIP of the linear combina-
tions is performed in the stop-band. The noise variance of
the water pixels (the pass-band region) in the image is deter-
mined by the magnitude summation. Because M;; have
nonzero means, |M;,| are identically distributed Rician
random variables, and the noise variance of their sum is
slightly higher than that of |[M|.

Image Contrast

The tissue contrast is mainly determined by the signal at
the water resonance. Figure 4a displays the on-resonant sig-
nals for the bSSFP, ATR-SSFP, and multiple-TR sequences
computed with Bloch simulations assuming: « € [2090]°,
T,/T; € [0.1 1], TR « Ty, T, and RF-tip duration «
TR. Because on-resonant spins do not acquire any phase
due to free precession, the relative TR-durations mainly
affect the on-resonant signal through relaxation effects.
The multiple-TR sequences yield smaller signal during the
longer TRs compared with the shorter ones, similar to ATR-
SSFP (6,31). Focusing on these longer TRs usually used for
data acquisition and neglecting the small relaxation dif-
ference between the long and short TRs, the ATR-SSFP
sequence is roughly equivalent to a (0-90-180-270)° phase
cycled bSSFP sequence with a shifted frequency response
(31). Although this reduces the optimal tip angle and
lowers the specific absorption rate (SAR), the resulting con-
trast is different due to the inhomogeneity of the bSSFP
pass-band. On the other hand, the multiple-TR sequences,
which have paired TRs of equal duration, employ the same
phase cycling as bSSFP (0-180-0-180)°, and generate very
similar contrast at on-resonance. Therefore, the optimal
flip angles for the multiple-TR and bSSFP sequences are
approximately the same for a given T»/T; ratio under the
aforementioned assumptions. The absolute values of the
differences between the bSSFP signal and the signals gen-
erated by the ATR-SSFP and multiple-TR sequences are
shown in Fig. 4b. Although ATR-SSFP yields relatively sig-
nificant differences, the multiple-TR sequence has nearly
identical signal with bSSFP.

TR-dependence of the Spectral Profiles

The spectral widths of the bSSFP bands are inversely
proportional to the duration of the TR. Equivalently, the
spectral response of a multiple-TR sequence is simply com-
pressed in the frequency axis if the total TR (i.e., the
sum of all repetition times within a period) is increased
without changing the relative TR-durations. However,
these relative durations also affect the multiple-TR
response.

To analyze the multiple-TR (N = 4, TR; = TR, TR;
= TR4) response, we can keep either TR; (the readout
interval) or the total TR (2 x [TR1+TR3]) constant, and
vary TR3/TR;. Figure 5 demonstrates the resulting magni-
tude profiles simulated with the following parameters: t =
TR3/TRy €[0.21],a = 60°, T, /T1 = 0.2,and TR K Ty, T>. In
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FIG. 4. (a) The signal at the water resonance (on-resonance) was simulated as a function of the flip angle for the bSSFP, ATR-SSFP, and

multiple-TR sequences. (b) The differences between the bSSFP signal and the signals generated by ATR-SSFP and multiple-TR SSFP. T»/ T4
(r) values were increased from 0.1 to 1 in 0.1 steps, assuming TR « Ty, T> and RF-tip duration « TR. As no phase is accrued during the
TRs at on-resonance, the relative TR-durations mainly affect the on-resonant signal through relaxation effects. The echoes during longer
TRs, usually used for data acquisition, yield smaller signal. If we neglect the small relaxation difference between the separate TRs within
the multiple-TR period, bSSFP and multiple-TR sequences produce very similar contrast at the water resonance with identical phase cycling
(0-180-0-180)°. On the other hand, fat-suppressing ATR-SSFP is roughly equivalent to a (0-90-180-270)° phase-cycled bSSFP sequence.
Therefore, the ATR-SSFP contrast is actually different due to the inhomogeneity of the bSSFP pass-band.

the first case, decreasing r shortens both TR; and the total
TR because TR; is fixed. Defining the pass-band width to be
the full width at half maximum, we can observe that it is a
very weak function of t for fixed TR;. The slight increase in
the transition-band width can be attributed to the reduction
of the total TR. In contrast, for a fixed total-TR, decreasing t
lengthens TRy, effectively decreasing the pass-band width.
In this case, the pass-band response has a strong depen-
dence on r. It is important to note that r = 0.5 creates a
broad stop-band 1.67 times the extent of the correspond-
ing pass-band. This ratio gives us a relative TR-pattern of
2-2-1-1. Finally, the multiple-TR sequence is identical to
bSSFP for r = 1.

The simulated spectral profiles show that a wide range
of TRy and TR3 values can be selected while maintain-
ing a flat pass-band and a broad stop-band. Our simulation
results also indicate that the mIP and phase-thresholding
approaches will work well for a broad range of t values.
The pass-band flatness and signal are preserved within
the [0.2 0.8] range for 7. If 7 is increased beyond 0.8, the
response converges to that of bSSFP, and the phase dif-
ference between the two echoes lessens gradually. As a
result, the pass-band signal of the combinations decreases
significantly, becoming zero at 7 = 1.

Catalyzation of the Transient Response

Similar to bSSFP imaging, the multiple-TR transient signal
has an oscillatory component that decays in time (32,35).
Several techniques have been proposed to dampen these
oscillations (32,36,37). A simple single-tip “a/2” prepa-
ration can be applied TR/2 before the first RF excitation,
effectively placing the magnetization into its steady-state
direction at on-resonance (36). This approach signifi-
cantly reduces the oscillations; however, the magnitude of
the magnetization vector still gradually decays from the
thermal-equilibrium value to the steady-state value. The
magnitude of this vector can be immediately reduced to
its steady-state value using a single pulse followed by a
crusher gradient prior to the “«/2” preparation (32).

The transient signal from the 2-2-1-1 sequence was simu-
lated for the pass- and stop-band frequency ranges without
any preparation, with the single-tip preparation, and with
the magnitude reduction followed by the single-tip prepa-
ration. « = 60° and T;/T> = 1,000/200 msec were assumed.
The single-tip preparation was a —30° pulse applied TR,4/2
before the first RF pulse (of the 2-2-1-1 sequence), which
has zero phase. A single RF pulse with a 64° tip angle (deter-
mined by simulation) was used to reduce the magnetization
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FIG. 5. To demonstrate the effect of the TR-durations in multiple-
TR bSSFP (N = 4, TRy = TR, TR3 = TRy), we can keep either
TRy (a) or the total TR (2 x [TR1+TR3]) constant (b), and vary t =
TR3/TRy. In the first case, TR3 and the total TR are shortened by
decreasing t because TR; is fixed. However, the pass-band width
has a very weak dependence on t for fixed TRy, if it is defined as the
full width at half maximum. In contrast, TRy is lengthened for smaller
7 and a fixed total TR, effectively shrinking the pass-band. In both a
and b, = = 0.5 (marked with the ticks on the vertical axes) creates
a stop-band (marked with the dashed white line) that has 1.67 times
the width of the corresponding pass-band (marked with the dashed
black line). Finally, r = 1 produces a regular bSSFP response as
expected.

to its steady-state value at on-resonance (0 Hz). Figure 6
shows the transient signal as a function of the number of
excitations for each case. As expected, the signal oscillates
significantly when no preparation is used. In contrast, these
fluctuations are substantially reduced over the pass-band
with the “«/2” preparation. The homogeneity of the pass-
band signal improves the efficacy of the “«/2” preparation
for multiple-TR sequences. Finally, the single pulse fol-
lowed by a crusher gradient changes the magnitude of the
magnetization to its steady-state value at on-resonance, and
further reduces the amplitude of the signal oscillations in
the pass- and stop-bands.

METHODS

In this section, we first describe a scheme to optimize the
parameters of a multiple-TR sequence. These parameters
are then used to compare the multiple-TR technique with
ATR-SSFP in phantom and in vivo studies.

Parameter Selection

In a multiple-TR sequence, the level of fat suppression can
be quantified by computing the ratio of the mean water
signal within a pass-band to the mean fat signal within a
stop-band. The mean signal can be computed with uniform
spectral weighting unless a priori information is available
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on the distribution of the field inhomogeneity across the
imaging volume.

The transverse magnetization profiles of the multiple-TR
sequence (N = 4, TR; = TR;, TRy = TR4) were simu-
lated assuming T, /T2 = 1,000/200 msec for water (blood),
T,/T, = 270/85 msec for fat, and a band of [-80 80] Hz
around the water and fat resonances. The following prac-
tically useful range of parameters were prescribed: TR, €
[2.5 4.5] msec, T = TR3/TR; € [0.2 1], and three different
flip angles: 30°, 45°, and 60°. The contour plots in Fig. 7
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FIG. 6. The transient signal in the 2-2-1-1 pass- (phase offset in the
+3x /4 range) and stop-bands is shown as a function of the number of
excitations with (a) no preparation, (b) a single-tip preparation, and
(c) a reduction of the magnetization-magnitude vector followed by
the single-tip preparation. Assuming « = 60° and T1/ T, = 1,000/200
msec for the 2-2-1-1 sequence, the single-tip preparation was a —30°
pulse applied TR4/2 before the first RF pulse (with zero phase), and
a single 64° pulse was used to reduce the magnitude of the magne-
tization vector to its steady-state value at on-resonance. Without any
preparation, there are significant signal oscillations, and the initial sig-
nal level is much higher than the steady-state level. The oscillations
are substantially reduced over the pass-band with a single-tip prepa-
ration. Finally, the magnitude reduction instantly decreases the signal
level to its steady-state value at on-resonance. This also reduces the
signal oscillations in the stop-band. It is important to note that the
flatness of the multiple-TR pass-band improves the efficacy of the
single-tip preparation.
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FIG. 7. The contour plots show the average blood-to-fat signal ratio computed over a band of [-80 80] Hz around the water and fat
resonances. The magnetization profiles for blood (71/ T2 = 1,000/200 msec) and fat (T1/T> = 270/85 msec) were simulated for a practically
useful range of parameters: TRy € [2.5 4.5] ms, t = TR3/TRy € [0.2 1], and three different flip angles: 30°, 45°, and 60°. The boundary
conditions for the simulations were TRy = TR» and TR3 = TR4. The near-optimal values for the suppression ratio are achieved when t is in
the [0.4 0.65] range. The level of suppression improves at higher flip angles. Finally, the highest level of suppression is attained around TR

~ 3.4 msec for « = 60°. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

show the variation of the average water-to-fat signal ratio
as a function of these parameters. Even though the level of
suppression improves at higher flip angles, the optimal 7 is
in the [0.4 0.65] range and relatively insensitive to the flip
angle. The highest level of suppression is attained around
TR; ~ 3.4 msec and t ~ 0.5 for « = 60°, yielding a relative
TR-pattern of 2-2-1-1.

The previous simulation clearly demonstrates that the
multiple-TR technique performs better at higher flip angles.
However, the signal efficiency and SAR are the other two
considerations that affect the choice of flip angles. The
signal efficiency can be determined by normalizing the
pass-band water signal by the square-root of the total
TR. The same analysis can be performed for ATR-SSFP
as a reference, after determining the optimal TR ratios.
The following parameters were used for the comparison:

Signal Efficiency

0.22

0.18

0.14

0.1

Flip angle {Degrees)

o € [30 90]°, TR;/TR; = 3.45/1.15 ms for ATR-SSFP,
(TR4,TR3)/(TR3,TR4) = 3.45/1.725 ms for 2-2-1-1. The two
echoes in the 2-2-1-1 sequence were also linearly combined
to improve the level of suppression. It is important to note
that this sequence intrinsically takes twice the scan time
of ATR-SSFP, assuming identical TR;’s and TR ratios for
both.

Figure 8a displays the signal efficiencies for the ATR-
SSFP and 2-2-1-1 sequences. The homogeneous 2-2-1-1
pass-band yields higher signal efficiency compared to ATR-
SSFP at all flip angles. Although the linear combination
(Combination 1 in Fig. 3b) slightly reduces the signal, it
still has comparable efficiency and actually outperforms
ATR-SSFP at flip angles above 50°. The water-to-fat sup-
pression ratios for the three cases are shown in Fig. 8b.
The 2-2-1-1 sequence achieves better suppression than ATR

Suppression Ratio

50 70 a0
Flip angle (Degrees)

FIG. 8. The ATR-SSFP and 2-2-1-1 profiles were simulated for a range of flip angles. The 2-2-1-1 stop-band was further improved with a
linear combination. (a) To determine the signal efficiency, the average blood signal (T1/T2 = 1,000/200 ms) over a [—80 80] Hz band was
normalized by the square-root of the total TR. The flatter pass-band of the 2-2-1-1 sequence yields higher signal efficiency compared with
ATR. Although the linear combination (Combination 1 in Fig. 3b) slightly reduces the pass-band signal, it still has comparable efficiency to
ATR. (b) The water-to-fat suppression ratio was computed assuming T1/T> = 270/85 msec and a [-300 —140] Hz band for fat. The 2-2-1-1
sequence achieves better suppression than ATR at higher flip angles. In addition, the linear combination significantly improves the 2-2-1-1
stop-band, and the suppression ratio is maximized around 60°.
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FIG. 9. Phantom images were acquired to demonstrate the created magnetization profiles, where the precession frequency was vertically
varied with a linear field gradient in that direction. The ATR-SSFP, 3-1-1, and 2-2-1-1 images are shown in order from left to right. Water
and fat resonances at 1.5 T are marked with the dashed black and white lines respectively. The multiple-TR sequences have significantly
more uniform pass-bands than ATR. Meanwhile, the 2-2-1-1 sequence has the broadest stop-band and the highest level of suppression. The
suppression in separate segments of the stop-band can be independently improved with linear combinations as shown in Comb. 1 and 2.
Finally, an mIP of these combinations yields enhanced suppression over the whole stop-band.

at higher flip angles. Furthermore, the linear combination
significantly improves the 2-2-1-1 stop-band as expected.
The optimal suppression ratio with the linear combination
is achieved around a flip angle of 60°. This is also approx-
imately the maximum flip angle that can be prescribed
without exceeding the SAR limits for the 2-2-1-1 sequence
assuming (TR;,TR3)/(TR3,TR4) = 3.45/1.725 msec.

Phantom Experiment

To demonstrate the simulated magnetization profiles with
the multiple-TR sequences, images of a uniform water
phantom (T, /T, = 250/50 msec) were acquired ona 1.5 T
GE Signa scanner with CV/i gradients (a maximum strength
of 40 mT/m and a maximum slew rate of 150 T/m/s).
A linear field gradient was used in the readout direction
(vertical) to create varying precession frequency along that
axis. The ATR-SSFP, 3-1-1 and 2-2-1-1 sequences were pre-
scribed with the following parameters: « = 60°, TR;/TR;
= 3.45/1.15 msec for ATR, TR1/(TR,,TR3) = 3.1/0.9 msec
for 3-1-1, (TR4,TR;)/(TR3,TR4) = 3.45/1.725 msec for 2-2-
1-1. As demonstrated in Fig. 3b, the 2-2-1-1 stop-band was
enhanced by performing two different linear combinations
and a final mIP on the two echoes.

In Vivo Experiments

Noncontrast-enhanced bSSFP-based MR angiography (10,
38) is a potential application that requires adequate fat sup-
pression to clearly depict the underlying vessels. Lower leg
angiograms were produced with 3D ATR-SSFP and 2-2-1-1
sequences, using linear extremity coils on 1.5 T and 3 T GE
Signa scanners. At 1.5 T, the acquisition parameters were:
o = 60°, 26 cm field-of-view (FOV), isotropic 1 mm reso-
lution, 128 x 128 phase encoding, +125 kHz bandwidth.
TR,/TR, = 3.45/1.15 msec for ATR (with NEX = 2), and
(TR1,TR2)/(TR3,TRs) = 3.45/1.725 msec for 2-2-1-1 (with
NEX = 1) were used, yielding acquisition times of 2:31
and 2:50, respectively. Because the fat resonance at 3 T is
not located in the center of the 2-2-1-1 stop-band, the TR

values were scaled down to broaden this stop-band. For
the 3 T experiment, TR;/TR; = 3.38/1.12 msec for ATR,
(TR4,TR2)/(TR3,TR4) = 3.00/1.36 msec for 2-2-1-1 were pre-
scribed with the corresponding acquisition times of 2:28
and 2:23. All the remaining parameters were kept the same
as in the 1.5 T experiment, except for an FOV of 22 cm and
a phase cycling of (0-180-180-0)° for ATR as discussed in
Ref. 31.

The two echoes in the 2-2-1-1 datasets were first linearly
combined, and then an mIP of these linear combinations
was computed to improve the level of fat suppression.
Only two linear combinations were used as shown in Fig.
3 because the additional ones did not improve the sup-
pression significantly. The pass-band frequency range was
determined by thresholding the absolute value of the phase
difference between the two echoes to be less than 28.3°.
Meanwhile, the two ATR-acquisitions were sum-of-squares
combined. To enhance the visualization of the vasculature,
the data were zero-padded prior to maximum-intensity
projections (MIP).

RESULTS

The phantom images acquired with the ATR-SSFP, 3-1-1
and 2-2-1-1 methods are displayed in Fig. 9. As expected,
the multiple-TR sequences (N = 3 and N = 4) have signifi-
cantly more uniform pass-bands than ATR-SSFP. The 3-1-1
method creates a similar stop-band to ATR-SSFP, while the
2-2-1-1 sequence has the broadest stop-band with the high-
est level of suppression. Separate segments of the 2-2-1-1
stop-band are independently improved by linear combina-
tions (Comb. 1 and 2 in Fig. 9). Finally, an mIP of these
combinations yields enhanced suppression over the whole
stop-band.

Figure 10 shows the axial and coronal slices from the
ATR and multiple-TR (2-2-1-1) lower leg acquisitions at
1.5 T along with the corresponding whole-volume MIPs.
The superior suppression of the multiple-TR sequence is
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FIG.10. 1.5T results. Axial (a) and coronal slices (b) from ATR and
multiple-TR acquisitions are displayed along with the corresponding
whole-volume MIPs (c). Multiple-TR bSSFP has a broader stop-
band with a higher level of suppression compared to ATR-SSFP.
This improved suppression results in more detailed depiction of the
underlying vasculature. Arrows point to the vessels that are lost within
the surrounding fat tissue in ATR-SSFP, whereas these vessels are
accurately visualized with multiple-TR bSSFP.

demonstrated through the detailed depiction of the under-
lying vasculature. The arrows in Fig. 10 point to the vessels
that are lost within the surrounding fat tissue in ATR-
SSFP, whereas these vessels are accurately visualized with
multiple-TR bSSFP.

Cukur and Nishimura

The lower leg angiograms produced at 3 T with the ATR
and multiple-TR (2-2-1-1) methods are displayed in Fig. 11
as thin-slab and whole-volume MIPs. The broad stop-band
ofthe multiple-TR sequence successfully suppresses the fat
signal in regions where ATR-SSFP fails. Poor fat suppres-
sion deteriorates the vessel depiction with ATR-SSFP (Fig.
11a). Furthermore, poor suppression of the bone-marrow
signal in the fibula confounds the ATR-SSFP images.
Finally, the whole-volume MIP of the ATR-SSFP angiogram
has very bright fat signal in the peripheral regions (Fig.
11b). With the increased field inhomogeneity at 3 T, the
width of the ATR stop-band becomes insufficient, whereas
the multiple-TR stop-band achieves adequate suppression
over the whole volume.

FIG.11. 3T results. The thin-slab (a) and whole-volume (b) MIPs of
ATR and multiple-TR acquisitions are shown. The broad multiple-TR
stop-band successfully reduces the fat signal in regions where ATR-
SSFP fails. Poor fat suppression deteriorates the vessel depiction with
ATR-SSFP as seenin (a). Furthermore, improperly suppressed bone-
marrow signal in the fibula with ATR-SSFP confounds the thin-slab
MIPs. These regions are shown with arrows in (a). The ATR-SSFP
image in (b) has very bright fat signal in the peripheral regions. This
indicates that the stop-band width of ATR-SSFP becomes insufficient
with the increased field inhomogeneity at 3 T. In contrast, the multiple-
TR image has adequate suppression over the whole volume.
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DISCUSSION

A pattern of varying TR-durations can enhance the shaping
of the bSSFP spectrum. In particular, a broad stop-band
can be created to suppress the fat signal without degrading
the pass-band performance. The response can be further
improved by increasing the number of TRs within a period.
However, in a given TR-pattern, only the symmetric TRs
of the same duration will have equivalent magnetization
profiles. Therefore, an increased number of TRs limits the
percentage of time spent for data acquisition and reduces
the scan efficiency.

We have analyzed the signal characteristics of two simple
and efficient TR-patterns (with 3 and 4 TRs, respectively).
The 3-1-1 sequence achieves similar suppression to ATR-
SSFP while creating a flat pass-band; however, the 2-2-1-1
sequence is of more interest due to its broader stop-band.
The latter sequence also offers the benefit of improved sup-
pression if the different phase behavior of the two echoes
is exploited. The 2-2-1-1 sequence achieves up to an order
of magnitude higher suppression than ATR-SSFP with the
additional processing, while maintaining comparable scan
efficiency.

The 2-2-1-1 sequence has a broad stop-band, which
increases the immunity to relatively-large field inhomo-
geneities without the need for complex shimming pro-
cedures. Although single-acquisition methods such as
ATR-SSFP can reliably suppress the fat signal over a
limited portion of their stop-bands, the level of suppres-
sion degrades with field inhomogeneity. Therefore, these
techniques might be suboptimal for applications such as
high-field and 3D imaging.

Methods that spectrally shape the bSSFP spectrum have
inherent limitations on the duration of the repetition times.
Although ATR-SSFP offers increased flexibility in parame-
ter selection, several other methods including fluctuating-
equilibrium MR (FEMR) (30) and linear-combination (LC)
SSFP (21) impose stringent constraints on the optimal
repetition time. Our simulations show that a wide and prac-
tically useful range of parameters can be prescribed without
significantly affecting the performance of the multiple-TR
technique.

Multiple-TR bSSFP generates a homogeneous pass-band
signal, which is identical to the on-resonant bSSFP sig-
nal. There are two implications of this signal characteristic.
First, the pass-band is flatter compared with many other
techniques including bSSFP itself. This will reduce con-
trast variations due to off-resonance. Second, the multiple-
TR sequence demonstrates identical contrast to bSSFP,
whereas methods like FEMR, ATR-SSFP, and LCSSFP have
more T>-dominant signal. It might be more advantageous to
use multiple-TR sequences in applications where bSSFP is
used to achieve T;-weighting (39) or the T»/T; dependence
of the bSSFP signal is valuable.

Some of the operations performed to improve the 2-2-
1-1 stop-band, namely, mIP and phase thresholding, are
nonlinear. Although this increases the sensitivity to par-
tial volume effects for a voxel occupied by fat and water
simultaneously, the fat signal is already reduced in the 2-
2-1-1 acquisition and these effects become less significant.
We did not observe considerable loss of water signal at the
resolutions prescribed for the performed experiments.
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The susceptibility to motion artifacts is increased with
the 2-2-1-1 sequence due to the lengthening of the min-
imum scan time compared with single-acquisition tech-
niques such as ATR-SSFP. The prescribed TRs and the
overall scan times for 3D imaging are relatively short; how-
ever, under unfavorable imaging conditions such as respi-
ratory movement, motion-correction techniques might be
required. Nevertheless, the two echoes are acquired in an
interleaved manner in contrast with sequential techniques
such as LCSSFP. This not only increases the immunity
to patient motion, but also makes the technique more
suitable for real-time imaging compared with sequential
techniques.

The multiple-TR sequences are expected to be sensi-
tive to unbalanced phase due to eddy-current effects and
flow similar to ATR-SSFP and regular bSSFP imaging (6).
Phase-encode pairing is used to minimize the eddy-current
effects (40,41). Although significant flow artifacts were not
observed in this work, phase-encode gradients can be first-
moment nulled to reduce the flow sensitivity if necessary
(42,43).

As a possible extension, the multiple-TR bSSFP scheme
can be generalized to embody varying flip angles and RF
phases (other than a simple sign change). When coupled
with the varying repetition times, this can help improve
the spectral shaping. However, the added design variables
will complicate the analysis and selection of the optimal
parameters. In future work, we will investigate the poten-
tial benefits of concurrently varying the RF flip angles and
the repetition times.

CONCLUSION

Multiple-TR bSSFP offers a high level of suppression over
a broad stop-band without compromising the homogene-
ity of the pass-band signal. This suppression is achieved
over 1.67 times the width of the pass-band without sacrific-
ing the signal efficiency. In addition, when multiple echoes
are acquired in separate TRs within a period, they can be
linearly combined to further improve the stop-band sup-
pression. Meanwhile, the slight reduction in the pass-band
signal can be avoided by a simple phase thresholding. Opti-
mal parameters for multiple-TR bSSFP can be determined
with straightforward simulations; however, a wide range
of parameters can still be prescribed without substantially
affecting the performance. This flexibility coupled with the
effective fat suppression under large field inhomogeneity
can be beneficial for bSSFP imaging applications.
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