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Review

Fundamentals of Balanced Steady State Free

Precession MRI

Oliver Bieri, PhD!, and Klaus Scheffler, PhD?-3*

Balanced steady state free precession (balanced SSFP)
has become increasingly popular for research and clinical
applications, offering a very high signal-to-noise ratio and
a Ty /T;-weighted image contrast. This review article gives
an overview on the basic principles of this fast imaging
technique as well as possibilities for contrast modifica-
tion. The first part focuses on the fundamental principles
of balanced SSFP signal formation in the transient phase
and in the steady state. In the second part, balanced
SSFP imaging, contrast, and basic mechanisms for con-
trast modification are revisited and contemporary clinical
applications are discussed.
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SINCE ITS INTRODUCTION more than half a century
ago, the use of steady state free precession (SSFP) has
become increasingly popular, and a huge number of
SSFP imaging methods have been described so far
(e.g., see Handbook of MRI Pulse Sequences) (1). In
general, the term “SSFP” imbeds all steady state
sequences and variants thereof, because it just
denotes the most basic SSFP principle, as introduced
in 1958 by Carr (2): a fast train of radiofrequency (RF)
pulses interleaved by periods of so-called “free pre-
cession,” indicating the absence of a driving RF exci-
tation field. As a result, all rapid gradient echo
sequences (with TR « T, <T;) are SSFP sequences,
but different steady states may be established by dif-
ferent gradient switching patterns (applied within the
free precession period, relating to the amount of spin
dephasing within TR), or as a function of the RF pulse
phase changes, or both.
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The most important basic types of SSFP sequences
are: the RF spoiled SSFP (with acronyms FLASH,
SPGR, TI1-FFE), the gradient dephased, i.e.,
nonbalanced, SSFP-FID (FISP, GRASS, FFE), its time
reversed version, the gradient spoiled, i.e., nonba-
lanced, SSFP-Echo (PSIF, T2-FFE), and finally, the
balanced SSFP (TrueFISP, FIESTA, balanced FFE)
sequence. This article is dedicated to a review of the
theory and imaging sequences of balanced SSFP.
Signal formation in balanced SSFP will be traced
following the multi-pulse approach, as historically
introduced by Carr (2), and the basic principles and
signal properties of balanced SSFP will be revisited for
the transient phase and in the steady state. After
elucidation of the underlying theoretical principles,
imaging with balanced SSFP will be described and
possibilities to modify the generic contrast will be pre-
sented, followed by a short overview on contemporary
balanced SSFP imaging applications.

THEORY OF SIGNAL FORMATION IN
BALANCED SSFP

Carr’'s work and experimental approach to steady
state free precession is in the context of this review
on balanced SSFP not only of fundamental historical
relevance but also offers a highly valuable concept to
understand the most basic principles of signal for-
mation in SSFP. As a result, we will, from a present-
day perspective, tread a rather unconventional way
in the description of SSFP and follow the mathemati-
cal analysis of SSFP experiments, as presented by
Carr (2).

For the description of spin dynamics, we make
use of the matrix representation theory of spin
dynamics proposed by Jaynes in 1954 (3) and follow
the formal mathematical treatment of multi-pulse
experiments, as introduced by Woessner in 1961
(4). In general, the duration (Trp) of the excitation
pulses is assumed to be short as compared to the
overall relaxation processes (T;5) to separate the
Bloch equations (5) into repetitive basic units of RF
pulses and interpulse delays. Overall, this leads to
piece-wise constant Bloch equations that can be
explicitly solved and successively applied. If not
otherwise stated, the signal of balanced SSFP will
be analyzed at TE =TR/2.



Fundamentals of Balanced SSFP MRI

a-pulse
. T ~ 0 M, My
NS
‘ Z¢ const. | ¢ = const. ¢ = const.
Xy t=TR t=2TR t=3TR time

|<—TR(1)—>|<—TR(2)—> «~—TR(3)—

Figure 1. Train of equally spaced (TR), phase coherent (here:
constant), RF excitation pulses (shown as black bars) with
flip angle «, interleaved by periods of free precession (cf. Fig.
2 by Carr) (2). For reasons of simplicity, quasi-instantaneous
RF pulses are assumed (i.e., Tgr ~ 0). At time t<O, the
magnetization M is presumed to be in thermal equilibrium
(Mp). The magnetization is allowed to accumulate a constant
precession angle (¢p) during TR, i.e., due to static variations
in the main magnetic field (¢ ~ yABot). The magnetization
immediately preceding (proceeding) the RF pulse is labeled
with a superfix “—" (“+7): My, My, ).

A Fast Train of RF Pulses

The standard scheme of a steady state free precession
experiment is shown in Figure 1 (cf. Fig. 2 in Carr’s
article) and is given by a series of equally spaced (TR),
phase coherent, and quasi-instantaneous RF pulses
with flip angle «. In general, the magnetization is
allowed to accumulate a constant phase advance (¢)
within any TR, due to field inhomogeneities, local sus-
ceptibility gradients or chemical shift effects.

TR(0)

Figure 2.Time evolution of the
magnetization in a multi-pulse
experiment as shown in Figure 1 at
TE =TR/2 for the first few TR peri-
ods and after a few hundred TR
periods and as a function of the oft-
resonance related precession in the
interval ¢$=[-180", 180'] (black
line: tip of magnetization vectors;
black circle: $=0"; gray circle:
$=90"; white circle: $=180"). Note
that the magnetization is shown at
TE=TR / 2 and thus only reveals a
phase advance of ¢/2 (e.g., see
TR(1)). After sufficient waiting time,
a steady state in the magnetization
is attained, suggesting that the con-
figuration of the magnetization in
space is unchanging from TR to TR.

Simulation parameters: TR/Ty/
T;=10 ms / 100 ms / 200 ms;
a=90".
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Within the boundary condition of TR « T, <T;, the
quick succession of RF pulses hinders the magnetiza-
tion from returning to the thermal equilibrium state
My and each RF pulse acts, therefore, on both the
remaining transversal and the remaining longitudinal
magnetization. The magnetization in such a multi-
pulse experiment is thus a mixture or superposition
of different transversal and longitudinal states and
results in beautiful but rather complex patterns even
after a few RF pulses (see Fig. 2) but approaches after
sufficient repetitions a steady state or sometimes
called “dynamic equilibrium” (meaning that the prop-
erties of the magnetization is unchanging with time).
In the following, we will trace the time evolution of the
spin magnetization in such a multi-pulse experiment
and analyze the signal behavior in the transient, as
well as in the steady state.

Time Evolution of Magnetization

For the multi-pulse experiment shown in Figure 1, the
magnetization approaches by itself a steady state after
sufficient TR periods (see also Fig. 2). In Figure 3, the
time evolution of the magnetization is shown as a
function of the off-resonance related precession angle:
for $=0" (on-resonant case) and for ¢$ =90 and
$=180" (covering the relevant range of off-resonan-

ces) (simulation parameters are given in the Figure
caption). It can be observed, that independently of
the

the off-resonance related precession angle,
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Figure 3. Time evolution of the magnetization for the multi-
pulse experiment shown in Figure 1 for an off-resonance
related precession within any TR of =0’ (a), $=90" (b), and
$=180" (c). Simulation parameters: TR/T5/T; =10 ms/100
ms/200 ms; «a =90".

magnetization approaches after some transient phase
a steady state, i.e., a stationary value in the ampli-
tude. The magnetization does not evolve to the same
stationary value, but the steady state magnetization
(Mgs) shows a strong modulation as a function of the
off-resonance (Mgs xy($=0") ~ 0.025, Mg xy($=90") ~
0.283, Mgs xy(d=180") ~ 0.333; it is of some interest
here to point out that the maximum steady state sig-
nal is not achieved at on-resonance, but with
¢ =180"; this peculiarity has direct practical implica-
tions, as explained later, cf. “Imaging with Balanced
Steady State Free Precession”). Similarly, the tran-
sient phase (sometimes also referred to as “transient
response” or “transient state”) is affected from off-res-
onance but shows in addition a strong oscillatory
behavior. Because overall the magnetization is a mix-
ture or superposition of different transversal and lon-
gitudinal states (see Fig. 2), the measured signal from
fast imaging sequences will generally depend not only
on the off-resonance related precession angle (¢) but
will also be a function of intrinsic tissue properties,
such as relaxation (T;5), as well as of extrinsic
sequence related parameters, such as the repetition
time (TR), the echo time (TE), and the flip angle (o).

The Transient State

The time evolution of the magnetization in the tran-
sient phase of SSFP can be mathematically analyzed
based on the matrix representations given by Jaynes
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(3) in combination with an eigenvector formalism, ini-
tially proposed by Hargreaves et al (6). Analytical sol-
utions to the transient response of SSFP were first
derived by Scheffler (7) and have been further adapted
to include off-resonance effects by Ganter (8). As
noted by Hargreaves et al (6), there are always one
real and two complex conjugate eigenvectors that
determine the transient response. Using perturbation
theory, Ganter (8) demonstrated that in leading order,
the complex conjugate eigenvectors are perpendicular
to the real one which is parallel to the steady state
magnetization (Mgg). The real eigenvalue (associated
with the real eigenvector) defines a relaxation rate (cf.
Eq. [11] in Ganter (8)) parallel to Mg, given by:

9

Rj~ - {cos 5 ~sin2§ ‘R +sin2%~R2 (1)

N2

where R; 5 := 1/T; 5 and

o

N = \/0052%~sin2§+sin22

(2)
(in general, the results require Ry TR« 1; for details,
however, see Ref (8)). The two complex conjugate
eigenvalues yield an effective relaxation rate for the
perpendicular components (cf. Eq. [13] in Ganter (8)).

o 1 . o 2 P
RLN2N2 {sm 5 R1+(N + cos 5 sin 5 Ry .

(3)

The expression given in Eq. (1) converges to the
results found by Scheffler (cf. Eq. (7) in Ref. (7)) for
$=180".

It is found that the relaxation rate of both compo-
nents depends not only on the flip angle (o) and on
the relaxation rates (R;,) but also on the off-reso-
nance related precession angle (¢). The transient com-
ponent in the magnetization parallel to the steady
state magnetization (Mgs) shows a smooth decay,
whereas the perpendicular components causes the os-
cillatory behavior in the transient phase (see Fig. 3).

In general, the transition to steady-state from ther-
mal equilibrium is completed after 5-T,. However, this
often is not an acceptable waiting time for a rapid
imaging method and typically signal acquisition starts
within the transient phase. Imaging in the transient
phase, however, due to the oscillatory behavior of the
perpendicular components (see Fig. 3) is prone to gen-
erate artifacts. As a result, several preparation meth-
ods have been proposed to facilitate, enhance, or
smooth this transition. The transition to steady state
is shown in Figure 4 for the frequently used single (a/
2 — TR/2) preparation proposed by Deimling and Heid
(9) and a simple saturation recovery, i.e., starting bal-
anced SSFP (bSSFP) after a 90 degrees pulse and
spoiler gradient. With the (a/2 - TR/2) preparation,
the magnetization is initially brought very near to the
final steady state. In general, saturation recovery
shows a smooth transition over the complete range of
off-resonances, whereas residual signal oscillations



Fundamentals of Balanced SSFP MRI

M,/M, o =90° ¢ = 180°
0.8 a/2 - TR/2
............ Mo, = (0,0,0)
0.6
0.4
0.2 _f""... -
0.0¢
a 0 50 100 150 #TR
Mxy/MO o= 900, d) =60°
0.8 a/2 - TR/2
MO = (0r010)
0.6
0.4
0.0 —— ‘ ‘
b 0 50 100 150 #TR

Figure 4. Oscillations in the transient phase (see Fig. 3) can
be smoothed using magnetization preparation schemes: a/2
- TR/2 (a) and saturation recovery (b). Simulation parame-
ters: TR/Ty/T; =5 ms/100 ms/200 ms; o« =90".

can still be present with the (a/2 - TR/2) preparation
approach. As a result, more sophisticated solutions
have been proposed and developed to accelerate the
transition toward the steady state (6,9-13), or to mod-
ify its contrast behavior (cf. the Possibilities to Modify
the BSSFP Contrast section).

The Steady State

The signal properties in the steady state were already
described by Carr (cf. Eq. [10] in Ref (2)) assuming
T>,=T; and subsequently further developed to the
more general case of To <T; by Ernst and Anderson
in 1966 (14) and Freeman and Hill in 1971 (15) and
many others (16-22). Similar to what is observed in
the transient state, the steady state shows not only a
prominent sensitivity to off-resonances (Fig. 5a; see
also Fig. 3), but shows also a strong dependence on
the flip angle (Fig. 5b) and on the relaxation time ratio
T2/T; (see Figs. ba and 5b). Off-resonances (see Fig.
5a) lead to a pronounced and periodic modulation in
the steady state amplitude frequently referred to as
the “frequency response” of balanced SSFP. The high
signal regions are commonly referred to as “pass-
band” regions (=1/(3TR), having a width of approxi-
mately 2/(3TR), i.e., 240", see Scheffler et al) (23),
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whereas the signal regions close to zero are associated
with a “stop-band,” i.e., signal voids (having a width
of approximately 1/3, i.e., 120" of the periodicity of
the frequency response). In general, it is observed that
the steady state amplitude decreases with decreasing
To/T; (Fig. 5a) and that the optimum flip angle (yield-
ing maximum steady state amplitude) decreases with
decreasing T, /T; (Fig. 5b). Of interest, the maximum
signal for some given T,/T; can be preserved but is
shifted toward the stop-band for flip angles a<agpt
(see Fig. 5c). This is in contrast to the signal that can
be achieved with flip angles a > aqp (Fig. 5d) leading
to an overall decrease in the steady state signal over
the complete range of off-resonance related precession
angles.

The steady state amplitude (i.e., the transverse
magnetization component) immediately after the RF
pulse as a function of TR, TE, the flip angle «, relaxa-
tion times T, 5, and off-resonances () is given by (see
Refs. (14-16)).

(1-E))(1-Ee™)sina

+
Mssay = Mo Ccosb+ D @)

where E; 5 := exp(—T; 2/TR) and
C:=E3(E; — 1)(1 +cosa) 5)

D:=(1 - Ejcosa) — (E; — cosa)E2

The distribution of the magnetization components
in steady state are shown in Figure 6a for M™ (i.e., for
t — 0; see Eq. (4)), for t=TR/2, that is for a centered
echo, and for M~ (i.e., for t — TR). Because the steady
state signal drops close to zero for pixels with off-reso-
nance frequencies relating to a phase advance close to
b==* n-360" (n € Nyp), giving rise to dark bands or
“banding artifacts” in images (see Fig. 6b).

Imaging With Balanced Steady State Free
Precession

The simple multi-pulse scheme (Fig. 7a) used to
derive the signal properties of SSFP has to be the
translated into an imaging sequence. The phase
advance ¢ within TR was associated with off-reso-
nance effects and reflects, thus, a global phase for all
the spins within some given voxel. As a result, gradi-
ent moments have to be fully balanced between con-
secutive excitation pulses. A fully balanced SSFP
imaging technique (see Fig. 7b) was already proposed
in 1986 by Oppelt et al (24), but has become feasible
only with the introduction of very fast, strong, and
precise gradient systems. In contrast to the scheme
proposed by Carr for spectroscopy (see Figs. 1 and
7a), RF phase alternation (*a, i.e., a coherent phase
advance of 180" within TR) is commonly applied with
balanced SSFP imaging techniques (see Fig. 7b) to
generate a global 180" phase shift § — ¢ +180°. As a
result, the center of the pass-band is shifted from
¢ =180" (for nonalternating RF phases) to $=0" (for
alternating RF phases), i.e., to on-resonance. With
state-of-the-art hardware components, it is now easily
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Figure 5. a-d: Steady state magnetization (readout after 300TR periods) as a function of off-resonance and relaxation Ty/T;.
Simulation parameters: TR=10 ms; T5/T;= 1=100 ms/100 ms; T5/T; =0.5=100 ms/200 ms; T5/T; =0.1 =100 ms/1000 ms.

Figure 6. a: Distribution of steady state magnetization for the SSFP scheme, as presented in Figure 1, as a function of off-
resonance (0° < ¢ <360), immediately preceding the RF pulse (M" shown in blue; see Eq. (4)), for a centered echo, i.e., at
TE =TR/2 (M shown in black) and immediately preceding the RF pulse (M~ shown in red). The pass-band (60" < ¢ < 300°; see
Fig. 5) is indicated by thickened lines. The flip angle « (around the x-axis connects) links the two configurations M*(t — 0)
and M~ (t — TR), as indicated by the dashed arrow. Off-resonances ¢ lead to precession of the magnetization around the z-
axis, as indicated by the dotted arrow in the plot. As a result, the magnetization at TE=TR/2 (M; shown in black) becomes
refocused, i.e., having a low phase dispersion. (b) Illustrative SSFP steady state image (« ~ 40°, TR < T} ) of spherical phan-
tom (with Ty ~ T; ~ 300 ms), revealing the prominent signal modulation from off-resonances (see also Fig. 5c¢): signal voids
perceived as dark bands appear at ¢ ~+n-360" (withn=0, 1, 2, ...). (Simulation parameters: TR/T5/T; =5 ms/300 ms/300
ms; a=40).
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Figure 7. a: According to Fig. 1, balanced SSFP requires all
gradient dephasing moments to be rewinded before the next
excitation pulse (formally indicated by the time-integral of
the gradient over TR). b: Balanced SSFP imaging sequence
(2D variant) as proposed by Oppelt et al in 1986 (24). In the
illustrated scheme, the echo of balanced SSFP, sampled by
the ADC, is centered between the RF pulses, i.e., at
2 TE=TR (see also Fig. 6a).

possible to achieve very short repetition times (TR ~
3-6 ms, see Scheffler and Lehnhardt) (25), which is a
precondition for successful, i.e., artifact free, balanced
SSFP imaging. Because all gradient moments have to
be fully balanced within each TR, bSSFP is very sensi-
tive to any source of imperfection that disturbs the
perfectly balanced acquisition scheme (see Fig. 7b),
such as variable phase accruals from residual eddy
currents (26), but in general shows quite some
robustness against flow or motion (27).

The steady state amplitude, as given by Eq. (4),
relates to the magnetization immediately after the RF
pulse. The echo amplitude at TE =TR/2, however, is
not additionally weighted by a factor of exp(—TE/Ts*),
as for the conventional RF-spoiled SSFP sequence,
but gets nearly completely refocused, leading to the
formation of a spin echo rather than a gradient echo
(28), and interestingly the signal shows only marginal
variations with TR, as long as, TR « Ty <T; (29).

CONTRAST AND SNR OF BSSFP

Balanced SSFP imaging is implemented with alternat-
ing excitation pulses to confine imaging at the high-
signal pass band as shown in Figure 5. Figure 5 also
shows that the pass band is relatively flat if used in
combination with high flip angles around 30" to 90.
Therefore, application of alternating excitation pulses
ensures a relatively homogenous signal intensity for
possible deviation of the local resonance frequency
due to susceptibility, shim or chemical shift effects.
According to Figure 5 local phase advances are within
one repetition time of approximately =120 is accepta-
ble without significant signal deviations, which trans-
lates into a range of acceptable local frequency
deviations of approximately 700 Hz/TR(ms). As a
result, the repetition time of balanced SSFP always
should be as short as possible, and is usually around
3 ms to 6 ms in conventional clinical applications to
minimize banding artifacts.

The resulting steady state contrast of balanced
SSFP for such short repetition times can be derived
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from Eq, (4). This relatively complicated formula can
be significantly simplified taking into account that T,
and T, relaxation times in biological tissue at field
strength between 0.5T and 4T are much larger than
the typical repetition time of balanced SSFP. Thus, for
TR < T, <T,;, and incorporating alternating excitation
pulses gives the simplified balanced SSFP signal (see
Eq. (4) (20,30).

i (1 —E;)sina
Mssoy = Mo (E; — Ey)cosa — BBy ©

This equation demonstrates that, for short repetition
times, the contrast of balanced SSFP is essentially
T, /T;-weighted, a new and interesting dependence on
T; and T, that generates images far away from the
established and known solely T;- or Ts-weighted
contrast. In addition to T; and Ts, this formula still
has a dependence on the flip angle. It can be shown
that, for given T; and T,, the highest signal can be
achieved at the flip angle o,y given by (30).

M) ~ COS -1 (M) . (7)

-1
o = COS
opt ( Ty /Ty + 1

The corresponding peak signal is then given by:

1 1-E2 1 T,
= =MoL~ = Moy /2 8
27\ 1-E2 2%V ®)

again revealing the T, /T;-weighted contrast.

This is an important and remarkable formula if
seen in the context of relaxation times of biological
tissue. For example, water or liquids (and also tissues
like fat) have a T, relaxation time similar to Ty (i.e., T,
~ Ty), resulting in an optimal flip angle of 90" and sig-
nal of 0.5M,. This is exceptional! A gradient echo
sequence with short repetition time and 90 flip angle
produces a steady state signal of 50% of the total
available equilibrium magnetization My; and this for-
ever, without getting progressively saturated, as long
as the sequence is not turned off. To date, no other
type of sequence (flip-back sequences are closely
related to balanced SSFP) is known that produces a
higher steady state signal. For more common combi-
nations of Ty/T; <« 1, the optimal signal is around
10-30% of My and still significantly higher than for
FLASH sequences (to be ecise, it is always
higher by a factor of 1/4/1— E2 than FLASH), as
shown in Figure 8. The signal-to-noise efficiency,
which is proportional to the square root of the repeti-
tion time divided by the time period of signal recep-
tion, is similar to other sequences with spin warp-
based Cartesian k-space sampling, as the time needed
to travel in k-space without signal reception is
comparable.

In addition to its unconventional T,/T;-weighted
contrast, it is important to analyze contrast as a func-
tion of flip angle and repetition time. For FLASH,
these parameters critically determine the T;-weighting

M

ssxy}a Qopt -
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Figure 8. Steady-state signal for FLASH and balanced SSFP
(TR=10 ms, TE =0) for different combinations of T; and Ty
using optimized flip angles. Because TE =0, the FLASH sig-
nal does not depend on Ts.

and often produce changes in contrast if, for example,
TR is increased to achieve a higher resolution. As
shown in Figure 9 balanced SSFP reveals a signal
that is virtually independent of TR, as long as TR is
kept short compared with T; and Ts, even for a 300%
increase in TR. As a result, balanced SSFP contrast is
robust against changes in TR, and for example
against changes in image resolution which is always
related to changes in TR (for optimized sequences).
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Figure 9. Dependence of the steady state transverse magnet-
ization of FLASH and bSSFP on the repetition time TR for dif-
ferent combinations of T; and Ts. For both sequences, the
flip angle was constant and corresponds to the optimal flip
angle at TR=7 ms. For bSSFP, the signal is virtually inde-
pendent of TR.

POSSIBILITIES TO MODIFY THE BSSFP CONTRAST
Modifying the Flip Angles

Preparation of the initial equilibrium magnetization is
a common approach to modify image contrast or to
stabilize the transient phase of sequences. As shown
above,

balanced SSFP not only has a different

My €

My f / My

-09 -06 -03 0.0 0.3 0.6 09 09 -06 -03

0.3 0.6 09 -09 -06 -03 0.0 0.3 0.6 0.9

Figure 10. Transient phase of different preparation schemes. The dots indicate the tip of the on-resonance magnetization
vector along the RF pulse train indicated by arrows, all starting at equilibrium magnetization M, =1 and M, =0 (see Fig. 1). a:
no preparation. b: a/2-TR/2 preparation. Linear increasing flip angles in 7 steps, (d) as (c) but in 40 steps, T2-TIDE prepara-
tion consisting of an initial 90'-TR/2 preparation followed by several alternating 180" pulses to enhance T2-weighting and
then a linear decrease to the final flip angle (e), and double steady state (f) (70" and 35’). The ellipse indicates the steady state
position for flip angles « between —180" and 180°. For all simulations, the final flip angle was 70°, TR=5 ms, T; =80 ms,

To= 20 ms (except for f) T; =280 ms, To= 80 ms).
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Figure 11. a: The T2-preparation image (T2-TIDE) has been
achieved by a TIDE preparation that initially uses high flip
angles up to 180 degrees (to produce a T2-contrast similar to
the TSE technique) followed by decreasing flip angles. b: A
conventional 3D bSSFP image that shows the T2/T1-
weighted steady state contrast and hence no grey-white mat-
ter contrast. c: An example of a T2-weighted resolution
enhanced Tl-insensitive steady-state imaging (RE-TOSSI)
produced by the application of nonuniformely spaced inver-
sion pulses. d: Compared with the conventional 2D bSSFP
image, no fatty structures are visible in RE-TOSSI. The sig-
nificant contrast difference of the transient and steady state
phase of bSSFP is clearly demonstrated in (b) and (d). As (b)
is a 3D acquisition the contrast is in the steady state and
thus T2/T1-weighte, whereas in (d) the partially T2-weighted
transient contrast is visible. T2-Tide and 3D bSSFP are cop-
ied from: Paul D, Markl M, Fautz HP, Hennig J. T2-Weighted
Balanced SSFP Imaging (T2-TIDE) Using Variable Flip
Angles. MRM 56:82-93 (2006). Figure 9 b and c. Left: T2-
TIDE, right 3D bSSFP. RE-TOSSI and 2D bSSFP are copied
from: Derakhshan JJ, Nour SG, Sunshine JL, Griswold MA,
Duerk JL. Resolution Enhanced T1-Insensitive Steady-State
Imaging. MRM 68:421-429 (2012), Fig. 6. Left: RE-TOSSI,
right bSSFP.

contrast within the transient phase but also requires
preparation pulses to suppress signal oscillation for a
smooth approach to the steady state. The well-known
a/2 - TR/2 preparation invented by Deimling and
Heid (9) is an effective and simple technique to bring
the magnetization to the desired position on the relax-
ation cone, as shown in Figure 10b. However, it can
be shown that this simple technique is sensitive to
local off-resonance frequencies, and thus several
other preparation techniques have been described
(6,12,13). In many commercial implementations, a
slow increase (linear or other) of the initial flip angles
is implemented that significantly reduces signal oscil-
lation within the transient phase, as shown in Figure
10c and 10d for 7 and 40 linear steps to the final flip
angle. Other preparation schemes with the combined
goal of signal stabilization (or catalyzation) and con-
trast modification have been proposed, for example,
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the TIDE technique for improved Ty-weighting and/or
intrinsic fat suppression, as shown in Figure 10e
(11,31,32). Figure 10f shows a dual steady state that
also can be used for fat suppression (33).

In general, the SSFP signal or contrast as stated in
Egs. (4-8), is valid only for ideal systems and condi-
tions. Only recently, it was realized that, for common
SSFP protocols, the signal from tissues can be
strongly affected by magnetization transfer (MT)
effects (29), leading to prominent deviations (up to
50%, or even more) from the common signal model
(see Eq. (6)). Furthermore, the condition of quasi-in-
stantaneous RF excitation pulses with respect to their
repetition time is for contemporary SSFP protocols fre-
quently not granted. Typically, with fast imaging pro-
tocols, the duration of the excitation pulses elongates
over a considerable fraction of the TR time. As a
result, the approximation of quasi-instantaneous RF
excitation breaks down, leading to an overall increase
in the steady state signal (34), however, without
affecting the prominent T, /T; contrast (35).

Preparation Techniques

As for most other sequences, balanced SSFP can be
combined with a preceding magnetization preparation
module, for example, to suppress fat with frequency
selective saturation pulses or with inversion pulses to
null the signal of specific tissue or to sample the
recovery of magnetization for T; quantification (9). An
interesting preparation variant that is composed of
several inversion pulses is the recently developed
TOSSI technique (36). Application of nonuniformly
spaced inversion pulses aligns the magnetization par-
allel and anti-parallel to By and produces a pure T
contrast.

In contrast to other sequences, balanced SSFP
allows the possibility to apply preparation pulses

Figure 12. From Stuber et al shows SSFP coronary MRA of
the right (a) and left (b) coronary systems of two healthy
adult subjects, acquired using free-breathing, navigators and
T2-preparation, but without contrast agent. Ao=ascending
aorta; RV =right ventricle; LV =left ventricle; LAD =left ante-
rior descending; RCA=right coronary artery. From: Stuber
M, Weiss RG. Coronary Magnetic Resonance Angiography.
JMRI 26:219-234 (2007) Fig. 7. SSFP coronary MRA of the
right (a) and left (b) coronary systems of two healthy adult
subjects, acquired using free-breathing and navigators. The
use of SSFP leads to high SNR, CNR, and vessel conspicuity.
Ao =ascending aorta; RV =right ventricle; LV =left ventricle;
LAD =left anterior descending; RCA =right coronary artery.
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within the running train of pulses without disturb-
ance of the fragile steady state. A flip back TR/2 — o/
2 module that is identical to the time-reversed o/2 —
TR/2 preparation stores the current steady state mag-
netization in the longitudinal direction, and, after
application of a magnetization preparation module, is
reused and reintroduced by means of the a/2 — TR/2
preparation into the balanced SSFP pulse train (23).
This allows an effective and flexible way of combining
magnetization preparation with balanced SSFP, and
so far, a similar technique for FLASH has not been
discovered.

CLINICAL APPLICATIONS

A common feature of rapid SSFP sequences (whether
balanced or not) is their mixed T; and Ty contrast
given by 1/2M0(T2/T1)1/2 (20). Unfortunately, the Ty/T;-
weighted contrast is not optimal for diagnostic pur-
poses. As described above, novel techniques, such as
T»-TIDE and TOSSI (see Fig. 11a and 11b, and Fig.
11c and 11d), have been developed which produce a
contrast that is closely related to Ty, but their robust-
ness and advances compared with TSE-based T, tech-
niques still has to be proven. Thus, major clinical
applications have focused on rapid morphological
imaging, especially of the beating heart (see Fig. 12),
i.e., to assess ejection fractions, to evaluate ventricu-
lar function, to detect infarcted myocardium, and to
image renal and coronary arteries (37,38). For these
applications, the T5/T;-weighted signal generates a
high contrast between blood and myocardium or ves-
sel wall. In addition, cardiac imaging benefits from
the intrinsic flow compensation of balanced SSFP
along the phase and slice directions (for the two-
dimensional [2D] version), which reduces artifacts
and enhances the signal of inflowing blood. Likewise,
the high temporal resolution and robustness against
motion and flow is also beneficial for interventional
procedures where the movement of catheters, guide-
wires, or needles is monitored under MR guidance
(39).

SUMMARY

Among all SSFP sequences, balanced SSFP offers the
highest signal-to-noise, but has limited clinical appli-
cation for diagnostic imaging due to the mixed Ty/T;
contrast behavior. As a result, several magnetization
preparation techniques were proposed over the years
to yield, for specific applications, a more diagnosti-
cally relevant contrast. In contrast to nonbalanced
SSFP, bSSFP is quite robust against motion or flow
and has thus become a valuable tool for functional or
morphological imaging, such as for cardio-vascular
applications.
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