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Steady-state sequences are a class of rapid magnetic resonance (MR)
imaging techniques based on fast gradient-echo acquisitions in which
both longitudinal magnetization (ILM) and transverse magnetization
(TM) are kept constant. Both LM and TM reach a nonzero steady
state through the use of a repetition time that is shorter than the T2
relaxation time of tissue. When TM is maintained as multiple radio-
frequency excitation pulses are applied, two types of signal are formed
once steady state is reached: preexcitation signal (S—) from echo
reformation; and postexcitation signal (S+), which consists of free
induction decay. Depending on the signal sampled and used to form
an image, steady-state sequences can be classified as (a) postexcita-
tion refocused (only S+ is sampled), (b) preexcitation refocused (only
S—is sampled), and (¢) fully refocused (both S+ and S— are sampled)
sequences. All tissues with a reasonably long T2 relaxation time will
show additional signals due to various refocused echo paths. Steady-
state sequences have revolutionized cardiac imaging and have become
the standard for anatomic functional cardiac imaging and for the as-
sessment of myocardial viability because of their good signal-to-noise
ratio and contrast-to-noise ratio and increased speed of acquisition.
They are also useful in abdominal and fetal imaging and hold promise
for interventional MR imaging. Because steady-state sequences are
now commonly used in MR imaging, radiologists will benefit from un-
derstanding the underlying physics, classification, and clinical applica-
tions of these sequences.
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Abbreviations: CSF = cerebrospinal fluid, FID = free induction decay, GRE = gradient-echo, LM = longitudinal magnetization, RF = radiofre-
quency, SNR = signal-to-noise ratio, TE = echo time, TM = transverse magnetization, TR = repetition time, 3D = three-dimensional
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Introduction
With recent advances in gradient system and
power amplifier technology leading to higher
gradient amplitude and higher slew rates, gradi-
ent-echo (GRE) sequences have become fast
and robust. One type of fast GRE sequence is
a steady-state sequence, in which longitudinal
magnetization (LM) and transverse magnetiza-
tion (TM) are kept constant (ie, at the same
magnitude) with each cycle (1,2). Steady-state
sequences have proved useful in a variety of ap-
plications, including imaging of the heart and
vessels. They are now commonly available for and
frequently used in magnetic resonance (MR) im-
aging. Hence, it is imperative for radiologists to
understand the basic physics and applications of
these sequences.

In this article, we review the definition and the
means of achieving steady state; discuss and illus-
trate various types of steady-state sequences and
their clinical applications; describe nuances of
GRE sequences and the nomenclature for steady-
state sequences used by different vendors of MR
imaging equipment; and discuss the advantages
of steady-state sequences.

What Is Steady State?

When a patient is placed in a magnet (MR im-
ager), randomly moving protons in the body align
along the Z axis (the long axis of the patient as
well as the bore in superconducting magnets) to
form a magnetization force under the influence
of an external magnetic field. This magnetization
force is represented as a vector along the positive
side of the Z axis and is called LM. When LM
is tilted by a radiofrequency (RF) pulse into the
transverse plane, it is called TM. The net mag-
netization is the sum of LM and TM. The mag-
nitudes of LM and TM do not remain constant
during one repetition time (TR) period or with
subsequent excitations with conventional spin-
echo sequences. Details concerning LM and TM
and their behavior with pulse sequences can be
found in standard MR imaging textbooks (3,4).

When the same sequence of RF excitations
and relaxation is repeated, a steady state forms
in which the magnetization at some point in the
sequence is constant from one repetition to the
next. This article focuses specifically on the sce-
nario in which both LM and TM reach a nonzero
steady-state condition (ie, as used in steady-state
sequences).
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Gradient-echo Sequences

RF-spoiled residual TM
(eg, FLASH/SPGR/T1 FFE)

Residual TM refocused
leading to steady state of TM and
LM (eg, steady-state sequences)
Figure 1. Chart illustrates the two types of GRE
sequences. FLASH = fast low-angle shot (Siemens
Medical Systems, Erlangen, Germany), SPGR = spoiled
gradient-recalled echo (GE Medical Systems, Mil-
waukee, Wis), FFE = fast field echo (Philips Medical
Systems, Best, the Netherlands).

There are basically two types of fast GRE se-
quences (Fig 1). In the first type, residual TM is
spoiled; thus, the sequence is called an incoherent
or spoiled GRE sequence. Examples of this type
include FLASH (Siemens), SPGR (GE Medical
Systems), and T1-FFE (Philips) sequences. In
the second type of fast GRE sequence, TM is not
spoiled but is refocused to contribute to steady-
state formation. This type of sequence is called
a coherent or steady-state GRE sequence. Note
that although a GRE sequence with spoiled TM
is not considered a classic steady-state sequence,
steady state is achieved for the LM component.
For this reason, these sequences have been called
steady-state incoherent sequences by some au-
thors (5). Classic steady-state sequences have
been termed steady-state coherent sequences by
these same authors (5).

How Is Steady State Achieved?
A steady state of both LM and TM is achieved
by keeping the TR shorter than the T2 relaxation
times of the tissue (6). Because the TR is shorter
than T2, there is not enough time for TM to
decay completely before the next RF pulse ex-
citation, so that there will be some residual TM
left over. This residual TM is fed back into LM
with the next RF excitation. At the same time,
a portion of LM is flipped into the transverse
plane. If this sequence is continued, after several
TR periods a steady state of the magnetization
is established, with constant magnitudes of LM
and TM (Fig 2). The amount of TM fed back
into LM increases with the flip angle up to 90°.
Therefore, the degree of steady-state equilibrium
increases with flip angle (6). The usual range of
flip angle required to achieve the highest signal in
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Note that although a GRE sequence with spoiled TM is not considered a classic steady-state sequence, steady state is achieved for the LM component. For this reason, these sequences have been called steady-state incoherent sequences by some authors (5). Classic steady-state sequences have been termed steady-state coherent sequences by these same authors (5).
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Figure 2. Graphs show steady-state
formation in GRE pulse sequences. In
A, magnetization before application of an
RF excitation pulse is shown. In B, the
RF pulse tips the magnetization by 6°.

In C, the resulting tipped magnetization
has an LM that recovers and a TM that
decays during the TR period. As seen

in D, during the TR period, the TM can
precess through a 180° phase shift in the
transverse plane. In E, the succeeding RF

LM pulse simultaneously tips a component of
residual TM back along the +Z axis and a
portion of LM into the transverse plane.

™ In F, after several TR periods, this feeding

of LM into TM and vice versa establishes
a steady state of both LM and TM.

Figure 3. Signals produced in steady
state. Once the steady equilibrium of LM
and TM is reached, two types of signals

W

+—TR —»

Excitation —Vl‘

Wi

are produced: The first signal is free induc-
tion decay (FID) (S+), which is formed
after excitation with the most recent RF
pulse. The second component is spin echo
(SE [S-]), which is formed when residual
echo from the previous RF excitation is
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a steady state is 50°-80° (7). As echo time (TE)
is increased, T2* weighting of the sequence in-
creases (6).

Reaching Steady State
The transient phase that precedes steady-state
magnetization is complex and oscillatory and
requires several TR periods. When an o/2 pulse
(where o = flip angle) is sent at a time TR/2 be-
fore a train of RF pulses, steady state is reached
in approximately 40-50 RF pulses (8). With on-
resonance frequency, an RF pulse of 0/2 sent be-
fore a train of RF pulses forces the magnetization
vector immediately into steady state (9). For off-
resonance spins, however, signal oscillations per-
sist despite the 0/2 pulse. This situation can be
improved with the application of linearly increas-
ing flip angles, allowing a steady state of magne-
tization to be reached in 10-15 pulses (10,11).
With linear flip angle preparation, fluctuations
are reduced and data can be acquired in the tran-

sient phase (9). Once steady state is reached, the
magnetization vector oscillates between +0/2 and
—0/2 about the Z axis (9).

Types of Steady-State Sequences
When phase-coherent RF pulses of the same
flip angle are applied with a constant TR that is
shorter than the T2 of the tissue, a dynamic equi-
librium is achieved between TM and LM (12).
Once this equilibrium is reached, two types of
signals are produced (Fig 3) (12).The first type is
a postexcitation signal (S+) that consists of FID
arising from the most recent RF pulse. The sec-
ond signal is echo reformation that occurs prior
to excitation (S—) and results when residual echo
is refocused at the time of the subsequent RF
pulse. FID (S+) has mixed T'1 and T2* weight-
ing. The spin echo (S-) is strongly T2 weighted
and has negligible T2* weighting (13,14).
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FID (S+) has mixed T1 and T2* weighting. The spin echo (S[minus]) is strongly T2 weighted and has negligible T2* weighting.
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Figure 4. GRE sequences. o = flip angle, G = gradient. (a) Spoiled GRE sequence. After the signal is acquired
with reversal of the frequency-encoding (readout) gradient, residual TM is dephased with a spoiler gradient so that
it does not interfere with the next RF excitation. (b) Postexcitation refocused steady-state sequence. With this se-
quence, instead of spoiling, residual TM is refocused with a gradient along the phase-encoding axis (phase rewinder)
such that a steady state of TM is achieved after a few TR periods. The difference in contrast between this sequence
and a spoiled GRE sequence (cf a) is manifested only when TR is less than T2 and large flip angles are used. Slice-
selection and readout gradients are not balanced. (¢) Preexcitation refocused steady-state sequence. Time reversal
of both slice-selection and readout gradients (cf b) is done in this sequence. which consequently is called “reversed
FISP” by Siemens. As with a postexcitation refocused steady-state sequence, slice-selection and readout gradients
are not balanced. TE is longer than TR, since the signal of the current RF excitation is refocused at the time of the
subsequent excitation. (d) Fully refocused steady-state sequence. Gradients along all three axes (slice-selection,
phase-encoding, and readout) are fully balanced such that, between RF pulses, the sum of positive gradient areas is
exactly balanced by the sum of negative gradient areas. Because there is no dephasing of the magnetization within
the TR period, it is nearly identical at the beginning and at the end of the period (just before the next RF excitation).

Depending on what signals are sampled and
used for image formation, steady-state sequences
can be classified as follows (Fig 4, Table 1)
(1,15):

1. Postexcitation refocused steady-state se-
quences, in which only the FID (S+) component
is sampled (eg, FISP [Siemens], GRASS [GE
Medical Systems], FFE, Fourier-acquired steady-
state technique [FAST; Picker International,
Cleveland, Ohio]).

2. Preexcitation refocused steady-state se-
quences, in which only the spin-echo (§—) com-
ponent is used for image formation (eg, PSIF
[reversed FISP, Siemens]; steady-state free pre-
cession [SSFP, GE Medical Systems]; T2-FFE).

3. Fully refocused steady-state sequences,
in which both FID (S+) and spin-echo (S-)
components are used for image formation. This
sequence is also called balanced SSFP, since gra-
dients applied in all three axes are balanced (eg,
true FISP, FIESTA [GE Medical Systems], bal-
anced FFE).


Teaching Point
Depending on what signals are sampled and used for image formation, steady-state sequences can be classified as follows:
1. 	Postexcitation refocused steady-state sequences, in which only the FID (S+) component is sampled (eg, FISP [Siemens], GRASS [GE Medical Systems], FFE, Fourier-acquired steady-	state technique [FAST; Picker International, Cleveland, Ohio]).
2. 	Preexcitation refocused steady-state sequences, in which only the spin-echo (S[minus]) component is used for image formation (eg, PSIF [reversed FISP, Siemens]; steady-state free precession [SSFP, GE Medical Systems]; T2-FFE).
3.	Fully refocused steady-state sequences, in which both FID (S+) and spin-echo (S[minus]) 	components are used for image formation. This sequence is also called balanced SSFP, since gradients applied in all three axes are balanced (eg, true FISP, FIESTA [GE Medical Systems], balanced FFE).



RadioGraphics

RG B Volume 28 ¢« Number 4

Chavhan et al 1151

Table 1
Features of Major GRE Sequences
Steady-State Sequences
Postexcitation Refo- Preexcitation
Features Spoiled GRE Sequence cused Refocused Fully Refocused
Signalused  FID FID (S+) Spin echo (S-) S+, S-
for image
formation
Refocusing Phase-encoding Phase-encoding Slice-selection,
axis phase-encod-
ing, frequency-
encoding
Image T1 T2%* T2 BothT1 and T2
weighting (determined by
T2/T1 ratio of
tissue)
Appearance  Bright Dark Dark Bright on two-
of vessels dimensional
images, dark on
3D images
Motion sen-  Sensitive Sensitive due to long  Sensitive due to long  Intrinsically mo-
sitivity TE and acquisition effective TE and tion insensitive
window “crusher” gradient
Artifacts Susceptibility Movement, flow, Movement, flow Banding artifacts
susceptibility
Advantages Fast T'1-weighted images T2*-weighted images  True T2-weighted High SNR, less
can be acquired before can be obtained images can be sensitive to
and after injection of obtained motion
gadolinium-based con-
trast material
Major appli- Pre- and postcontrast Cartilage and me- Cerebrospinal Cardiac imag-
cations T1-weighted images of niscal evaluation, fluid (CSF) flow ing, abdominal
various body parts, dy- MR angiogra- studies, inner ear, imaging, fetal
namic acquisitions with phy; now largely CSF fistulas, in- imaging
multiple phases during replaced by fully terventional MR
contrast material injec- balanced steady- imaging, diffusion
tion, MR angiography state sequences MR imaging, MR
myelography

Apart from these basic types of steady-state se-
quences, a few other commonly used steady-state
sequences can be formed by modifying the fully
refocused steady-state sequences.

Constructive Interference

into Steady State/FIESTA-C

Constructive interference into steady state (CISS,
Siemens)/FIESTA-C (1,16) is a slow version of
fully refocused steady-state sequences with a TR
of approximately 15—20 msec. CISS combines
two consecutive runs of three-dimensional (3D)
balanced SSFP. The first run makes use of alter-

nating +o and —o excitation pulses (where o =
flip angle), and the second run is performed with
constant o pulses. The two image sets thus ac-
quired show mutually shifted “banding artifacts.”
Maximum intensity projection between these two
data sets yields the banding artifact—free CISS
image (7).

Dual-Echo Steady-State Sequence

The dual-echo steady-state (DESS, Siemens)
sequence (1) is a variation of true FISP. In the
DESS sequence, images are formed from FISP
(S+) and PSIF (S-) signals separately and are
then combined to form a single image. In the
true FISP sequence, the two signals (S+ and S-)
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themselves are combined to form an image. PSIF
signal accentuates the signal intensity of struc-
tures or components in the image with long T2,
such as fluid. Because of its T'1 weighting, FISP
(S+) signal provides anatomic details (9).

Steady-State Projection Imaging

with Dynamic Echo Train Readout
Steady-state projection imaging with dynamic
echo train readout (SPIDER, Siemens) (13,17)
is a modification of the true FISP sequence in
which k space is filled with radial trajectory.
There is no phase-encoding gradient. The direc-
tion of the readout gradient is rotated in a series
of projections like the spokes of a wheel (18).
For each measurement, the gradient amplitudes
are varied to provide another projection (13).
Multiple echoes are acquired following each RF
excitation while refocusing the magnetization to
maintain a steady state (19).

Nuances of GRE Sequences
Differences between various steady-state se-
quences, including spoiled GRE sequences, lie
in the differences in gradient switching patterns
applied between consecutive excitation pulses.
Different gradient time courses produce differ-
ent dephasing within TR that leads to different
contrast among the various types of steady-state
sequences (7).

In spoiled GRE sequences (Figs 4a, 5a), re-
sidual TM is dephased by a spoiler gradient after
the signal has been read and before the next ex-
citation pulse is sent. In postexcitation refocused
steady-state sequences (Figs 4b, 5b), residual TM
is refocused with an extra phase-encoding gradi-
ent with opposite polarity. FID is acquired in
both types of sequences, but the FID in postex-
citation refocused steady-state sequences has
contributions from various refocused echoes such
as spin echoes and stimulated echoes (transverse
coherence) (20). Differences in contrast behav-
ior between these two sequences are manifested
only when TR is less than T2 and a large flip angle
is used (8). For the short TR, spoiled GRE se-
quences display T'1 weighting, whereas postexcita-
tion refocused steady-state sequences yield T2/T1—
weighted images with sensitivity to T2% effects.

RG H Volume 28 * Number 4

On the other hand, in preexcitation refocused
steady-state sequences (Figs 4c, 5¢), time reversal
of both slice-selection and readout gradients is
performed to acquire the PSIF (S-) signal. This
signal represents a complicated overlap of spin
echoes and stimulated echoes. Effective TE is
greater than TR, since the signal of the current
RF excitation is refocused in the next excita-
tion. PSIF (8-) signal has the same sensitivity
to inhomogeneity and susceptibility as the FID
of spoiled GRE sequences and the FISP (S+)
signal of postexcitation refocused steady-state
sequences. Images produced with preexcitation
steady-state sequences are heavily T2 weighted.
Contrast is highly dependent on the flip angle.

The main difference between fully refocused
steady-state sequences (balanced SSFP) (Fig
4d) and other GRE sequences is the use of bal-
anced gradients in all three axes (slice-selection,
phase-encoding, and readout) such that gradient-
induced dephasing within TR is exactly zero (21).
This makes balanced SSFP relatively insensitive
to motion. In nonbalanced GRE sequences, slice-
selection and readout gradients are not balanced.
Contrast in balanced SSFP depends on the T2/
T1 ratio. Thus, there is very high signal intensity
for fat and water because of their high T2/T'1
ratio. Balanced SSFP is not as sensitive to con-
ventional T2* effects as are other GRE sequences
(Fig 5d). This phenomenon may be related to
field inhomogeneity—induced dephasing being
(within a certain range) nearly completely refo-
cused at TE =TR/2, leading to the formation of a
spin echo rather than a gradient echo (22).

Contrast differences also exist between two-di-
mensional and 3D balanced SSFP sequences be-
cause of the long duration of the transient phase
(7). Two-dimensional balanced SSFP images
display contrast between proton density and T2/
T1, whereas 3D images have pure steady-state
contrast characterized by poor gray matter—white
matter differentiation and increased signal from
fat and water. Whereas vessels are bright due to
flow enhancement on two-dimensional images,
they are dark on 3D balanced SSFP images (7).
Vessels are bright with spoiled GRE sequences,
whereas they are dark with pre- and postexcita-
tion refocused steady-state sequences because of
the sensitivity of these sequences to the flow re-
sulting from dephasing of TM (Fig 5).
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The main difference between fully refocused steady-state sequences (balanced SSFP) and other GRE sequences is the use of balanced gradients in all three axes (slice-selection, phase-encoding, and readout) such that gradient-induced dephasing within TR is exactly zero. This makes balanced SSFP relatively insensitive to motion. In nonbalanced GRE sequences, slice-selection and readout gradients are not balanced.
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Figure 5. Nuances of GRE sequences. (a) On an axial 3D SPGR (spoiled GRE) image obtained after
the intravenous injection of gadolinium-based contrast material, the CSF is dark. Gray matter—white
matter differentiation is seen in the cerebellum and the temporal lobes. Vessels are bright (arrows) and
were in fact bright even on noncontrast images from this sequence. No significant susceptibility artifacts
are seen at tissue interfaces (arrowheads). (b) On an axial fast MPGR (GE Medical Systems) image
(postexcitation refocused steady-state sequence), the CSF is bright and vessels are dark (arrows). Gray
matter—white matter differentiation is seen. Note the marked susceptibility artifacts at tissue interfaces
(arrowheads) owing to the T2* weighting of the sequence. (c) On an axial 3D PSIF image (preexcita-
tion refocused steady-state sequence), the CSF is markedly bright and vessels are dark (arrows). Gray
matter-white matter differentiation is not possible. No significant susceptibility artifacts are seen at
tissue interfaces (arrowheads). However, marked sensitivity to flow and motion is seen, with CSF flow
artifact in the fourth ventricle. (d) On an axial 3D CISS image (modified fully refocused steady-state se-
quence), the CSF is bright but vessels (arrows) are not. Gray matter—white matter differentiation is not
possible. No significant susceptibility, motion, or flow artifacts are seen.
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Table 2
Manufacturers’ Nomenclature for Major GRE Sequences

Type of Sequence

Postexcitation Preexcitation
Manufacturer Spoiled GRE Refocused* Refocused* Fully Refocused*
Siemens FLASH FISP PSIF (reversed FISP) True FISP
GE Medical SPGR, MPGR GRASS, fast MPGR SSFP FIESTA
Systems
Philips T1-FFE FFE T2-FFE Balanced FFE

Sources.—References 1, 13, and 15.

Note.—FFE = fast field echo, FIESTA = fast imaging employing steady-state acquisition, FISP = fast imaging
with steady-state precession, FLASH = fast low-angle shot, GRASS = gradient-recalled acquisition in the steady
state, MPGR = multiplanar gradient-recalled, SPGR = spoiled gradient-recalled, SSFP = steady-state free

precession.
*Steady-state sequence.

Nomenclature

among Different Vendors
There is much confusion regarding the nomen-
clature for sequences used by different MR imag-
ing equipment manufacturers. This holds true
for steady-state sequences as well. Some authors
classify whole groups of steady-state sequences as
SSFP sequences (2,12,23), whereas GE Medical
Systems reserves this label only for preexcitation
refocused steady-state sequences. Fully refocused
steady-state sequences are also called balanced
SSFP sequences (7). The nomenclature used by
major manufacturers like Siemens, GE Medical
Systems, and Philips is shown in Table 2.

What Are the Advantages

of Steady-State Sequences?
Shorter TR and therefore shorter imaging times
can be achieved with steady-state sequences. With
short TR and TE, all tissues with reasonably long
T2 relaxation times will demonstrate additional
signal due to various refocused echo paths (13).
The advantages of steady-state sequences include
the highest possible signal-to-noise ratio (SNR)
per unit time among all known sequences (7),
better contrast-to-noise ratio compared with
spoiled GRE sequences, and increased signals,
along with improved speed of acquisition. The
speed of acquisition is comparable to that of fast
spin-echo and echoplanar imaging sequences. It

is possible to study rapid physiologic processes
with breath-hold acquisitions. Steady-state se-
quences have the advantage of speed that reduces
motion artifacts from (for example) respiration
and peristalsis.

Clinical Applications

Postexcitation Refo-
cused Steady-State Sequences
Postexcitation refocused steady-state sequences
are most often used to generate T2*-weighted
images, depending on the TR and flip angle cho-
sen. They have been used to detect brain hemor-
rhages and to evaluate cartilage and meniscal le-
sions (Fig 6), as well as for MR angiography (1).
These sequences cannot make use of a high
bandwidth and are therefore associated with an
increased acquisition window and a relatively
long TE compared with balanced SSFP se-
quences. They are also sensitive to motion and
flow. These features have reduced the number of
clinical applications of these sequences, which
have been taken over by fully refocused steady-
state sequences.

Preexcitation Refo-

cused Steady-State Sequences

A preexcitation refocused steady-state sequence
makes use of spin-echo (S§-) signal. FID (S+)

is destroyed by a crusher gradient (a gradient
that dephases all signals but rephases only those
that are generated by the correct pulses) on the
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Figure 6. Joint imaging with a fast MPGR sequence in a 14-year-old girl who was under-
going steroid treatment for systemic lupus erythematosus. On sagittal (a) and coronal (b)
fast MPGR images (postexcitation refocused steady-state sequence) of the elbow, changes
of avascular necrosis are seen, with a large osteochondral defect (arrow) in the anterior part
of the capitellum. Articular cartilage is seen as a bright structure surrounding the articular

surface of bones (arrowheads in a).

slice-selection axis. It is heavily T2 weighted and
has negligible T2* weighting (Fig 5¢) (13). Its
long effective TE and crusher gradient increase
sensitivity to motion and flow, thereby limiting
its clinical use (23). Nonetheless, it has proved
useful for evaluation of various conditions. It has
been used to differentiate an intracranial cyst
from a CSF space (14). A cine-mode retrospec-
tively electrocardiographically gated flow-sensi-
tive PSIF sequence shows signal attenuation in
CSF spaces due to CSF flow, whereas persistent
increased T2 signals are seen in cystic spaces or
cysts not communicating with CSF spaces. PSIF
is also useful for the detection of CSF fistulas
(24), CSF flow studies for the evaluation of third
ventriculostomy (25), MR myelography (26), and
diffusion imaging of the spine to differentiate be-
tween osteoporotic and neoplastic fractures (27).
In addition, it has been used to visualize tumor
and thermal lesions during intervention (13) and
for other interventions (28,29).

Fully Refocused

Steady-State Sequences

Fully refocused steady-state sequences have
introduced a new era in MR imaging and have

revolutionized cardiac imaging. All three axes
are balanced in this type of sequence, which is
the least sensitive to motion artifacts. However,
the sequence is somewhat limited by banding
artifacts (linear bands of low signal), especially
at air-tissue interfaces caused by field inhomo-
geneities (18,30). Banding artifacts can be re-
duced by alternating the phase of the RF pulse
by 180° with subsequent TR periods, by keeping
TR as low as possible, and by using the proper
shimming (9). Present and potential clinical ap-
plications of balanced SSFP are discussed in the
following paragraphs.

Cardiac Imaging.—Contrast in balanced SSFP
is dependent on the T2/T1 ratio. Blood has a
much higher T2/T1 ratio than does myocardium.
The sequence is flow compensated and intrinsi-
cally insensitive to flow because of even echo
rephasing, which is due to the multiple GRE
pulses used. An intrinsically high SNR makes it
possible to image with a higher bandwidth and

a very short TR. All of these factors make this
sequence suitable for cardiac imaging (Fig 7) (2),
wherein it is used to assess myocardial viability
(Fig 8), perfusion, pericardial diseases, and con-
genital heart diseases (Fig 9). Cine true FISP is
used to assess cardiac wall motion, cardiac func-
tion, and cardiac valves (Fig 10). Coronary as-
sessment with true FISP is not yet clinically use-
ful because of the poor resolution of distal coro-
nary arteries and branches. However, true FISP
does hold promise in coronary imaging (31,32).

Teaching
Point



Teaching Point
Contrast in balanced SSFP is dependent on the T2/T1 ratio. Blood has a much higher T2/T1 ratio than does myocardium. The sequence is flow compensated and intrinsically insensitive to flow because of even echo rephasing, which is due to the multiple GRE pulses used. An intrinsically high SNR makes it possible to image with a higher bandwidth and a very short TR. All of these factors make this sequence suitable for cardiac imaging.
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Figure 7. Cardiac imaging with a true FISP sequence. True FISP images (two-chamber [a] and four-cham-
ber [b] views) show the normal cardiac anatomy. Dark myocardium (arrowheads) and valve leaflets (arrow in

b) are well appreciated against a background of bright blood. Ao = aorta, IVVS = interventricular septum,

LA = left atrium, LV = left ventricle, PA = pulmonary artery, RA = right atrium, Rl = right ventricle.

Figure 8. Assessment of myocardial viability. True
FISP image (short-axis view) obtained 10 minutes
after contrast material injection shows delayed
enhancement in the anteroseptal (arrow) and infe-
roseptal (arrowheads) left ventricular wall, findings
that are suggestive of nonviable myocardium. Be-
cause bright areas represent nonviable myocardium,
it is said that “bright is dead” at viability imaging.
Cardiac MR imaging has arguably become the new
standard for the assessment of myocardial viability
and scar. LV = left ventricle, Rl = right ventricle.

Abdominal Imaging.—The entire abdomen
can be imaged with balanced SSFP during a
single breath hold. Blood, bile, and fat are bright
on true FISP images due to their high T2/T1 ra-
tio (Fig 11). Bile ducts and pancreatic ducts are
well seen with this sequence (33). Blood vessels
can be assessed without contrast material injec-
tion (33).This sequence is especially useful in
patients who have difficulty holding their breath.
It has also proved useful in (@) the delineation
of bowel wall disease and overall bowel anatomy
when performed with a water-based intraluminal
distending agent (34), and (b) the evaluation of
renal and pelvic disease.
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Figure 9. Congenital heart disease in a 3-year-old boy. Axial FIESTA images obtained at the supracarinal (a) and
carinal (b) levels show the left superior vena cava (SVC) opening into the coronary sinus. The patient also had in-
terruption of the suprarenal inferior vena cava with azygous continuation. Pulmonary stenosis is seen as a bright jet
in the main pulmonary artery (MPA). A = artery, Asc Ao = ascending aorta, Dsc Ao = descending aorta, LA = left
atrium, LPA = left pulmonary artery, RPA = right pulmonary artery.

Figure 10. Cardiac valvular disease. True
FISP image (four-chamber view) shows
stenosis of the mitral valve with a jet (arrow)
in the left ventricle (LV).The left atrium
(LA) is dilated. Dsc Ao = descending aorta,
IVS = interventricular septum, R4 = right
atrium, RV = right ventricle.

Figure 11. Abdominal imaging with a bal-
anced SSFP sequence. On a coronal true
FISP image of the abdomen, the vessels and
biliary system are bright. Note the calculus
(arrow) in the neck of the distended gallblad-
der (GB), with prominence of the common
bile duct (arrowhead) lateral to the portal
vein (PV). Note also the movement artifact—
free definition of the abdominal organs.
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Figure 12. Fetal MR imaging with a
FIESTA sequence. Static image shows a fetus
in a sagittal orientation. Cine FIESTA
sequences of the gravid uterus are used to
study fetal movements.

Fetal Imaging.—The speed of balanced SSFP
and its high SNR have made it useful in fetal
MR imaging (Fig 12). This sequence is useful for
whole-body fetal imaging and has significantly
lower RF absorption than do fast spin-echo se-
quences such as half-Fourier single-shot turbo
spin-echo (HASTE, Siemens) or single-shot
fast spin-echo (SSFSE, GE Medical Systems)
sequences. Some authors have found it to be a
safer and more effective alternative in evaluating
the fetal brain (35).

Interventional MR Imaging.— True FISP at
low-field-strength MR imaging can be useful for
needle path guidance (29).

Modified Fully Refo-
cused Steady-State Sequences

CISSIFIESTA-C.—CISS/FIESTA-C has be-
come a sequence of choice for evaluating the cra-
nial nerves. It shows dark cranial nerves against a
background of bright CSF. Cerebellopontine an-
gle cistern lesions and cranial nerves VII and VIII
in the internal auditory canal and labyrinth are
best evaluated with CISS (Figs 13, 14) (16). It is
also used in the evaluation of spinal diseases such
as intra- and extraaxial cystic abnormalities, dys-
raphic malformations, and disturbances of CSF

RG H Volume 28 * Number 4
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Figure 13. Cranial nerve imaging with CISS. Axial
CISS image of the posterior cranial fossa shows a nor-
mal facial nerve and eighth cranial nerve (VIII CN)
and internal ear structures such as the cochlea and lat-
eral semicircular canal (SCC).
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Figure 14. Internal ear imaging with a 3D FIESTA-
C sequence. Bilateral (a) and left-sided (b) maximum-
intensity-projection images from 3D FIESTA-C data
show the normal vestibule and cochlea. Post = posterior,
SCC = semicircular canal.

circulation (36). Other uses of CISS include de-
tection of neurovascular compression in patients
with trigeminal neuralgia (37), evaluation of cav-
ernous malformation of the brainstem (38) or of
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Figure 15. Articular cartilage imaging with DESS in
a 49-year-old woman with early signs of osteoarthritis.
On this coronal DESS image of the left knee joint,
articular cartilage is seen as an intermediate-signal-
intensity line covering articular surfaces of bone in the
lateral compartment (arrows). Note the loss of articu-
lar cartilage with reduction in the joint space in the
medial compartment.

root avulsions in brachial plexus injury resulting
from birth trauma (39), and MR cisternographic
evaluation of CSF rhinorrhea (40).

DESS.—DESS with water excitation pulses
(slice-selective composite pulses that excite only
water spins while lipid spins are left in equilib-
rium, thereby producing no signal) is the se-
quence of choice for the evaluation of articular
cartilage (Fig 15) (41). It is also useful in the
evaluation of unossified epiphyseal cartilage in
children.

SPIDER.—SPIDER is useful in real-time inter-
active cardiac imaging (13,17,19) and fast track-
ing of interventional devices (13).

Conclusions
Steady-state sequences are fast GRE sequences
in which residual TM is refocused, leading to a
constant magnitude for LM and TM during ac-
quisition. Very high SNR and contrast-to-noise
ratio and fast acquisitions make steady-state
sequences suitable for imaging rapid physiologic
processes during a single breath hold. Steady-
state sequences have had a significant impact on
MR imaging in various body systems. They have
revolutionized cardiac, abdominal, and fetal MR
imaging and hold promise for interventional MR
imaging.
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Page 1148

Note that although a GRE sequence with spoiled TM is not considered a classic steady-state
sequence, steady state is achieved for the LM component. For this reason, these sequences have been
called steady-state incoherent sequences by some authors (5). Classic steady-state sequences have
been termed steady-state coherent sequences by these same authors (5).

Page 1149
FID (S+) has mixed T1 and T2* weighting. The spin echo (S[minus]) is strongly T2 weighted and
has negligible T2* weighting.

Pages 1150
Depending on what signals are sampled and used for image formation, steady-state sequences can be
classified as follows:

1. Postexcitation refocused steady-state sequences, in which only the FID (S+) component is
sampled (eg, FISP [Siemens], GRASS [GE Medical Systems], FFE, Fourier-acquired steady-
state technique [FAST; Picker International, Cleveland, Ohio]).

2. Preexcitation refocused steady-state sequences, in which only the spin-echo (S[minus])
component is used for image formation (eg, PSIF [reversed FISP, Siemens]; steady-state free
precession [SSFP, GE Medical Systems]; T2-FFE).

3. Fully refocused steady-state sequences, in which both FID (S+) and spin-echo (S[minus])
components are used for image formation. This sequence is also called balanced SSFP, since
gradients applied in all three axes are balanced (eg, true FISP, FIESTA [GE Medical
Systems], balanced FFE).

Page 1152

The main difference between fully refocused steady-state sequences (balanced SSFP) and other GRE
sequences is the use of balanced gradients in all three axes (slice-selection, phase-encoding, and
readout) such that gradient-induced dephasing within TR is exactly zero. This makes balanced SSFP
relatively insensitive to motion. In nonbalanced GRE sequences, slice-selection and readout gradients
are not balanced.

Pages 1155

Contrast in balanced SSFP is dependent on the T2/T1 ratio. Blood has a much higher T2/T1 ratio
than does myocardium. The sequence is flow compensated and intrinsically insensitive to flow
because of even echo rephasing, which is due to the multiple GRE pulses used. An intrinsically high
SNR makes it possible to image with a higher bandwidth and a very short TR. All of these factors
make this sequence suitable for cardiac imaging.
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