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Spin-echo-based acquisitions are the workhorse of clinical
MRI because they provide a variety of useful image con-
trasts and are resistant to image artifacts from radio-
frequency or static field inhomogeneity. Three-dimensional
(3D) acquisitions provide datasets that can be retrospec-
tively reformatted for viewing in freely selectable orienta-
tions, and are thus advantageous for evaluating the
complex anatomy associated with many clinical applica-
tions of MRI. Historically, however, 3D spin-echo-based
acquisitions have not played a significant role in clinical
MRI due to unacceptably long acquisition times or image
artifacts associated with details of the acquisition method.
Recently, optimized forms of 3D fast/turbo spin-echo
imaging have become available from several MR-equipment
manufacturers (for example, CUBE [GE], SPACE [Siemens],
and VISTA [Philips]). Through specific design strategies
and optimization, including short non-spatially selective
radio-frequency pulses to significantly shorten the echo
spacing and variable flip angles for the refocusing radio-
frequency pulses to suppress blurring or considerably
lengthen the useable duration of the spin-echo train, these
techniques permit single-slab 3D imaging of sizeable vol-
umes in clinically acceptable acquisition times. These opti-
mized fast/turbo spin-echo pulse sequences provide a
robust and flexible approach for 3D spin-echo-based imag-
ing with a broad range of clinical applications.

Key Words: RARE; fast spin echo; turbo spin echo; 3D
FSE; 3D TSE; variable flip angles
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SPIN-ECHO-BASED acquisitions are used widely in
clinical MRI because they provide a variety of image
contrasts that highlight pathology and are resistant to
image artifacts from radio-frequency (RF) and static
field inhomogeneity. In particular, “fast-spin-echo”
(FSE) or “turbo-spin-echo” (TSE) pulse sequences,
which are optimized derivatives of the RARE tech-
nique (1), find use for a broad spectrum of MRI appli-
cations because these methods combine the desirable
properties of spin-echo-based acquisitions with the
speed advantage of collecting multiple lines of phase-
encoding (k-space) data following each excitation RF
pulse. This speed advantage is the rationale for using
the term “fast” or “turbo” in the name for these techni-
ques. Without preference for a particular manufac-
turer's implementation, “fast spin echo,” or “FSE” is
used herein to refer to this type of pulse sequence.
Three-dimensional (3D) acquisitions are advanta-
geous for evaluating complex anatomy because the
corresponding datasets can be retrospectively refor-
matted for viewing in freely selectable orientations.
Thus a single 3D acquisition can replace several com-
parable multi-slice two-dimensional (2D) acquisitions.
Three-dimensional datasets are also desirable for
quantitative postprocessing analyses, such as applied
to Alzheimer’s disease in the ADNI project (2). For
FSE, multi-slab 3D implementations (3,4) have been
available for roughly 20 years, although the multi-
slab approach is prone to artifacts at the boundaries
between adjacent slabs, degrading the quality of
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multi-planar reformatted images (5). Even though
technical approaches for mitigating slab-boundary
artifacts have been developed (5,6), multi-slab 3D-
FSE imaging has not gained widespread clinical use.
As a result, clinical FSE imaging is typically per-
formed using multi-slice 2D techniques, and datasets
with identical timing parameters, but different orien-
tations, are often acquired for a given patient.

Within just the past few years, several MR-
equipment manufacturers have offered optimized ver-
sions of 3D FSE that are suitable for “single-slab”
imaging of sizeable volumes (e.g., the whole head or
knee) in clinically acceptable acquisition times. By col-
lecting all data from a single, thick slab, the slab-
boundary artifacts present in multi-slab imaging are
eliminated, and high-quality images reformatted in
multiple orientations can be obtained. Examples of
such single-slab 3D-FSE methods include CUBE (GE
Healthcare), SPACE (Sampling Perfection with Applica-
tion optimized Contrasts by using different flip angle
Evolutions; Siemens Healthcare) and VISTA (Volumet-
ric ISotropic TSE Acquisition; Philips Healthcare).

Early applications of optimized single-slab 3D FSE
focused on the brain (7-10). As these pulse sequences
became more widely available, applications expanded
beyond the brain (11-28) and spine (29,30), into the
body (31-42) and musculoskeletal system. The high-
resolution 3D datasets available from optimized 3D
FSE are particularly appealing for assessing the com-
plex anatomy of the joints (43), which has led to stud-
ies involving the knee (44-55), ankle (56-58),
shoulder (59-61), and wrist (62,63). The flow charac-
teristics associated with optimized 3D FSE also pro-
vide the opportunity for interesting applications in the
vasculature; including approaches for assessing
the lumen (MR angiography) (64-72) and vessel wall
(72-76).

The purpose of this article is to describe the design
and characteristics of optimized single-slab 3D-FSE
pulse sequences. As background for this discussion,
we begin by reviewing major features of a 2D-FSE
pulse sequence, differences between single-slab and
multi-slab 3D imaging, as well as basic functional
properties of RF pulses. The last topic is important for
understanding the behavior of refocusing RF pulses
with variable flip angles, as often used in single-slab
3D-FSE imaging. Readers well-versed in these intro-
ductory topics may skip the Background section with-
out loss of continuity.

BACKGROUND
2D Fast-Spin-Echo Imaging

As noted above, today’s 2D-FSE pulse sequences are
optimized versions (77,78) of the RARE (Rapid Acqui-
sition with Relaxation Enhancement) technique intro-
duced by Hennig et al in 1986 (1). Key features of a
2D-FSE pulse sequence are illustrated by the timing
diagram in Figure 1. For the typical implementation, a
90° (excitation) RF pulse is followed by a “train” of
equally spaced 180° (refocusing) RF pulses, generating
a train of spin echoes, as shown on the line labeled
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Figure 1. Two-dimensional fast-spin-echo imaging. The timing diagram for one repetition of a typical 2D-FSE pulse sequence
is shown on the upper left. In this example, eight spin echoes (echo train length = 8) are collected following the 90° excitation
RF pulse. The manner in which data corresponding to these eight spin echoes are placed into k-space along the phase-
encoding direction is illustrated on the lower right. The fifth echo corresponds to the effective echo time (TE.g) for the pulse
sequence. For simplicity, additional gradient waveforms typically applied along the slice-select and readout axes, used for
“spoiling” (“crushing”) undesired signals, are omitted. (RF, radio frequency; Gss, slice-select gradient; Gpg, in-plane phase-

encoding gradient; Gro, readout [frequency-encoding] gradient.)

“Signal” in Figure 1. Each of these spin echoes is used
to acquire a different line of l-space data along the
phase-encoding direction (lower right of Fig. 1). As the
pulse sequence is repeated, the phase-encoding gradi-
ent amplitudes are incremented so that the remaining
lines of k-space are filled in an interleaved manner.
Because a range of echo times are represented in
the k-space data, a single echo time (TE) does not
fully describe the data. For this reason, instead of
using the term TE to denote the associated contrast
behavior as in conventional spin-echo imaging, FSE
acquisitions are said to have an effective echo time
(TEer), which is the echo time corresponding to data
in the central region of k-space. For the example
shown in Figure 1, TE.y is the value corresponding to
the 5th echo. Recall that the data in the central region
of k-space determine the gross structure and contrast
of the image. Thus, for example, if the spacing
between successive echoes (Echo SPacing, ESP) in
Figure 1 is 20 ms, data in the central region of k-
space correspond to an echo time of 100 ms (5 X
ESP), and the FSE image demonstrates image con-
trast substantially the same as that for a conventional
spin-echo image having an echo time of 100 ms. How-
ever, even when TE for a conventional spin-echo
acquisition equals TE.y for an FSE acquisition, there
are subtle differences between the corresponding
images, which have been discussed thoroughly in the
literature (79-83). Herein, the term TE.y will be used
to refer to the echo time at which data corresponding
to the center of k-space are acquired, although we will
see that the echo time reflecting image contrast for

single-slab 3D FSE may be very different from that
corresponding to the center of k-space.

The number of 180° (refocusing) RF pulses, which
equals the number of spin echoes generated, is
termed the Echo-Train Length (ETL). The ETL values
used for clinical FSE imaging typically fall into one of
two ranges. For routine imaging with fairly high spa-
tial resolution, ETL typically ranges from a few echoes
(for short TE.g values) up to roughly 30 echoes (for
moderate to long TE.y values). For this range, the
total number of phase-encoding steps is usually many
times larger than the ETL, and the data acquired as
the pulse sequence repeats are interleaved in k-space
using one of several well-established schemes. For
single-shot FSE imaging, the ETL ranges from tens of
echoes up to more than 100 echoes, and is chosen to
provide all of the data required to generate an image
from the echoes acquired following a single excitation
RF pulse. In this case, a scheme for interleaving data
in l-space from multiple excitations is, of course, not
required.

Single-Slab Versus Multi-slab 3D Imaging

MR images covering an anatomical region of interest
are typically obtained using either a set of 2D slices
(Fig. 2, left) or a 3D volume (Fig. 2, center). Recall,
compared with 2D slice-selective imaging, that a 3D
acquisition uses an additional phase-encoding gradi-
ent to perform spatial encoding along the slice-select
direction, generating a set of contiguous slices within
the volume. For conventional spin-echo or gradient-
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Figure 2. Basic strategies for obtaining a set of MR images:
2D slices, single-slab 3D, and multi-slab 3D. In 2D imaging,
the slices are excited individually, whereas, in 3D imaging,
phase encoding is used along the slice-select direction to
obtain a set of contiguous slices within the single, excited
volume. Multi-slab 3D imaging is a hybrid of the 2D and
(single-slab) 3D approaches.

echo pulse sequences, the acquisition time for 3D
imaging equals the repetition time (TR) multiplied by
the product of the number of phase-encoding steps
for the second dimension and that for the third
dimension. Therefore, if a large number of slices is
desired in the third dimension, the imaging time is
quite long unless TR is relatively short. For FSE, the
acquisition time for 3D imaging is reduced in propor-
tion to the ETL. Nonetheless, for imaging a sizeable
volume such as the whole head with high spatial reso-
lution, the acquisition time for a 3D implementation
of FSE using ETLs in the range typical for clinical MRI
(<30) remains too long for routine application.

Multi-slab 3D imaging is a hybrid of 2D and 3D
imaging wherein a set of thick slices, or “slabs,” is
excited, and each slab is in turn phase-encoded along
the third dimension to yield a set of contiguous slices
(Fig. 2, right). Because collection of k-space data for
the slabs in a multi-slab 3D acquisition is interleaved
during the repetition time, analogous to slices in a
multi-slice 2D acquisition, the imaging time for multi-
slab 3D FSE is clinically practical, although, as noted
above, this approach has failed to gain widespread
clinical use. In the context of multi-slab 3D imaging,
a “true” (single-volume) 3D acquisition is referred to
as single-slab 3D imaging.

Roles of RF Pulses

Although RF pulses are typically described in terms of
the specific associated flip angles (e.g., 90° or 180° as
shown in Fig. 1), it is nonetheless useful to consider
the “role” that the RF pulse is intended to play in the
pulse sequence, in addition to its flip angle. In this
section, three common roles of RF pulses are
reviewed: excitation, refocusing, and store/recall. Fig-
ure 3 illustrates the effects of RF pulses on the mag-
netization wusing diagrams of the magnetization
vectors associated with a voxel of tissue. (For simplic-
ity, the RF pulses themselves are omitted from the
vector diagrams.) In these diagrams, a yellow vector
(e.g., Fig. 3a) represents the total magnetization for
the voxel, red and green vectors (e.g., Fig. 3c) repre-
sent magnetization associated with regions within the
voxel which experience different resonance frequen-
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cies due to static field inhomogeneity and/or applied
magnetic field gradients, and two-color vectors (e.g.,
Fig. 3h) represent overlapping red and green vectors
of the same length. Because each red or green vector
corresponds to a small fraction of the voxel volume,
the length of each vector is actually proportionately
smaller than that of the yellow vector, which repre-
sents the whole voxel. (The sum of all red and green
vectors equals the total magnetization associated with
the voxel.) However, for clarity in the vector diagrams,
the initial lengths of yellow, red and green vectors are
shown to be the same.

The diagrams in Figure 3a-e illustrate the excitation
and refocusing roles of RF pulses in the familiar con-
text of generating a spin echo. In general, the purpose
of an excitation RF pulse is to transfer some or all of
the longitudinal (z) magnetization to the transverse
(x-y) plane for the purpose of subsequently producing
an MR signal. In Figure 3a,b, the result of applying a
90° excitation RF pulse about the x-axis is shown,
wherein the magnetization vector is rotated through
an angle of 90°, from the z-axis to the y-axis. Follow-
ing excitation, static-field inhomogeneity and any
applied magnetic field gradients cause transverse
magnetization vectors associated with different
regions within the voxel to have different resonance
frequencies and therefore to precess at different rates.
As a result the transverse magnetization “dephases”
as shown in Figure 3¢ wherein, during a time period
equal to TE/2, the green vectors have rotated clock-
wise about the z-axis due to precessing faster than
the average resonance frequency for the voxel, and
the red vectors have rotated counterclockwise due to
precessing slower than the average resonance fre-
quency. Next, a refocusing RF pulse is applied. In
general, the purpose of a refocusing RF pulse is to
change the orientations of the magnetization vectors
relative to one another so that, following the same
amount of precession for each vector as occurred pre-
ceding the RF pulse, the magnetization vectors fully
or partially align with one another to yield an echo.
The exemplary refocusing RF pulse has a flip angle of
180°, and, as seen by comparing Figure 3c to Figure
3d, a 180° refocusing RF pulse applied about the y-
axis flips the magnetization vectors from one side of
the transverse plane to the other, thus exchanging the
red (slow) and green (fast) vectors. Following the refo-
cusing RF pulse, the green vectors continue to rotate
clockwise about the z-axis at the same rates, and like-
wise the red vectors continue to rotate counterclock-
wise, again during a time period equal to TE/2. As a
result, the magnetization “rephases” and a spin echo
is formed as the vectors come back into alignment at
the echo time (Fig. 3e). (This, of course, assumes that
the effects of any magnetic field gradients applied
before and after the refocusing RF pulse are equiva-
lent.) Neglecting T2 relaxation and diffusion effects,
the spin echo has the same magnitude as the mag-
netization that existed immediately after excitation
(Fig. 3b).

For most techniques used in clinical MRI, the pri-
mary role of an RF pulse is either excitation or refo-
cusing. However, optimized single-slab 3D-FSE
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Figure 3. Excitation, refocusing, and store/recall roles of RF pulses. a—e: Excitation and refocusing are illustrated in the con-
text of generating a spin echo. A 90° excitation RF pulse rotates the longitudinal magnetization for the voxel (yellow vector in
[a]) to the transverse plane (b). Transverse magnetization vectors corresponding to different regions within the voxel (red and
green vectors) precess at different rates, due to static-field inhomogeneity and/or magnetic field gradients, and thereby
dephase in the transverse plane (c). A 180° refocusing RF pulse rotates the vectors about the y-axis, exchanging the red and
green vectors (d). With continued precession, the vectors rephase, returning to alignment along the y-axis to form a spin echo
(e). f-k: Store and recall functions of an RF pulse are illustrated in the context of generating a stimulated echo. Starting with
magnetization that has dephased in the transverse plane following an excitation RF pulse ([f], same configuration as [c]), a
90° RF pulse stores the orientations of the transverse components of the magnetization vectors in the form of longitudinal
(z-axis) magnetization (g). Following dephasing or decay of the remaining transverse components of the magnetization, red
and green vectors overlap along the z-axis at the end of the storage period (h). Another 90° RF pulse recalls the longitudinal
magnetization to the transverse plane (i), and through continued precession the vectors partially align with respect to the
y-axis (j). The sum of the vectors within the voxel yields the stimulated echo (k). Effects of relaxation and diffusion are
neglected in the diagrams, except during the storage period [from (g) to (h)] wherein, to simplify illustration of stimulated-
echo formation, the transverse components of the magnetization shown in (g) are assumed to decay to zero by the end of the

storage period. The coordinate (x, y, z) axes shown are in the “rotating” frame of reference.

imaging often uses refocusing RF pulses with variable
flip angles, and for these pulses another echo-
formation mechanism—the “stimulated” echo (84)—
makes a major contribution to signal amplitudes dur-
ing the echo train. Three RF pulses are required to
generate a stimulated echo, as compared to two RF
pulses to generate a spin echo.

The diagrams in Figure 3f-k illustrate generation of
a stimulated echo resulting from the application of
two 90° RF pulses following the excitation 90° RF
pulse. To begin, Figure 3f shows transverse magnet-
ization that has dephased during a time period of TE/
2 following excitation (the vector configurations in Fig.
3f and 3c are identical). Next, the second 90° RF pulse
is applied (about the x-axis) to “store” the orientations
(phases) of the transverse components of the magnet-
ization vectors in the form of longitudinal magnetiza-
tion (Fig. 3g); note that, in Figure 3g, the component
of each vector along the z-axis reflects its orientation
(phase) in the transverse plane just before the RF

pulse. For sufficient dephasing (from field inhomoge-
neity or applied gradients) during the “storage period”
between the second and third 90° RF pulses, as typi-
cally occurs, the amplitude of the stimulated echo
which forms following the third 90° RF pulse is deter-
mined only by the components of the magnetization
vectors that were along the z-axis immediately follow-
ing the second 90° RF pulse. That is, the transverse
components of the magnetization vectors in Figure 3g
do not make a net contribution to the stimulated
echo. Therefore, to simplify illustration of stimulated-
echo formation, we assume that the transverse com-
ponents of the magnetization vectors decay to zero
during the storage period between Figures 3g and 3h,
so that in Figure 3h, at the end of the storage period,
only longitudinal components of the magnetization
remain, and red and green vectors now overlap along
the z-axis. The third 90° RF pulse is applied (about
the —x-axis) to “recall” the longitudinal magnetization
to the transverse plane (Fig. 3i). During the rephasing
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Figure 4. Efficiency of excitation, refocusing, and store/recall RF pulses versus flip angle. The plots show the fraction of mag-
netization that is excited (a), refocused (b), or stored and recalled (c) for flip angles between zero and 180°. Relaxation is
neglected. The corresponding functional relationships are sin6, sin?(6/2) and (sin®6)/2 for excitation, refocusing, and store/

recall, respectively.

period following the third 90° RF pulse, the green vec-
tors again precess clockwise about the z-axis and the
red vectors precess counterclockwise, analogous to
the rephasing period for the spin echo. However, in
contrast to the case for a spin echo, and as shown in
Figure 3j, the red and green vectors do not all return
to the positive y-axis at the end of the rephasing
period. This is because their orientations in the trans-
verse plane at the beginning of the period differed
from those just before the store RF pulse was applied
(compare Fig. 3i to Fig. 3f); thus some vectors over-
shoot the y-axis while others do not quite return to
the y-axis. (For readers familiar with the “figure 8”
configuration of the magnetization at the stimulated
echo, the pattern in Figure 3j is simply the figure 8
pattern collapsed onto the transverse plane, which
occurs in Figure 3j because it is assumed that the
transverse components in Figure 3g decay to zero
during the storage period.) Even so, the sum of the
red and green vectors (after considering the relation-
ship between the relative lengths of total [yellow] ver-
sus component [red and green] vectors) corresponds
to the total magnetization vector for the voxel shown
in Figure 3k. Neglecting relaxation and diffusion
effects, the magnitude of this stimulated echo is half
of that for the magnetization that existed immediately
after excitation (Fig. 3b).

A key feature of stimulated-echo formation is that,
between the store and recall RF pulses, the stored
longitudinal magnetization decays according to the T1
relaxation time of the tissue. Thus, T1 plays a major
role in determining the amplitude of a stimulated
echo, while the amplitude of a spin echo is deter-
mined solely by T2. (The stimulated echo is also
affected by T2 relaxation; T2 decay occurs during the
time period between the first [excitation] and second
[store] RF pulses, and during that between the third
[recall] RF pulse and the echo time.) Because T1 is
several times longer than T2 for many biological tis-
sues, the time period between the excitation RF pulse
and formation of an echo with a given signal ampli-
tude can be made much longer for a stimulated echo
than for a spin echo. As discussed in more detail later
in the article, this basic property of stimulated echoes

underlies the opportunity to use refocusing RF pulses
with variable flip angles to greatly extend the useable
duration of a spin-echo train for FSE imaging.

Other more complicated mechanisms of echo forma-
tion exist (85,86). For the interested reader, the
extended-phase-graph approach described by Hennig
(86) is a very useful tool for calculating and visualiz-
ing the myriad of signal pathways that can lead to
echoes from a train of RF pulses. Nonetheless, a basic
understanding of spin echoes and stimulated echoes
is sufficient to qualitatively understand the motivation
for and general properties of variable-flip-angle refo-
cusing RF pulses for 3D FSE.

The plots in Figure 4 show the efficiency of an RF
pulse for performing the individual roles (e.g., as illus-
trated in Fig. 3) of excitation (Fig. 4a), refocusing (Fig.
4b; generating a spin echo) or store/recall (Fig. 4c;
generating a stimulated echo) as a function of flip
angle. We see that a flip angle of 90° yields maximum
excitation, as well as the maximum value for store/
recall and a moderate value for refocusing. Further-
more, for any flip-angle value other than those close
to zero or 180°, an RF pulse can have sizeable contri-
butions as an excitation pulse, a refocusing pulse,
and a store (or recall) pulse. Thus, over a wide range
of flip angles, even though an RF pulse may have one
intended role (e.g., refocusing), the pulse may make
significant contributions in the other roles. For the
purpose of our discussion, we will refer to the RF
pulses in FSE imaging that follow the excitation RF
pulse as refocusing RF pulses, even though, as
described below, these RF pulses may also play the
role of store/recall or excitation RF pulses for certain
configurations of the pulse sequence.

SINGLE-SLAB 3D FAST SPIN ECHO

Increasing the Efficiency of Fast-Spin-Echo
Imaging

Taking, as a starting point, the implementations of 2D
FSE and multi-slab 3D FSE that existed in the 1990s,
a considerable increase in efficiency was needed to
make acquisition times for single-slab 3D FSE
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clinically practical. Two basic strategies were used to
achieve the necessary increase. First, modifications
to the pulse-sequence structure were implemented to
substantially increase the number of echoes (and,
therefore, the number of lines of phase-encoding data)
that can be acquired following each excitation RF
pulse. These modifications included significantly
shortening the echo spacing (7,87,88), and using
variable-flip-angle refocusing RF pulses to suppress
blurring (89,90) or to considerably lengthen the use-
able duration of the spin-echo train (91,92). New, flex-
ible strategies for ordering the phase-encoding data in
Ie-space were also necessary to take advantage of the
longer echo-train lengths (93,94). Second, existing
approaches for reducing the amount of k-space data
required for image reconstruction were incorporated,
including partial-Fourier acquisition (95,96) and par-
allel imaging (97,98). Advantages of partial-Fourier
and parallel-imaging methods relevant to 3D-FSE
acquisitions are discussed briefly in the section on
phase-encoding strategies.

Shorter Echo Spacings

Most pulse sequences for clinical MRI use spatially
selective (slice-selective) RF pulses, which are com-
posed of a shaped RF waveform applied in the pres-
ence of a magnetic field gradient. These RF pulses
typically have durations that range from approxi-
mately 1 ms up to roughly 10 ms, although those
with a relatively short duration (~1 ms) are used only
when a well-defined slice profile is not required.
Because multi-slab 3D FSE requires a well-defined
slice (slab) profile to minimize slab-boundary artifacts,
slice-selective RF pulses for multi-slab 3D FSE typi-
cally have durations of at least a few milliseconds.
The timing diagram in Figure 5a shows one echo
spacing from the echo train of a representative, multi-
slab 3D-FSE pulse sequence. Specifically, the diagram
shows two consecutive refocusing RF pulses and the
associated gradient waveforms that are applied during
and between the RF pulses; the excitation RF pulse is
not shown. (See the figure caption for additional
details.) In this example, the refocusing RF-pulse
duration is 3.84 ms and the echo spacing is 8.5 ms;
the RF pulse occupies 45% of the echo spacing. For
comparison, Figure 5b shows the pulse-sequence dia-
gram for single-slab 3D FSE over the same total time
as Figure 5a. Because only a single slab is imaged,
spatial selection is not required and therefore the spa-
tially selective RF pulses, as shown in Figure 5a, can
be replaced with short (0.6 ms in this example), non-
spatially selective RF pulses that use a rectangular RF
waveform to minimize pulse duration (7,87,88). (An
analogous approach is used for certain 3D gradient-
echo applications such as imaging the whole head or
knee. Non-spatially selective refocusing RF pulses
have also been used for 3D GRASE (GRadient- And
Spin-Echo) imaging (99). Note, however, because spa-
tial selection is not used, the thickness of the single
slab, and thus the dimension of the spatially encoded
volume along the slice-select direction, should encom-
pass the entire extent of the object to prevent alias-
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Figure 5. Shortening the echo spacing by using non-spa-
tially selective refocusing RF pulses. Portions of the timing
diagrams are shown for multi-slab (a) and single-slab (b) 3D-
FSE pulse sequences to illustrate the difference between
echo-spacing (ESP) values for the two techniques. The refo-
cusing RF-pulse durations are 3.84 ms (spatially selective)
and 0.6 ms (non-spatially selective) for the multi-slab and
single-slab methods, respectively. The slice-select gradient
for multi-slab 3D FSE has a low amplitude because the slab
is relatively thick. For both pulse sequences, the in-plane
(Gpg) and through-plane (Ggss) phase-encoding gradients
overlap the spoiler (crusher) gradients applied along the
readout axis; these spoiler gradients occur just before and
just after data sampling. Both pulse sequences have a
receiver bandwidth of 500 Hz/pixel and provide a spatial
resolution of 1 x 1 x 1 mm®. (RF, radio frequency; Gss,
slice-select gradient; Gpg, in-plane phase-encoding gradient;
Gro, readout [frequency-encoding] gradient.)

ing.) This permits the echo spacing to be reduced
substantially, to 3.9 ms, and for this example the
refocusing RF pulse occupies only 15% of the echo
spacing. In general, if the desired receiver bandwidth
is moderate to high (i.e., if the data sampling period is
a few milliseconds in duration or shorter), then the
use of short (< 1 ms), non-spatially selective refocus-
ing RF pulses in place of conventional spatially selec-
tive RF pulses provides a significant reduction in the
echo spacing, and permits, for a given echo-train
duration, many more echoes to be collected following
each excitation RF pulse.
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An obvious difference between the general appear-
ance of the gradient waveforms for multi-slab 3D FSE
and that of the waveforms for single-slab 3D FSE
deserves comment. Specifically, comparing the gradi-
ent waveforms in Figure 5a to those in Figure 5b, we
see that both the in-plane (Gpg) and through-plane
(Gss) phase-encoding gradients for multi-slab 3D FSE
are longer and lower in amplitude than those for
single-slab 3D FSE. Similarly, for multi-slab 3D FSE,
the spoiler [crusher] gradients on the readout axis,
applied just before and just after data sampling, have
an amplitude that is similar to that for the readout
gradient itself, in contrast to the configuration for
single-slab 3D FSE wherein the spoiler gradients are
shorter and have an amplitude that is visibly higher.
This situation arises because, for the multi-slab 3D-
FSE example shown, the minimum time period that
can be achieved between the centers of the excitation
RF pulse (not shown in Fig. 5) and the first refocusing
RF pulse is more than twice the minimum time period
that can be achieved between successive refocusing
RF pulses. Thus, the minimum echo spacing is deter-
mined by the former (minimum time period between
excitation and first refocusing RF pulses) because this
time period is, by definition, equal to one half of the
echo spacing. The primary factor which results in this
time period dictating the echo spacing is that the RF
pulse durations (3.84 ms) are substantially longer
than the data sampling period (2 ms). For the pulse
sequence illustrated in Figure 5a, the phase-encoding
and readout-spoiler gradient waveforms were config-
ured to use the time available within the echo spac-
ing, and thus, because the echo spacing is longer
than the minimum value that could be achieved based
on only the gradients applied between successive refo-
cusing RF pulses, the waveforms can be made longer,
thereby reducing the associated amplitudes. Nonethe-
less, even if the echo spacing for multi-slab 3D FSE
was not constrained by the minimum time period
achievable between the excitation and first refocusing
RF pulses, the echo spacing for this example would
remain more than 80% longer than that for single-
slab 3D FSE.

Longer Echo Trains

The typical FSE pulse sequence (e.g., Fig. 1) uses rela-
tively high flip angles for the refocusing RF pulses, gen-
erally equal to or at least near 180°. As we know, for a
series of 180° refocusing RF pulses, all of the trans-
verse magnetization created by the excitation RF pulse
is refocused (Fig. 4b) at each echo time (assuming an
ideal slice profile), and the signal decays during the
echo train based on the T2 relaxation times of the tis-
sues (e.g., Fig. 6a, center plot). For this circumstance,
the echo-train duration used for clinical FSE imaging
is typically less than the T2 values of primary interest
for short TE. values (e.g., T1 or proton-density weight-
ing), and less than two to three times these T2 values
for long TE.s values (e.g., T2 weighting). For example,
the echo-train duration for T2-weighted FSE brain
imaging is typically less than 300 ms because the T2
values for white matter and grey matter are approxi-
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mately 100 ms at field strengths commonly used for
clinical MRI (1.5T and 3T). Longer echo-train durations
can result in degraded image contrast and artifacts
such as blurring (78,100,101). Blurring occurs when
the high spatial frequency data, which represents edge
information in the image, is attenuated compared with
data in the central region of k-space. Thus, when the
echo-train duration is long relative to T2 values of
interest, and the selected TE.s value and phase-
encoding order map the high spatial frequency data to
the latter part of the echo train, for which the echo
amplitudes are substantially attenuated due to T2
decay, edges in the image appear blurred.

Over 20 years ago, Hennig proposed the use of con-
stant low-flip-angle refocusing RF pulses to introduce
T1 dependence to the evolution of the echo train and
thereby lengthen its useable duration for biological
tissues, which generally have T1 values that are
much longer than their T2 values (102). The result of
using relatively low flip angles for the refocusing RF
pulses in FSE is seen by comparing the plots in Fig-
ure 6b (constant 60° flip angles for the refocusing RF
pulses) to those in Figure 6a (constant 180° flip
angles). The plots in the center column of Figure 6
show the signal evolutions that result from the corre-
sponding flip angle values in the left column for a
fairly long echo train—200 echoes with a spacing of 4
ms between echoes—and a tissue with representative
relaxation times (T1/T2 1000/100 ms). For echo
times greater than approximately 200 ms, we see that
the signal for constant 60° flip angles is greater than
that for constant 180° flip angles. This is because the
60° refocusing RF pulses generate both spin echoes
and stimulated echoes (Fig. 4b,c). Recall, as discussed
above, that during the “storage period” for the stimu-
lated echo (Fig. 3g.,h) the magnetization, which later
forms the echo, decays according to the T1 relaxation
time of the tissue. Because T1 is 10 times longer than
T2 for our example, the stimulated-echo contribution
to the total signal permits higher signal amplitudes
for relatively long echo times.

The plots in the right column of Figure 6 show two
quantities that are useful for assessing the overall per-
formance of the refocusing RF pulses; these quantities
are generated based on the magnetization components
within a voxel that are associated with regions experi-
encing different resonance frequencies, such as
depicted in Figure 3 by red and green vectors. At each
echo time, the dashed lines depict the fraction of the
magnetization, originally generated by the excitation
RF pulse, which is currently aligned with the z-axis. In
terms of our description above for stimulated echoes,
this is the fraction of magnetization “stored” along the
z-axis. Because 180° RF pulses refocus all of the trans-
verse magnetization created by the excitation RF pulse
(Fig. 4b), this quantity is zero throughout the echo
train for this case (Fig. 6a, right plot). In contrast, and
as expected, the fraction of magnetization stored along
the z-axis is significant for 60° refocusing RF pulses
(Fig. 6b, right plot). As noted in the preceding para-
graph, it is the existence of this stored component,
which decays with T1, that allows higher signal ampli-
tudes to be achieved for relatively long echo times (Fig.
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Figure 6. Lengthening echo-train duration by using variable flip angles for the refocusing RF pulses. For four flip-angle sce-
narios, the plots show the flip angles for the refocusing RF pulses (left column), the associated echo-signal amplitudes (center
column), the fraction of magnetization in the transverse plane that generates signal (right column, solid line), and the fraction
of magnetization stored along the z-axis (right column, dashed line) during an 800-ms echo train. The flip-angle scenarios
include constant 180° refocusing RF pulses (a), constant 60° refocusing RF pulses (b), an initial flip-angle ramp followed by
constant 60° refocusing RF pulses (c), and flip angles that vary throughout the echo train (d). Refocusing-RF-pulse flip angles
less than 180° (b—d), which generate an echo train containing both spin echoes and stimulated echoes, provide increased sig-
nal amplitudes at relatively long echo times because T1 is longer than T2. Appropriate variation of the flip-angle values dur-
ing the echo train (c,d) optimizes usage of the available magnetization, yielding signal amplitudes during the central portion
of the echo train that are higher than those obtained for constant 180° refocusing RF pulses. (Echo-train length, 200; echo
spacing, 4 ms; T1/T2, 1000/100 ms; repetition time long relative to T1; M, magnetization; Mxy, transverse magnetization;

Mz, longitudinal [z-axis] magnetization.)

6b, center plot). The solid lines for the plots in the right
column of Figure 6 depict the fraction of the magnet-
ization in the transverse plane that generates signal.
(For example, Fig. 3j illustrates the situation wherein
the signal [echo amplitude] is less than the maximum
possible value for the existing transverse magnetiza-
tion. At the time of the stimulated echo, the transverse
magnetization vectors are not aligned along a common
axis, and thus the echo amplitude is less than the
value which would be obtained if the vectors were all

aligned.) This quantity indicates how efficiently the
available transverse magnetization is used by the pulse
sequence. Although constant 60° refocusing RF pulses
provide signal at long echo times that is higher than
the signal from constant 180° refocusing RF pulses, we
see in the right plot of Figure 6b that the transverse
magnetization is not used very efficiently. Specifically,
the values for the solid curve never reach 1, and are
less than 0.8 for the first quarter of the echo train.
Finally, another undesirable characteristic of the signal
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evolution for constant 60° refocusing RF pulses is the
rapid oscillation in signal amplitude that occurs at the
beginning of the echo train as the magnetization splits
among various spin-echo and stimulated-echo path-
ways. The large jump in signal amplitude between the
first and second echoes occurs because the first stimu-
lated echo is formed following the second refocusing
RF pulse, and adds to the associated spin echo. For
60° refocusing RF pulses, the first stimulated echo is
more than 6 times larger than the (second) spin echo,
causing the signal amplitude of the second echo to be
much larger than even that of the first echo.

In the late 1990s Alsop described an approach for
improving the behavior of echo trains that use pri-
marily constant-flip-angle refocusing RF pulses and
flip-angle values less than 180° (103). As illustrated
in Figure 6c¢, if the flip-angle values are ramped down
at the beginning of the echo train, from a relatively
high value to the constant value used for the majority
of the echo train, then the general behavior of the sig-
nal evolution is improved and the signal amplitudes
achieved at long echo times are increased. Comparing
the right plot for Figure 6c to that for Figure 6b, we
see that, with the flip-angle ramp, the pulse sequence
makes very efficient use of the available transverse
magnetization (i.e., the solid line in Fig. 6¢, right plot,
is close to 1 for all echo times). In addition, the initial
rapid oscillation in signal amplitude, which occurs for
constant 60° refocusing RF pulses, is eliminated. This
flip-angle scheme (initial flip-angle ramp followed by
constant flip-angle values) is useful for several appli-
cations of single-slab 3D FSE.

A further substantial improvement in the signal evo-
Iution can be made by appropriately varying the flip-
angle values throughout the echo train, as illustrated
by the example shown in Figure 6d. In particular, we
see that the signal amplitudes for echo times in the
central portion of the echo train are much higher than
those for constant 180° flip angles. At the midpoint
(400 ms), the signal amplitude is approximately 10
times higher than that for constant 180° flip angles.
Insight into how the variable-flip-angle series achieves
this desirable signal behavior is provided by examin-
ing the fraction of magnetization stored along the z-
axis during the echo train (dashed line in Fig. 6d,
right plot). The initial portion of the variable-flip-angle
series stores a large fraction (up to ~80%) of the mag-
netization along the z-axis. Then, as the echo train
proceeds, this stored magnetization is gradually con-
verted to transverse magnetization, permitting rela-
tively high signal amplitudes to be maintained for the
central portion of the echo train. The variable-flip-
angle series also makes efficient use of the available
transverse magnetization; the solid line in Figure 6d,
right plot, is near 1 throughout the echo train.

The utility of the variable-flip-angle approach for
extending the useable duration of the echo train is
illustrated in Figure 7 for T2-weighted FSE imaging of
the brain. In this figure, the result for constant high
flip angles (170°) is compared with that for variable
flip angles when a 660-ms, 160-echo train is used.
For constant high flip angles, the image contrast is
strongly T2 weighted, as expected; cerebrospinal fluid
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appears bright while brain white matter and grey mat-
ter appear quite dark. In contrast, with variable flip
angles, brain white matter and grey matter are no lon-
ger dark, and the overall image contrast appears
essentially the same as that for a conventional T2-
weighted image with an echo time of roughly 100 ms.

Historically, the development of variable-flip-angle
approaches for spin-echo train imaging focused on
two main goals: suppressing blurring (89,90), or con-
siderably lengthening the useable duration of the
spin-echo train (91,92). In 1994, Schaffter et al (89)
described the use of variable-flip-angle refocusing RF
pulses to suppress blurring in single-shot GRASE
imaging. Later, in 1999, Mugler et al (90) demon-
strated single-slab 3D FSE with variable-flip-angle
refocusing RF pulses to suppress blurring for proton-
density-weighted or T1-weighted imaging, and, in the
following year (91), described single-slab 3D FSE with
variable-flip-angle refocusing RF pulses to substan-
tially lengthen the echo-train duration for T2-
weighted imaging. Subsequently, several research
teams have developed optimizations for variable-flip-
angle calculations and applications to 3D-FSE imag-
ing (92,93,104-108).

The reader may wonder how the hyperecho/TRAPS
variable-flip-angle schemes described by Hennig et al
(109,110) fit into single-slab 3D-FSE imaging. Recall
that the hyperecho concept describes the manner in
which the flip and phase angles of the refocusing RF
pulses in a spin-echo train can be varied along the
echo train to yield full refocusing (neglecting relaxation)
of the initially excited magnetization as a “hyperecho”
(109). TRAPS (TRAnsition between Pseudo-steady
States) is a special case of the hyperecho concept and
has been applied for reduction of power deposition in
2D-FSE imaging (110,111), although these specific
TRAPS flip-angle schemes are suboptimal for substan-
tially lengthening the echo-train duration for tissues
such as brain grey matter because the central flip-

Figure 7. Utility of variable-flip-angle refocusing RF pulses
for extending the useable duration of the echo train in 3D-
FSE imaging. Coronal brain MR images are shown from a
healthy volunteer (TR/TE.y, 2750/330 ms; 660-ms, 160-
echo train; 1.5T). a: Constant 170° refocusing RF pulses
yield strong T2 weighting, with relatively low signal inten-
sities for brain white matter and grey matter. b: Variable-flip-
angle refocusing RF pulses yield substantially increased sig-
nal intensities for white matter and grey matter, and image
contrast comparable to that for a conventional T2-weighted
FSE image with TE.¢ of approximately 100 ms.
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angle value is 180°. Nonetheless, the hyperecho/
TRAPS concepts are particularly valuable for under-
standing the fundamental behavior of variable-flip-
angle approaches appropriate for single-slab 3D FSE,
and the TRAPS formalism is applicable to deriving
variable-flip-angle series suitable for single-slab 3D
FSE, as discussed by Busse et al (93). Nonetheless,
and contrary to some published accounts of the devel-
opment of single-slab 3D FSE (112), variable-flip-angle
schemes for single-slab 3D-FSE imaging were devel-
oped and experimentally demonstrated (90,91) before
introduction of hyperecho/TRAPS concepts.

Efficient Phase-Encoding Strategies

Established phase-encoding methods for 2D- and
multi-slab 3D-FSE imaging are based on placing the
data from a given echo train into a single plane of k-
space. Thus, for the 3D case, a given echo train typi-
cally acquires data associated with a single value of
the through-plane phase-encoding gradient. With the
efficiency improvements described above, single-slab
3D FSE can easily generate a sufficient number of
echoes following each excitation RF pulse to fill a
large portion of a single plane of k-space, and, in
some instances, can yield enough data to fill multiple
planes of Ik-space. The established (single k-space
plane) methods cannot effectively use this relatively
large amount of data from each echo train, and thus
dedicated phase-encoding schemes for single-slab 3D
FSE are required.

In an initial attempt to address this problem, a
scheme was proposed to distribute the data from a
given echo train along the in-plane phase-encoding
direction, analogous to established 2D-FSE methods,
and also across a small number of k-space planes cor-
responding to the through-plane phase-encoding direc-
tion (113). The number of planes used in the through-
plane phase-encoding direction was termed the “slice
turbo factor.” Although this method improves usage of
the data from long echo trains, it imposes an undesir-
able limitation on the relationship between echo-train
length and image matrix size because the numbers of
echoes from a given echo train placed in each k-space
plane are constrained to be equal.

Subsequently, more efficient phase-encoding schemes
for single-slab 3D FSE were developed by discarding
requirements regarding the number of echoes placed in
a given plane of k-space (93,94). By determining an
optimum distribution in k-space for each echo train,
given the echo-train length, desired contrast properties,
and image matrix size, essentially all of the data can be
used and the image matrix size can be selected inde-
pendent of the echo-train length.

Examples of efficient phase-encoding ordering for
single-slab 3D FSE, described by Busse et al (93), are
shown in Figure 8. For each plot, the horizontal axis
corresponds to the position in k-space along the in-
plane phase-encoding direction (the center of k-space
is at index 50) and the vertical axis corresponds to
the position in k-space along the through-plane
phase-encoding direction (the center of k-space is at
index 40). This example assumes “elliptical” sampling
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of I-space, that is, the “corners” of k-space are not
sampled. The plots in the left column illustrate how
data from the echo trains are sorted with respect to
echo number to achieve the desired contrast for a
long TE. (Fig. 8a) or short TE.y (Fig. 8c). For a long
TEe, the echo numbers are mapping along the in-
plane phase-encoding direction in sequential order
such that the echo midway along each echo train cor-
responds to the central region of k-space (Fig. 8a).
Note that a given echo number may be associated
with more than one plane of k-space; for example,
“echo 1” in Figure 8a is mapped to three adjacent
planes. This permits efficient use of the available
data. For a short TE.¢, the echo numbers are mapped
in a radial manner such that low echo numbers (short
echo times) are in the central region of k-space, and
the echo number increases with distance from the
center of k-space (Fig. 8c). Although, ideally, a given
echo number would be mapped to a specific radius, in
practice the radius value is allowed to vary over a
small range (e.g., see placement of “echo 15” in Fig.
8c) to permit efficient use of the available data.

The plots in the right column of Figure 8 illustrate
how data from given echo trains are mapped into
I-space to achieve a long TE.g (Fig. 8b) or short TE.g
(Fig. 8d). In analogy to the scheme for data placement
based on echo number, a given echo train is not con-
strained to fall within a single k-space plane (Fig. 8b),
or at a single angular value with respect to the center
of k-space (Fig. 8d), but instead is mapped to a small
range of planes or angular values to permit efficient
use of the available data while maintaining image
quality as determined by the k-space filter imposed
by variation of signal amplitude along the echo
train (93).

Because two dimensions are phase encoded in a 3D
acquisition, as compared to one in a 2D acquisition,
3D methods provide the opportunity for higher accel-
eration using parallel imaging. For example, the two
cases shown in Figure 8 include parallel imaging for
both phase-encoding directions, providing a multipli-
cative decrease in imaging time. The region in the cen-
tral portion of each plot, showing more closely spaced
dots, represents full sampling in k-space to obtain
calibration data for the parallel-imaging reconstruc-
tion. Outside of the central region, k-space is under-
sampled by a factor of two along each direction,
providing a factor of four (2 x 2) parallel-imaging accel-
eration. In this respect, the flexible phase-encoding
scheme is important because it permits the region of
full sampling to include only the required data. Parallel-
imaging acceleration in two dimensions in conjunction
with traditional phase-encoding schemes results in
acquisition of unnecessary data, thus decreasing scan
efficiency. See Figure 2 and associated text in Busse
et al (93) for additional details.

Partial-Fourier sampling, wherein a portion of the
high spatial frequency data is not collected, provides
another means to accelerate the acquisition (95,96).
For example, the short TE.¢ example (Fig. 8c,d) shows
data along the in-plane phase-encoding direction only
for indices O through 60 because partial-Fourier sam-
pling (as well as parallel-imaging) is used along the
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Figure 8. Efficient phase-encoding strategies for single-slab 3D FSE. The plots illustrate how data are mapped into k-space
along the in-plane (labeled k) and through-plane (labeled k,) phase-encoding directions to achieve long (a,b) or short (c,d)
TEg values for an acquisition based on 100 (in-plane) x 80 (through-plane) phase-encoding steps. Each colored dot repre-
sents one echo from a spin-echo train. The plots in the left column show the data sorting with respect to echo number to
achieve the desired contrast. Linear, sequential ordering is used to obtain a long TE.¢ value (a), and radial ordering is used to
obtain a short TE.y value (c). The plots in the right column show how data for selected echo trains are mapped into l-space.
The long and short TE.; examples include elliptical sampling of k-space, and parallel-imaging acceleration (factor of 2) along
both phase-encoding directions; the round central region in each plot with full data sampling represents the calibration data
for parallel-imaging reconstruction. The short TE.; example also includes partial-Fourier sampling along the in-plane phase-
encoding direction, and thus no data samples are shown for indices greater than 60. (Fig. 3 from Ref. (93), reproduced with

permission.)

in-plane phase-encoding direction to further decrease
acquisition time. Analogous to conventional FSE
imaging, partial-Fourier sampling is particularly use-
ful in 3D FSE for applications requiring moderate to
short TE ¢ values (93,107).

Contrast Behavior: Effect of Refocusing Flip
Angles

The relationship between the contrast behavior for
single-slab 3D FSE and that for conventional 2D FSE
depends on the flip-angle values used for the refocus-
ing RF pulses. Currently, the flip-angle schemes typi-
cally used for single-slab 3D FSE can be divided into
three main categories: (1) relatively high, constant flip
angles; (2) a short to moderate TE.y value and vari-
able flip angles (including values substantially less
than 180°) or an initial flip-angle ramp followed by
relatively low, constant flip angles; and (3) a long TE¢
value and variable flip angles (including values sub-
stantially less than 180°) or an initial flip-angle ramp
followed by relatively low, constant flip angles. (If the

constant flip angle used for category 1 is less than
180°, an initial variable-flip-angle ramp is often
included, although this is not critical in the context of
our current discussion.)

The contrast behavior for single-slab 3D FSE using
relatively high, constant flip angles for the refocusing
RF pulses (category 1) is essentially the same as that
for 2D FSE using similar flip-angle values. Nonethe-
less, there are some factors that may lead to subtle
contrast differences between the two techniques. For
example, the flip angle for any given slice from a
single-slab 3D-FSE acquisition is constant in the slice-
select direction (aside from any effect of transmit-B1
inhomogeneity), while, depending on the quality of the
slice profile for the refocusing RF pulses, the flip angle
may vary substantially across the slice for 2D-FSE
imaging. Depending on the degree of this flip-angle
variation across the slice, TR and TE.s values, echo-
train length, and relaxation times, minor differences in
contrast may be apparent even when the nominal flip-
angle values for the two techniques are the same.
Another potential source of minor contrast differences
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is magnetization transfer effects. Because the 3D-FSE
acquisition includes only one (thick) slice, RF pulses
associated with a given slice do not act as off-
resonance RF pulses for other slices, as in multi-slice
2D-FSE imaging (83).

When at least some of the refocusing RF pulses
have relatively low flip-angle values (categories 2 and
3), the contrast developed at TE.g (echo time corre-
sponding to the center of k-space) may be much dif-
ferent than that for 180° refocusing RF pulses (91),
and depends both on TE.; and the values of the
refocusing-RF-pulse flip angles preceding TEcg
(92,109-111). As discussed above in the section on
Longer Echo Trains, a portion of the magnetization
generated by the excitation RF pulse is stored along
the z-axis during the echo train for refocusing-RF-
pulse flip angles less than 180° (Fig. 6b-d, right col-
umn), and the associated signal evolution is com-
posed of both spin echoes and stimulated echoes.
Thus, at TE.g, some of the magnetization contributing
to the signal will have spent a fraction of TE.s stored
along the z-axis, during which time this magnetization
decays based on T1; the fraction of time this magnet-
ization spends in the transverse plane, subject to T2
decay, is therefore reduced. As a result, the contribu-
tion of T2 decay to the signal amplitude at TE. is less
than that which would have occurred for 180° refo-
cusing RF pulses, and the apparent echo time for the
corresponding image, which reflects the contrast seen
among tissues in the image, is less than TE.y. This
effect is clearly seen in the brain image shown in
Figure 7b; the TE.y value is 330 ms, but the image
contrast appears consistent with an echo time of
approximately 100 ms.

Fortunately, the effect of stimulated echoes on the
image contrast can be calculated, and, when flip
angles less than 180° are used for the refocusing RF
pulses, the echo time which reflects image contrast
can be explicitly determined (92,109-111), as dis-
cussed with the introduction of hyperechoes by Hen-
nig and Scheffler (109). The sagittal brain images in
Figure 9, from single-slab 3D-FSE acquisitions using
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variable and constant-180° flip angles, illustrate this
concept (92). The image in Figure 9a, acquired using
variable-flip-angle refocusing RF pulses, has a TE.y
(center of Ik-space) value of 585 ms, whereas the
echo time calculated to predict the image contrast is
140 ms (92). For comparison, Figure 9b and 9c show
images acquired using constant-180° flip angles with
TE. values of 585 ms and 140 ms, respectively. While,
the image in Figure 9b shows heavily T2-weighted con-
trast, as expected, the image in Figure 9c demon-
strates contrast substantially the same as that for the
image in Figure 9a, confirming that the calculated
“contrast-equivalent” echo time reflects the image con-
trast for the variable-flip-angle 3D-FSE acquisition.
When the TE. value is relatively short (category 2), the
flip-angle values for the refocusing RF pulses have a
relatively minor effect on the contrast developed at
TE., and thus the contrast-equivalent echo time and
TEg value will be similar, unlike the case for long TE¢
values (category 3). The principle of calculating a cor-
rected echo-time value which reflects equivalent con-
trast to an acquisition using constant-180° flip angles
has also been applied to TRAPS variable-flip-angle
schemes for 2D-FSE imaging, as described by Weigel
and Hennig (111).

For 3D-FSE imaging with variable or relatively low
flip angles, a source of potential confusion is the fact
that the echo time which reflects image contrast may
be quite different than that which corresponds to the
center of k-space. Herein, we consistently use TE.s to
denote the echo time corresponding to the center of k-
space, in agreement with its usage for 2D-FSE imag-
ing. Nonetheless, in the literature, some authors have
used the term effective echo time to denote the echo
time which reflects image contrast for a variable or
low flip-angle 3D-FSE pulse sequence, without direct
reference to the echo time at which the center of k-
space is acquired (23). Both echo-time values are
important for describing the behavior and structure of
the pulse sequence. Hopefully, manufacturers will
adapt a consistent nomenclature for 3D-FSE imaging
in the future so that the important aspects of these

Figure 9. Contrast behavior for a variable-flip-angle 3D-FSE acquisition. Sagittal brain images (TR 2500 ms) are shown from
single-slab 3D-FSE acquisitions using variable-flip-angle refocusing RF pulses and a TE.g value of 585 ms (a), or constant
180° refocusing RF pulses and a TE.g value of 585 ms (b) or 140 ms (c). The “contrast-equivalent” echo time for image (a) is
calculated to be 140 ms (92), and the contrast for the image is essentially the same as that for image (c), for which TE. is
140 ms. In image (a), the substantial reduction of signal intensity for cerebral spinal fluid surrounding the midbrain and cer-
vical spine is due to motion sensitivity introduced by the low flip-angle values used in the variable-flip-angle series

(67,93,125). (Fig. 6 from Ref. (92), reproduced with permission.)
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pulse sequences can be clearly conveyed. In the
meantime, the reader should be aware that, in the lit-
erature or on an MR scanner interface, the stated
effective echo time may refer either to image contrast
or to the center of k-space.

As noted in the background section on 2D Fast-
spin-echo Imaging, there can be subtle contrast differ-
ences between conventional spin-echo and 2D FSE
even when the TE value for spin echo matches the
TE. value for fast spin echo. Similarly, subtle con-
trast differences between 2D FSE and variable or low
flip-angle 3D FSE may be expected even when the
TE.s value for 2D FSE matches the contrast-
equivalent TE for 3D FSE.

Power Deposition

The power deposition (SAR, specific absorption rate)
for an RF pulse using a given waveform shape varies
as the square of the amplitude of the pulse, and, for
amplitude-modulated RF pulses as commonly used
for clinical MRI, the flip angle is directly proportional
to the pulse’s amplitude. Thus, SAR varies as the
square of the flip angle for the RF pulse. For clinical
FSE imaging, this relationship is often used to meet
regulatory power-deposition limits by reducing the flip
angle for the refocusing RF pulses somewhat below
180°. For example, a flip-angle decrease from 180° to
150° reduces SAR by over 30%. It is thus no surprise
that variable-flip-angle refocusing RF pulses offer the
opportunity for substantial SAR reduction in spin-
echo-train imaging compared with conventional, high-
flip-angle refocusing RF pulses. This possibility was
postulated for GRASE imaging at least as early as
1994 (89).

Consider, for example, the four flip-angle scenarios
shown in Figure 6. If we assume a normalized SAR
value of 100% for the case of constant 180° flip angles,
the corresponding normalized SAR values are 11%,
12% and 15% for constant 60° flip angles, an initial
flip-angle ramp followed by constant 60° flip angles,
and flip angles that vary throughout the echo train,
respectively. Thus, compared with constant 180° flip
angles, the variable-flip-angle series of Figure 6d pro-
vides an order of magnitude greater signal amplitude
midway through the echo train, while depositing
roughly seven times less power. As a second example,
the local SAR values reported by the MR scanner for
the subject of Figure 7 were 5.23 W/kg for constant
170° flip angles and 0.88 W/kg for the variable-flip-
angle refocusing RF pulses—a sixfold reduction for the
variable-flip-angle series.

Early in the development of single-slab 3D FSE with
variable-flip-angle refocusing RF pulses, researchers
explored the potential benefits of SAR reduction for
high-field imaging. Mugler et al found that T2-
weighted whole-brain imaging at 3T with variable-flip-
angle 3D FSE yielded power-deposition well below
regulatory (FDA) limits (114). More recently, Sarkar
et al described T2-weighted and FLAIR single-slab
3D-FSE pulse sequences for brain imaging at 1.5T
that yield whole-body SAR values roughly 100 times
below the regulatory limit (23). This very low power
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deposition was achieved by optimization of the
variable-flip-angle values, particularly those for the
latter half of the echo train, and by increasing
the duration of the RF pulses, which in turn lowers
the pulse amplitude for a given flip-angle value.
Although these pulse sequences were demonstrated at
1.5T, the power deposition should be sufficiently low
to permit operation at any field strength currently
used for human imaging, including 7T.

Practical Issues and Artifacts
Signal Evolutions for Variable Flip Angles

The signal evolution shown in Figure 6d (center col-
umn) illustrates that it is possible to use variable-flip-
angle refocusing RF pulses to achieve uniform signal
amplitude over a substantial portion of a long spin-
echo train. Nonetheless, the specific signal-evolution
shape depends on the relaxation times for the tissue,
and thus the shape will be somewhat different for
other relaxation times. Figure 10a shows the flip-
angle series and signal evolution from Figure 6d, for
which the relaxation times approximate those for
brain grey matter at 1.5T, and in addition includes
the signal evolution for relaxation times representative
of those for brain white matter at 1.5T (T1/T2 700/90
ms; dashed line). The overall shape of the signal evo-
lution for white matter is only slightly different than
that for grey matter. The echo-train parameters used
for Figure 10a are applicable to T2-weighted imaging,
wherein TE.¢ (center of l-space) is within the central
portion of the echo train. For this case, the point
spread functions associated with the two signal evolu-
tions are very similar, and hence there would not be
significant degradation in image quality due to differ-
ences between the signal evolutions for the two tis-
sues. (Because the initial signal ramp, which includes
signal amplitudes that are much higher than those in
the remainder of the signal evolution, occurs over
only the first few echoes of the train, the associated
data could be discarded, if desired, with only minor
loss of efficiency.) Thus, although the signal-evolution
shapes for variable-flip-angle refocusing RF pulses
depend on the relaxation times, the evolution shapes
will generally be similar across a range of tissue types
unless the variation in relaxation times among tissues
is very large.

Variable-flip-angle refocusing RF pulses offer a tre-
mendous range of possibilities for 3D-FSE imaging.
For example, Figure 10b shows the flip-angle series
that yields uniform signal amplitude throughout the
echo train for relaxation times approximating those
for brain grey matter at 1.5T. These echo-train param-
eters could be used in conjunction with a very short
TE value. For this case, the signal evolution for
brain white matter (dashed line) would yield some
blurring because the signal amplitudes decrease
monotonically as the echo train proceeds, although
the blurring would be minor because the final signal
amplitude for white matter is only approximately 15%
less than that for grey matter. Examples of various
signal evolutions obtained using variable-flip-angle
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Figure 10. Signal evolutions for variable-flip-angle refocusing RF pulses. a: For the same variable-flip-angle series as shown
in Figure 6d (left column), the plot on the right compares the echo-signal evolutions for relaxation times approximating those
for brain grey matter (T1/T2, 1000/100 ms; solid line) and brain white matter (T1/T2, 700/90 ms; dashed line) at 1.5T. b:
The variable-flip-angle series shown on the left yields uniform echo-signal amplitudes throughout the 200-ms echo train for
relaxation times approximating those for brain grey matter at 1.5T. For both (a) and (b), the signal-evolution shape shows
only a weak dependence on relaxation times. c: Signal (left plot) and contrast (right plot) at the center of the echo train for
the variable-flip-angle series and two tissues considered in (a), as the RF amplitude is varied from —25% to +25% of the
intended value. The contrast (signal difference divided by mean signal) shows only a weak dependence on RF amplitude.
(Echo-train length, 200 for (a) and (c), and 50 for (b); echo spacing, 4 ms; repetition time long relative to T1; proton density

difference between grey matter and white matter neglected.)

refocusing RF pulses can be found in references
(23,89-93,104,107,108,110). It is reasonable to
expect that improved variable-flip-angle series and
associated signal evolutions will be developed for spe-
cific applications in the future.

Another important practical consideration for signal
evolutions from variable-flip-angle refocusing RF
pulses is the homogeneity of transmitted RF-field. As

noted above in the section on Power Deposition, the
flip angle for amplitude-modulated RF pulses, as com-
monly used for clinical MRI, is directly proportional to
the pulse’s amplitude. Thus, variation of the transmit-
ted RF-field across the volume of interest translates
directly to variation of the flip angle. RF-field homoge-
neity becomes a significant issue when the RF wave-
length is similar to or smaller than the dimensions of
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the object being imaged; clinically, this translates to
magnetic field strengths of 3T or higher. Fortunately,
signal evolutions from variable-flip-angle refocusing RF
pulses do not typically degrade rapidly as the flip
angles deviate from their intended values. Figure 10c
presents an example based on the flip-angle series and
signal evolutions of Figure 10a. The left plot in Figure
10c shows the signal amplitude from the two tissues,
at the center of the echo train, as the RF amplitude
varies from —25% to +25% of the intended value. (A
relative RF amplitude of 1.0 corresponds to applying
the intended flip-angle values as shown in Fig. 10a,
left plot.) The signals slowly and smoothly decrease as
the RF amplitude (flip angle) deviates from the ideal
value of 1.0. The right plot shows how the correspond-
ing contrast (difference between signals divided by
mean of the signals) at the center of the echo train
changes as the RF amplitude is varied. Because the
signal curves for the two tissues approximately track
one another, the relative change in contrast is less
than that in the signal amplitudes; the contrast varies
less 10% across the range of RF amplitudes consid-
ered. A larger variation in RF amplitude than that con-
sidered here may be encountered in practice,
particularly at very high field strengths. Additional
research is needed to better characterize and optimize
variable-flip-angle refocusing RF pulses under condi-
tions of substantial RF-field inhomogeneity.

FID Artifacts

In previous sections, we described the utility of
variable-flip-angle refocusing RF pulses for extending
the echo-train duration and reducing power deposi-
tion. However, like many things in MRI, the advan-
tages of variable-flip-angle refocusing RF pulses also
come with a potential problem—ifree-induction-decay
(FID) artifacts. As illustrated in Figure 4, an RF pulse
with an intermediate flip-angle value plays three roles:
excitation (to generate transverse magnetization), refo-
cusing (to generate a spin-echo), and store/recall (to
generate a stimulated echo). Thus, if the flip angles of
the refocusing RF pulses are not equal to 180°, longi-
tudinal magnetization that regrows due to T1 relaxa-
tion during the time period between the excitation
and first refocusing RF pulses, or between successive
refocusing RF pulses, will be converted to transverse
magnetization by the next refocusing RF pulse that is
applied, and thereby create an FID signal. Nonethe-
less, when the flip-angle values for the refocusing RF
pulses are relatively high (i.e., close to 180°), the asso-
ciated FID signals are relatively small for the following
two reasons. First, as shown in Figure 4a, the fraction
of magnetization excited by an RF pulse having a flip
angle close to 180° is quite small. Second, any longi-
tudinal magnetization that regrows following an RF
pulse will be very nearly inverted by the next RF pulse
if the associated flip-angle value is close to 180°. As a
result, the longitudinal magnetization has to then
regrow from a starting point along the negative z-axis,
and the amplitude of the longitudinal magnetization
before any given refocusing RF pulse never becomes
large. In contrast, when the flip-angle values for the
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refocusing RF pulses are relatively low, the refocusing
RF pulse can convert a large fraction of the longitudi-
nal magnetization that exists just before the RF pulse
to transverse magnetization, and the amplitude of the
longitudinal magnetization that exists before any
given refocusing RF pulse can grow to become rela-
tively large if the T1 relaxation time associated with
the tissue is short compared with the duration of the
echo train. If, however, the T1 relaxation time is long
compared with the duration of the echo train, then
regrowth of magnetization during the echo train will
not result in large FID signals even when the flip-
angle values for the refocusing RF pulses are rela-
tively low.

Figure 11 illustrates concepts described in the pre-
ceding paragraph. This figure plots the amplitude of
the FID signals generated by a train of refocusing RF
pulses for the same echo-train length and echo spac-
ing as those used for Figure 6. Because the FID sig-
nals increase with decreasing T1, relatively short
relaxation times (T1/T2 300/60 ms, representative of
fat at 1.5T) were used to generate the curves shown in
Figure 11, demonstrating one of the worst cases in
practice. For refocusing RF pulses having a constant
flip angle of 180° (as used in Fig. 6a), the FID signals
are zero throughout the echo train, as expected,
because an RF pulse with a flip angle of 180° does not
convert longitudinal magnetization to transverse mag-
netization (Fig. 4a). When the flip angle is decreased
from 180° to 160°, FID signals are generated by the
refocusing RF pulses, however the signal amplitudes
are relatively small (Fig. 11, dashed line) for the rea-
sons discussed above. Conversely, with variable-flip-
angle refocusing RF pulses (same values as used in
Fig. 6d), the signal amplitudes are relatively large (Fig.
11, solid line). The maximum value for variable flip
angles is more than ten times greater than that for
constant 160° flip angles. Furthermore, the ampli-
tudes of the FID signals during the latter portion of
the echo train are comparable to the echo signals
shown in Figure 6d (compare solid line to Fig. 6d,
center column).

An example of the artifact generated in single-slab
3D FSE by FID signals from variable-flip-angle refo-
cusing RF pulses is shown in Figure 12. The figure
shows a central coronal slice from a T2-weighted
FLAIR 3D-FSE acquisition of the whole head for which
a variable-flip-angle series similar to that shown in
Figure 6d (left column) was used. The artifact appears
as an intensity ripple in the subcutaneous fat at the
top of the head (short arrows in Fig. 12).

Insight into the appearance and location of FID arti-
facts is provided by the diagram in Figure 13, which
illustrates the correspondence between the undesired
FID signal (light blue in Fig. 13a) and the desired
echo signal (yellow in Fig. 13a) in relation to the refo-
cusing RF pulses and spatial-encoding gradients of a
3D-FSE pulse sequence. The FID signal originates at
the refocusing RF pulse, whereas the echo signal is
centered between successive RF pulses. In Figure
13b, the two series of concentric circles (i.e., the light
blue and yellow “bull’s-eye” patterns) show, in con-
cept, a plane of k-space data corresponding to the FID
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Figure 11. Free-induction-decay (FID) signals generated by
refocusing RF pulses with flip-angle values less than 180°.
The plot shows FID signals generated during an 800-ms
echo train for constant 180° refocusing RF pulses (dot-
dashed line), constant 160° refocusing RF pulses (dashed
line), and flip angles that vary throughout the echo train
(solid line; same flip-angle values as those shown in Fig. 6d,
left column). While relatively high refocusing-RF-pulse flip
angles generate minimal FID signals, low refocusing-RF-
pulse flip angles may generate FID signals comparable in
amplitude to the echo signals generated during the echo
train. (Echo-train length, 200; echo spacing, 4 ms; T1/T2,
300/60 ms; repetition time long relative to T1.)

(light blue) and echo (yellow); the readout direction is
horizontal and the in-plane phase-encoding direction
is vertical in the figure. Because phase-encoding gra-
dients are applied within each echo spacing of an FSE
pulse sequence, the FID signal is spatially encoded
along all three directions, just like the echo signal.
(This is in contrast to a conventional spin-echo pulse
sequence, wherein any FID signal from the refocusing
RF pulse is not phase-encoded because the phase-
encoding gradient occurs before the refocusing RF
pulse, and thus the associated artifact appears as a
line [“zipper”] across the image.) However, for the gra-
dient configuration shown in Figure 13, the center of
Ie-space for the FID signal is immediately after the RF
pulse whereas that for the echo signal is at the center
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of the readout gradient. Thus, considering the region
of k-space sampled to create the image set (denoted
by the white square in Fig. 13b), only high spatial fre-
quency data along the readout direction are captured
for the FID signals. Recall that high spatial frequency
data (i.e., the periphery of k-space) represent edge
information in the image. Because, for the FIDs, the
sampled data include only the high spatial frequen-
cies, and because the FID signals are strong only for
tissues that have a relatively short T1 relaxation time
(i.e., fat), the sampled FID signals generate an image
containing only the edges (rapid changes in signal
intensity) of tissues with a short T1 value; this “edge”
image from the FID signals is superimposed on the
desired image. Furthermore, because not all high spa-
tial frequency data are captured for the FID signals,
but only that along the direction corresponding to the
readout gradient, as noted above, the edge image con-
tains only edges that have a component perpendicular
to the readout direction. This is why, in Figure 12, the
artifact is seen at the top of the head, but not at either
side of the head. Finally, because the k-space for the
FID signals is displaced in time relative to that for the
echo signals, the edge artifact from fat creates an
interference pattern with the signals from the echo,
resulting in the intensity ripples seen in Figure 12.
For the two phase-encoding directions, the gradient
waveforms shown in Figure 13 have a net area of zero
over one echo spacing, whereas the net area is non-
zero for the readout gradient waveform. The effect of
the non-zero area for the readout gradient waveform
is to displace the k-space for the FID signals (light
blue bull's eye) along the readout direction from that
for the echo signals (yellow bull’s eye) as illustrated in
Figure 13b, and thus for our example the FID artifact
appears at edges oriented perpendicular to the read-
out direction, as described above. The pulse sequence
could be modified to have a net gradient area along
any desired axis, or along multiple axes, by including
appropriate spoiler (crusher) gradients, which serve to
displace the k-space corresponding to the FID signals
away from that for the echo signals along the desired
direction. In this way, one can control the edges at
which FID artifacts may appear. (For example, if the
pulse sequence were modified to have a balanced
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Figure 12. Artifact in single-slab 3D FSE from FID signals generated by variable-flip-angle refocusing RF pulses. A coronal
T2-weighted FLAIR brain image is shown from a single-slab 3D-FSE acquisition of the whole head using variable-flip-angle
refocusing RF pulses. The FID artifact appears as intensity ripples in the subcutaneous fat, indicated by the short arrows.

The readout direction for the acquisition was head-to-foot.
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Figure 13. Relationship between FID and echo signals dur-
ing a 3D-FSE echo train. a: The pulse-sequence diagram for
one echo spacing of single-slab 3D FSE is shown to illustrate
the timing of the FID (light blue) and echo (yellow) signals
relative to the refocusing RF pulses and spatial-encoding
gradients. b: The two series of concentric circles (that resem-
ble “bull’s-eye” patterns) represent a plane of k-space data
for the FID (light blue) and echo (yellow) signals. The k-space
data for the FID signals are displaced along the readout
direction from that for the echo signals because the area
under the readout gradient waveform is not zero. The series
of refocusing RF pulses applied in an FSE echo train also
creates echoes of the FID signals, which have a maximum
value just before each refocusing RF pulse. (That is, these
echoes of FID signals appear similar to the FID signals, but
mirrored about the center of the readout gradient.) For sim-
plicity, these signals are omitted from the diagram, although
they also participate in the generation of FID artifacts in the
image. (RF, radio frequency; Ggg, slice-select gradient; Gpg,
in-plane phase-encoding gradient; Gro, readout [frequency-
encoding] gradient.)

[zero area] readout gradient, and to include spoiler
gradients along the phase-encoding axis correspond-
ing to the left-right direction in Figure 12, one would
observe FID artifacts [intensity ripples] in the subcu-
taneous fat at the sides of the head instead of at the
top of the head.) In addition, by increasing the net
area over the echo spacing for a given gradient direc-
tion, the intensity of FID artifacts can be attenuated
at the cost of slightly increasing the minimum echo
spacing. Furthermore, by acquiring two averages (i.e.,
two NEX) and alternating the phase of the refocusing
RF pulses by 180° between averages, the FID signals
will cancel, thereby completely eliminating FID arti-
facts (115,116).

In summary, FID artifacts may appear when one or
more of the T1 relaxation times corresponding to tis-
sues in the volume of interest are relatively short and,
at the same time, relatively low flip angles are used
for the refocusing RF pulses. In contrast to the well-
known FID artifacts for conventional spin-echo imag-
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ing, 3D-FSE FID artifacts follow the underlying anat-
omy and thus do not generally appear as straight
lines in the image. The configuration of the gradient
waveforms in the pulse sequence determines at which
edges associated with short-T1 tissues artifacts may
appear. FID artifacts can be attenuated by increasing
the spoiler (crusher) gradients applied in the pulse
sequence, or completely eliminated by data averaging.
With appropriate pulse-sequence design, FID artifacts
are typically negligible. Nonetheless, the radiologist
should be aware of the potential for these artifacts
because they have an appearance different than that
for other common MRI artifacts. To determine if some
structure or pattern in the image arises from FID arti-
facts, one can repeat the acquisition with two aver-
ages to eliminate FID contributions. (This assumes
the scanner manufacturer has properly configured the
pulse sequence to eliminate FID signals when two
averages are used, which can be verified using a water
phantom.)

Slab-Selective Imaging

Although non-spatially selective RF pulses are very
useful for increasing the efficiency of single-slab 3D-
FSE imaging, many clinical applications are challeng-
ing to perform effectively without some degree of spa-
tial selectivity. Several approaches have been developed
to provide spatial selection for 3D FSE while still per-
mitting non-spatially selective refocusing RF pulses to
be used. All of these methods use an excitation RF
pulse that is spatially selective in one (115-118) or more
(23,99,117) dimensions. “Inner-volume” approaches
(119) for 3D FSE, which achieve selectively in two direc-
tions by using slab-selective excitation along one direc-
tion in conjunction with a first refocusing RF pulse that
is selective along an orthogonal direction, have also
been demonstrated (117,118,120).

No matter how spatial selectivity is achieved, an
important requirement is to maintain the short echo
spacing permitted by non-spatially selective refocus-
ing RF pulses even though the excitation RF pulse
may be relatively long. A straightforward approach for
achieving this goal is illustrated in Figure 14, which
shows slab-selective 3D-FSE imaging based on an
excitation RF pulse that is spatially selective along
one direction (115,116). A relatively long echo spacing
(ESP; in Fig. 14) is used for the first echo (117,121) to
accommodate the long slab-selective excitation RF
pulse, while a shorter echo spacing (ESP5 in Fig. 14)
is used for the second and subsequent echoes, as
described for 3D FSE by Mitsouras et al (117), thereby
maintaining the efficiency provided by non-spatially
selective refocusing RF pulses. To prevent stimulated
echoes associated with the first echo spacing from
appearing later in the echo train, the flip angle for the
first refocusing RF pulse should be relatively high
(ideally, 180°), and spoiler (crusher) gradients are
applied before and after the RF pulse. (Stimulated
echoes associated with the first echo spacing need to
be suppressed because they would not rephase at the
same time as those generated subsequently in the
echo train, because the first echo spacing is longer
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Figure 14. Efficient slab-selective 3D-FSE imaging. The
pulse-sequence timing diagram is shown for one of several
approaches to achieve slab-selective, single-slab 3D-FSE
imaging. For this example, spatial selection along the
through-plane phase-encoding direction is obtained using a
slab-selective 90° excitation RF pulse. The spin echo gener-
ated by the excitation and first refocusing RF pulses occurs
at the time indicated by the vertical white arrow. The first
echo spacing (ESP,) is thus much longer than the second
and subsequent echo spacings (ESP,). To prevent stimulated
echoes associated with the first echo spacing from appearing
later in the echo train, the flip angle for the first refocusing
RF pulse is 180° (ideally, this RF pulse would not store
transverse magnetization along the longitudinal axis to sub-
sequently form a stimulated echo), and spoiler (crusher) gra-
dients are applied before and after the RF pulse to account
for nonideal deviations in the flip-angle value from 180° due
to sources such as transmitter miscalibration or B1 inhomo-
geneity. The gradient waveform shown just before the first
refocusing RF pulse combines the slice-select rephasing gra-
dient (negative) and the spoiler gradient (positive); the net
value is negative because the area required for the former is
larger than that for the latter for this example. (RF, radio fre-
quency; Gss, slice-select gradient; ESP, echo spacing.)

than the other echo spacings.) Although the refocus-
ing RF pulses are, in concept, non-spatially selective
because a slice-selection gradient is not applied in
conjunction with the pulses, their performance is
affected by static field inhomogeneity (e.g., see Fig. 3
in Fleysher et al) (122), and the anticipated degree of
field inhomogeneity should be considered when select-
ing the RF-pulse bandwidths. In particular, for the
slab-selective implementation described here, inten-
sity shading from static field inhomogeneity may be
observed across the image volume if the bandwidth
for the first refocusing RF pulse is insufficient. This
can occur because field inhomogeneity causes the flip
angle resulting from the RF pulse to deviate substan-
tially from 180°, which in return reduces the fraction
of magnetization refocused (Fig. 4b).

An important practical aspect of slab-selective 3D
FSE involves FID artifacts. Because the non-spatially
selective refocusing RF pulses affect all tissue within
the sensitive volume of the RF coil used for transmis-
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sion, FID artifacts can originate from edges outside of
the volume of interest and alias into the images. For
this situation, the artifacts would not typically appear
at an edge in the image (as illustrated in Fig. 12), but
instead could appear within tissue unrelated to the
source of the artifact. The application of spatial presa-
turation RF pulses to tissue outside of the volume of
interest can, in many cases, suppress these artifacts
(118). However, if the T1 relaxation time correspond-
ing to a tissue outside of the volume of interest is rela-
tively short and, at the same time, relatively low flip
angles are used for the refocusing RF pulses, artifacts
may still appear because substantial longitudinal
magnetization will regrow during the echo train, as
described in the previous section. In this case, spatial
presaturation RF pulses applied before the echo train
will be ineffective; however data averaging will sup-
press the artifacts.

Figure 15 shows an example of FID artifacts origi-
nating from outside the slab of interest. T2-weighted,
variable-flip-angle 3D-FSE images (echo train dura-
tion 745 ms) were obtained of a small plastic bottle
positioned next to a short cylinder (Fig. 15a), both of
which contained water doped to yield a relatively
short T1. As illustrated by the white box in Figure
15a, slab-selective 3D-FSE image sets were obtained
of the short cylinder, with the readout direction left-
to-right for the images shown in Figure 15b. For this
example, spoiler gradients within each echo spacing
were applied along the readout direction, consistent
with Figures 12 and 13. FID artifacts, appearing as
intensity ripples in the otherwise uniform signal in an
image slice through the short cylinder, are seen from
the edges of the body of the bottle (Fig. 15b, arrows)
and from the neck of the bottle (Fig. 15b, arrow-
heads). As seen in the lower right image of Figure
15b, two averages eliminates the FID artifacts. None-
theless, because the acquisition of two averages of
course doubles the imaging time, it would be desira-
ble to eliminate the artifacts with less of a time pen-
alty. One approach for achieving this goal is to
perform “partial” averaging wherein one complete
dataset plus one partial dataset is collected. (Ideally,
the portion of data for which two averages are
acquired includes that containing the bulk of the arti-
fact energy. Referring to Figure 13b, one should
include the phase-encoding lines corresponding to the
region of k-space wherein the FID signals [light blue]
make the greatest contribution to the sampled-data
region, as marked by the white box.) For example, a
1.4 average dataset (Fig. 15b, upper right) includes
one complete dataset and the central 40% (along the
through-plane phase-encoding direction for this pulse
sequence configuration) of a second dataset. As seen
in Figure 15b, 1.4 averages substantially reduce the
artifacts, and for 1.7 averages the artifacts are barely
visible within the uniform background of the water
phantom.

CONCLUSIONS

Spin-echo-based acquisitions remain the workhorse
of clinical MRI as they provide a variety of useful



764

1 average

image contrasts and are resistant to image artifacts
from RF or static field inhomogeneity. Furthermore,
3D acquisitions, which provide datasets that can be
retrospectively reformatted for viewing in freely select-
able orientations, are advantageous for evaluating the
complex anatomy associated with many applications
of MRI. Herein, we have described how fast-spin-echo
pulse sequences can be designed and optimized to
permit true (single-slab) 3D acquisitions with clini-
cally practical acquisition times. These optimized
techniques are compatible with other established
methods for manipulating contrast, such as inversion
recovery (8,108), fat suppression, or fat-water separa-
tion (123,124). For example, the 3D approach is par-
ticularly useful for performing fluid-attenuated
inversion recovery (FLAIR) imaging in the brain,
because the whole-brain acquisition suppresses flow-
related artifacts (e.g., in the subarachnoid space and
ventricles) that commonly occur in 2D-based methods
(8). Overall, optimized single-slab 3D FSE provides a
flexible and robust approach for 3D spin-echo-based
imaging with a broad range of clinical applications.
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Slab thickness Figure 15. Partial averaging

to suppress out-of-slab FID
artifacts generated in slab-
selective 3D FSE using
variable-flip-angle refocusing
RF pulses. Images of water
phantoms are shown from T2-
weighted,  variable-flip-angle
3D-FSE acquisitions (echo
train duration, 745 ms; TE.g
377 ms; readout direction,
left-to-right for images in part
(b)). a: Volume-rendered
images are shown to illustrate
the relationship between the
small plastic bottle positioned
next to a short cylinder, both
of which contained doped
water. b: Slab-selective 3D-
FSE imaging was performed
using the slab thickness indi-
cated by the white rectangle in
(a). FID artifacts, aliased from
outside of the slab, are clearly
visible (arrows and arrow-
heads) in the image on the left,
acquired with one average.
The outer set of artifacts
(arrows) originates from the
edges of the body of the bottle
and the inner set (arrowheads)
originates from the edges of
the neck of the bottle. The arti-
facts are mostly suppressed by
1.4 averages and essentially
eliminated with 1.7 averages.

1.4 averages

1.7 averages
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