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Abstract The topic fast and ultra-
fast MR imaging commonly includes
relatively slow gradient-echo tech-
niques with spoiled transverse mag-
netization (FLASH, FFE-T1, SPGR),
gradient-echo techniques with par-
tially refocused transverse magneti-
zation (FISP, FFE, GRASS), gradi-
ent-echo techniques with fully refo-
cused transverse magnetization
(trueFISP, balanced FFE, FIESTA),
the multi-echo spin-echo techniques
(RARE, TSE, FSE), a mixture of
multi-echo spin-echo and gradient-
echo techniques (GRASE, TGSE),
and finally single-shot techniques
(HASTE, SS-FSE, EPI). This article
gives a description of the sequence
structures of non-echo-planar fast
imaging techniques and a list of po-
tential clinical applications. Recent
advances in faster imaging which are
not sequence related, such as simul-
taneous acquisitions of spatial har-
monics (SMASH) and sensitivity 
encoding (SENSE) for fast MRI, are

mentioned as well as some novel
techniques such as QUEST and
BURST. Due to the recent success
with gradient-echo techniques with
fully refocused transverse magneti-
zation (trueFISP, balanced FFE, 
FIESTA), this “faster” gradient-echo
technique is discussed in more detail
followed by multi-echo spin-echo
techniques that present the counter-
part to the multi-echo gradient-echo
(EPI) technique, which is not dis-
cussed in this paper. Three major 
areas appear to be the domain for
EPI: diffusion; perfusion; and blood
oxygenation level dependent imag-
ing (BOLD, fMRI). For all other 
applications there is ample room for
utilizing other fast and ultrafast 
imaging techniques, due to some 
intrinsic problems with EPI.
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Introduction

The imaging potential of MR imaging continues to
evolve. In 1973 Lauterbur demonstrated a technique to
create a two-dimensional map of the density of nuclear
spins [1], and since then a continuous effort for faster ac-
quisition methods has led to a variety of fast and ultra-
fast imaging techniques. As early as 1977 Mansfield pre-
sented his concept of echo-planar imaging (EPI) [2]. He
proposed a method which would produce an image in
milliseconds, whereas imaging times at that time were

typically of the order of 1 h. Other imaging techniques
have been introduced in the meantime with the similar
goal of reducing measurement time and those techniques
named non-EPI techniques are discussed in this paper.
The short repetition time (TR) low-angle excitation gra-
dient-echo (GRE) technique [3], also called fast low-
angle shot (FLASH) [4], is often called a fast imaging
technique and has been proven to be of significance for
the diagnosis of a variety of pathologic disorders and
hemorrhagic lesions, especially in conjunction with con-
trast agents. But since this technique is a single-echo
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method, and not a multi-echo approach as in EPI, it is
not the focus of this article.

History and basic principles

In conventional spin-echo (SE) and GRE imaging a fre-
quency-encoding gradient is switched on during data ac-
quisition causing the resonance frequency being a func-
tion of location. The composite signal is later analyzed
via a Fourier transformation assigning signal intensities
of distinct frequency components to certain locations.
For the second dimension, perpendicular to the frequen-
cy-encoding gradient, the information about the position
of the magnetization vector, the so-called phase, is uti-
lized as source for spatial information. Prior to switching
the frequency encoding, a phase-encoding gradient is
switched on for a short duration, establishing a differ-
ence in phase positions for the magnetization vectors
within each voxel in the direction of the magnetic field
gradient. In conventional SE and GRE imaging, one line
of imaging data (also named one phase-encoding step or
one Fourier line or one raw data line or one line in k-
space) is collected within each TR period (Fig. 1). The
measurement time is then given by the number of phase-
encoding steps multiplied by the TR and multiplied by
the number of acquisitions (number of averages + 1). In
echo-planar imaging (EPI) all necessary Fourier lines are
acquired after a single radiofrequency (RF) excitation
pulse using multiple gradient echoes, each echo phase
encoded (Fig. 2). Main unchallenged applications for
EPI sequences are diffusion imaging, perfusion imaging,

and functional MRI aiming for the blood oxygenation
level dependent (BOLD) effect [5]. There are multiple
intrinsic problems to EPI [6], leaving ample room for
other fast imaging techniques. As EPI is a multi-echo
GRE technique, a non-echo-planar technique should be a
multi-echo spin-echo technique such as rapid acquisition
with relaxation enhancement (RARE) [7], fast spin echo
(FSE) [8] or turbo spin echo (TSE), or a multi-echo mix-
ture of spin echoes and gradient echoes such as gradient-
and-spin-echoes (GRASE) [9] or turbo gradient- and
spin echoes (TGSE). Recent advances in steady-state
free precession imaging (SSFP) demand also the re-
introduction of gradient-echo techniques with fully refo-
cused transverse magnetization (FISP [10], true FISP,
balanced FFE, FIESTA) as promising non-echo-planar
fast imaging techniques. Prior to discussing these se-
quences, two other recently developed techniques should
be mentioned, allowing faster imaging, but not related 
to any changes in sequence design. As we evaluate the 
k-space in 3D GRE, we find very low signal amplitudes
in the outer Fourier lines containing the information of
the high spatial frequencies of the object. The effect is
surprising if we omit the measurement of these lines,
filling them with zero values instead. The images look
better and the measurement time is reduced. This zero-
filling approach does not improve spatial or volume res-
olution but does reduce the artifacts caused by partial-
volume effects [11]. The technique applied to a 3D time-
of-flight (TOF) magnetic resonance angiography (MRA)
is also known as turbo MRA [12] and is illustrated in
Fig. 3. The approach is not confined to MRA but can be
applied to any 3D technique. A 3D GRE acquisition us-
ing this method with a measurement time short enough
to hold the breath has been named volumetric interpolat-
ed breath hold examination (VIBE) [13]. Figure 4
presents an example of a VIBE acquisition of a hemangi-
oma. As previously mentioned, this technique does not
utilize a new sequence, but simply uses a sinc-interpola-
tion via zero filling of Fourier lines, which have never
been measured. The other recently introduced methods
of faster imaging, which are also not related to a special
sequence, are the parallel acquisition techniques such as

Fig. 1 The spatial encoding for conventional spin-echo (SE) and
gradient-echo (GRE) sequences. Prior to data sampling, the phase-
encoding gradient is applied, establishing a difference in “phase”
between the transverse magnetizations within the object, in the di-
rection of phase encoding. A frequency-encoding gradient is
switched on during data sampling. Allowing a differentiation be-
tween signal sources in the direction of frequency encoding. The
data are sorted in a k-space matrix: From top to bottom according
to their phase-encoding value, from left to right as frequency en-
coded in time
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the simultaneous acquisitions of spatial harmonics
(SMASH) or the sensitivity encoding for fast MRI
(SENSE) [14] methods. Prerequisite for this technique is
the utilization of numerous surface or array coils. As
each of the surface coils has a specific receiving profile,
the signal received from these coils already contains
some spatial information – the location of the coil and
the sensitivity profile of the coil (Fig. 5). Utilizing this
existing spatial information, the number of phase-encod-
ing steps in that direction can be reduced, thus leading to
a faster acquisition time. 

The intention of this article is to focus on those non-
echo-planar fast imaging techniques that have been or
are utilized in routine clinical applications. Nevertheless,
a few novel approaches shall be mentioned: Using multi-
ple RF pulses, a multitude of spin echoes and stimulated
echoes are generated, as pointed out by Hahn [15] as ear-
ly as 1950. With two exceptions, all sequences disregard
the majority of these echoes by spoiling or refocusing
them back to the main echo. The two exceptions are a
quick echo split NMR imaging technique (QUEST) [16]
and BURST imaging [17]. Both methods utilize the vari-
ous echo paths – each echo getting a proper phase-
encoding – and fill the k-space within milliseconds. Al-
though a novel approach, the image quality and resolu-
tion achieved so far is no challenge for a conventional
sequence. The two successful non-EPI techniques dis-
cussed in this article, trueFISP and RARE, also started
with inferior image quality as compared with a conven-
tional sequence at the time.

FISP, trueFISP, FIESTA, SPIDER, 
projection reconstruction balanced FFE

As mentioned previously, the use of multiple RF pulses
during an MR imaging sequence generates a multitude of
spin echoes. In techniques such as FLASH [4], those
spin echoes or stimulated echoes are spoiled with a
spoiler gradient at the end of each Fourier line or the
transverse steady state is avoided otherwise by using a
random phase position for the low-angle excitation
pulse, the so-called RF spoiling [18]. The first sequence

Fig. 2 One example of a possi-
ble echo-planar imaging (EPI)
acquisition scheme. The “start
position” within k-space is pre-
pared with the preceding gradi-
ents in the direction of phase
encoding and in the direction of
frequency encoding. Advances
in phase encoding are provided
by gradient “blips” in the direc-
tion of phase encoding, in 
between the bipolar frequency-
encoding gradient lobes

Fig. 3 a, b Maximum intensity projections (MIPs) of 12-min du-
ration of measurement of a time-of-flight MR angiography (TOF
MRA) acquired on a 1.0-T system. c, d The MIPs of the same pa-
tient during the same session acquired with a “turboMRA” – a
study lasting 6 min with interpolation in the direction of depth en-
coding (zero filling of non-acquired k-space lines)

Fig. 4 Volume-interpolated breath-hold (VIBE) image of a hem-
angioma after contrast administration. Sequence was of type 3D
fast low-angle shot (FLASH) with TR=4.5 ms, TE=2.4 ms, 50
slices (partitions) with a thickness of 2.5 mm (after interpolation),
field of view (FOV) 262×350 mm, matrix size 111×256. The cir-
cular polarized-body array coil was used in combination with the
corresponding coil elements of the spine array coil. A fat satura-
tion pulse was utilized. Measurement time was 20 s, allowing a
breath-hold examination
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describing the refocusing of the majority of these echo
paths to one main echo was fast imaging with steady pre-
cession (FISP) [10], later to be called trueFISP [19]. At
the time of the introduction in 1986, gradient systems
were not strong enough to allow short TR short TE im-
aging and the realization of the theoretical benefit of the
refocusing. With recent advances in gradient coil and
power amplifier technology, the advantage has become
more obvious. With short TE and short TR approaches,
all tissues with a reasonably long T2-relaxation time will
demonstrate additional signal due to the various refo-
cused echo paths (Fig. 6). The FISP is a gradient-echo
technique with partially refocused transverse magnetiza-
tion. Other acronyms for this technique are fast field
echo (FFE) and gradient-recalled acquisition in the
steady state (GRASS). The trueFISP is a gradient-echo
technique with fully refocused transverse magnetization.
Other acronyms for this technique are balanced FFE 
and fast imaging employing steady-state acquisition 
(FIESTA). The FISP has a history in cardiac applications

and trueFISP has the same focus. Compared with true-
FISP, the “older” FISP is often used in conjunction with
a lower bandwidth, resulting in longer acquisition win-
dows, slightly longer echo times, and, as a consequence,
an increased sensitivity to flow- and motion artifacts.
The trueFISP is less sensitive to motion due to very short
echo times and presents a higher signal intensity due to
the additional refocused echo paths (Fig. 7). The only
drawback is the sensitivity to off-resonance effects, due
to susceptibility gradients within the patient or due to
ferromagnetic objects close to the slice to be imaged. In
that case, the typical destructive interference pattern
(lines of total signal void) can be observed. The trueFISP
technique has been combined recently with a so-called
radial k-space acquisition scheme. The phase encoding is
omitted in this case; instead, two gradients are combined
to one frequency-encoding gradient and that gradient is
rotated around the imaging plane, similar to the projec-
tions in computed tomography. One acronym for this
technique is projection reconstruction balanced fast field

Fig. 5a–c Illustration of a
“parallel acquisition” technique
(sensitivity encoding for fast
MRI; simultaneous acquisitions
of spatial harmonics) using a
vascular phantom. a, b The 
acquisition of a full matrix with 
a all coils or b reconstructed
separately for each coil. Omit-
ting every second Fourier line
will reduce the measurement
time by a factor of two, but
corresponds to a rectangular
FOV. c The images reconstruct-
ed for each coil will show over-
folding artifacts. The appear-
ance of these artifacts depends
on the coil positions and the
sensitivity profiles of the coils.
Using this information, the 
image can be “unwrapped” 
(arrows)

Fig. 6 Sequence diagram for
fast imaging with steady pre-
cession (FISP) and trueFISP.
For FISP, only the dephasing of
the transverse magnetization
due to the spatial encoding in
the phase-encoding direction is
rephased after the data acquisi-
tion. In trueFISP, that rephasing
is also performed along the fre-
quency encoding and as a prep-
aration also for the expected
dephasing during the slice-
selection gradient
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echo (PR-FFE) [21]. This technique can be further ad-
vanced in using multiple gradient-echoes as illustrated in
Fig. 8, to fill the k-space even faster. This technique has
been named steady-state projection imaging with dynam-
ic echo-train read-out (SPIDER) [20]. Radial acquisition
techniques are particularly motion insensitive and seem
to be very promising for imaging with a reasonable spa-
tial resolution and high temporal resolution. These tech-
niques show potential for real-time interactive cardiac
imaging or fast tracking of interventional devices. 

SINOP and MEDIC

The main difference between GRE imaging and SE im-
aging is based on the refocusing of the transverse mag-
netization that has been dephased by mechanisms that
are fixed in location and consistent over time. The
source for dephasing always originates in a difference in
resonance frequencies. As hydrogen nuclei in adipose
tissue experience a slightly different electronic environ-
ment than the hydrogen nuclei of water molecules, the
larmor frequency of adipose tissue is approximately
3.5 ppm lower than the resonance frequency of free wa-
ter. As a consequence, the transverse magnetization
formed by the spin property of hydrogen nuclei of water
rotates slightly faster than the transverse magnetization
in water-containing tissue. For spin echo that phenome-
non is irrelevant, since the faster component gets placed
behind the slower component and the transverse magne-
tizations are, with the exception of the T2 decay, re-
aligned to form the spin echo. For GRE imaging, the
magnetization within water speeds ahead as compared
with the magnetization within fat, and depending on the
selected echo time, both magnetizations will be in phase
with each other, opposed phase, or somewhere in be-
tween. For the opposed-phase situation, the induced sig-
nal may be diminished depending on the water and fat
content of the voxel. This appearance can be utilized to
identify, for example, adenomas of the adrenal glands
[22]. In-phase and opposed-phase images can be ac-
quired simultaneously (Fig. 9) with a double-echo GRE
arrangement. Such a technique is also called simulta-
neous in-phase/opposed-phase acquisition (SINOP).

One of the potential actions to improve the signal-to-
noise ratio (SNR) is to increase the number of acquisi-
tions. This approach will automatically increase the mea-
surement time. One interesting method in GRE imaging
is to utilize multiple echoes rather than multiple acquisi-
tions. Although the signal diminishes with the echo time,

Fig. 7a, b Fast imaging with steady precession vs trueFISP. 
a A FISP acquisition through the aortic valve. b A short axis repre-
sentation acquired with a trueFISP technique. The shorter echo time
of the trueFISP technique (1.5 vs 2.5 ms) leads to a better edge defi-
nition and a reduced sensitivity to flow- and motion artifacts

Fig. 8 Steady-state projection imaging with dynamic echo-train
readout (SPIDER). The basic sequence structure is of type true-
FISP, but there is no phase-encoding gradient. Two gradients are
combined to result in a frequency-encoding gradient. For each
measurements the gradient amplitudes are varied in order to pro-
vide another “projection.” The k-space is filled with radial trajec-
tories. Conventional pulse sequences use Cartesian Fourier sam-
pling schemes. Radial k-space acquisitions are usually “regridded”
in order to use the same reconstruction algorithm. Three echoes
are used within the above example, covering three different pro-
jections with one RF excitation
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depending on the T2*-relaxation time of the tissue to 
be evaluated, if the desired contrast is supposed to be
T2-weighted, the method is justified. Such a method 
has been named multi-echo data image combination
(MEDIC; Fig. 10).

RARE, FSE, and TSE

As EPI uses multiple phase-encoded gradient echoes to
fill the k-space, the non-EPI technique doing the same
with spin echoes has been named rapid acquisition with
relaxation enhancement (RARE) [7]. Instead of collect-
ing one Fourier line per TR, multiple RF refocusing
pulses are used to create additional spin echoes and those
spin echoes are phase encoded and sorted into the same
k-space matrix of the excited slice (Fig. 11). The image
quality published at the time was not that impressive.
Major vendors were reluctant to include the technique
into their products until the rediscovery of multi-echo SE
imaging by Melki et al. in 1990, with the finally surviv-
ing acronym FSE (fast spin echo) [8]. Other MR equip-

ment vendors, such as Siemens and Philips, implemented
a similar method, using the acronym TSE (turbo spin
echo) [23]. The potential reduction in measurement time
with multi-echo SE imaging is directly proportional to
the number of echoes utilized. Usually, the TR is extend-
ed compared with conventional SE imaging to achieve a
better contrast and to allow time for a multislice acquisi-
tion, and usually the matrix size is increased to improve
spatial resolution. Both actions eliminate the concern
about the consequences of a reduced signal contribution
of Fourier lines acquired with late echoes [24]. Figure 12
is a demonstration of an axial T2-weighted brain study
acquired within less than 3 min using a TSE imaging
technique. As the short TR in GRE imaging allowed the
introduction of otherwise too time-consuming volume
acquisitions, the same shortening in acquisition time al-
lowed the extension of 3D acquisition techniques to-
wards fast SE imaging [25]. Similar to a 3D GRE data
acquisition, a phase-encoding gradient table is intro-
duced in the direction of slice selection, allowing the en-
coding of the phase position for a 3D slab. 

Fig. 9 Simultaneous acquisition
of in-phase/opposed-phase 
(SINOP) images. Depending on
the echo time, the transverse
magnetization of fat is not
aligned with the transverse
magnetization of water, leading
to signal cancellation within
voxel, where the magnetization
for fat and water are approxi-
mately equal. The above exam-
ple was acquired on a 1.0-T
System (Harmony, Siemens,
Erlangen, Germany) with echo
times of 3.5 and 7.6 ms, show-
ing an adrenal tumor

Fig. 10 Multi-echo data image
combination (MEDIC). Multi-
ple gradient echoes can be 
utilized to increase “the num-
ber of acquisitions,” thus im-
proving signal-to-noise ratio.
The T2* decay influencing the
later echoes increases the 
T2*-weighting (effective echo
time prolonged)
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RESTORE, DRIVE, DEFT-FSE

Another interesting extension of this application is the
forced improvement of the longitudinal recovery using a
“driven equilibrium pulse” at the end of the echo train,
creating a 3D-DEFT-FSE technique [26], also named
RESTORE or DRIVE. The driven equilibrium RF pulse
at the end of one echo train, sometimes also called 
restoration pulse, transforms the residual transverse mag-
netization into a longitudinal magnetization (Fig. 13);
the latter leads to an artificial improvement in longitudi-
nal magnetization recovery. Figure 14a shows a sagittal

T2-weighted cervical spine acquired with a TSE se-
quence on a 1.5-T system. Figure 14b shows the same
anatomical region and a similar contrast using a TSE 
sequence with restoration pulse.
One remaining point of concern in comparing fast SE
imaging with conventional SE imaging is the reduced
sensitivity to susceptibility artifacts, that is the ability to
identify hemorrhagic lesions [27]. 

TGSE, GRASE

One idea of imaging even faster and at the same time in-
creasing the sensitivity in detecting susceptibility gradi-
ents is the combination of spin echoes and gradient ech-
oes (GRASE) [9] also called turbo gradient and spin ech-
oes (TGSE). Instead of collecting one Fourier line after
each refocusing RF pulse, multiple gradient echoes are
placed inside a spin-echo envelope, each echo phase en-
coded in order to gather another line with additional spa-
tial information (Fig. 15). The reduction in measurement
time is again proportional to the number of refocused
spin echoes multiplied by the number of gradient echoes
placed under each spin-echo envelope. Unfortunately,
the hope for an increased sensitivity in imaging suscepti-
bility gradients has not been fulfilled [28].

HASTE, SSFSE

An ultimate non-EPI counterpart to a single-shot EPI
technique would be a single-shot FSE technique, SSFSE
[5]. Such a technique has been introduced and is applied
for certain routine clinical applications in combination
with the half-Fourier method as introduced by Margosian
et al. in 1986 [29]. The technique has been named half-
Fourier acquired single-shot turbo spin echo (HASTE)
[30]. The half-Fourier method is based on the fact that 
k-space is symmetrical – at least in theory. A large posi-
tive phase-encoding gradient providing a difference of

Fig. 11 Rapid acquisition with
relaxation enhancement, turbo
spin echo, fast spin echo. The
task for filling up a k-space is
accelerated by utilizing multi-
ple phase-encoded spin echoes.
This example shows five spin
echoes. The third echo samples
the low k-space frequencies
and is named the “effective”
echo time. Measurement time
is reduced by a factor of five,
since five Fourier lines are
measured with per excitation

Fig. 12 Axial T2-weighted image of a normal brain using a TSE
sequence. Acquisition time was 2 min 39 s for 19 slices with a
slice thickness of 5 mm. Achieved spatial resolution was
0.9×0.4×5 mm. Repetition time was 3790 ms, echo time 98 ms, 11
phase-encoded echoes were utilized per excitation in order to
speed up filling of k-space (raw data matrix)
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180° in-phase positions between the transverse magneti-
zations of adjacent voxels should provide the same infor-
mation, the similar signal, as compared with a large neg-
ative phase-encoding gradient of the same amplitude and
duration. The half-Fourier method therefore measures
only half the number of Fourier lines, plus a few to cor-
rect the imperfection of the k-space symmetry (Fig. 16).

Clinical applications

Brain applications

With the exception of hemorrhagic lesions, FSE imaging
or TSE has become part of the routine clinical applica-
tions in imaging of the central nervous system, whether it
is mass lesions, high-resolution imaging of the pituitary
gland, cerebrovascular disease, white matter lesions, intra-
cranial infections, or seizures [31]. The reduction in acqui-
sition time due to the utilization of multiple phase-encod-
ed spin echoes enables high-resolution studies of the brain
within reasonable measurement times as demonstrated in
Fig. 17. The reduction in acquisition time in FSE imaging
made it feasible to introduce inversion recovery tech-
niques with inversion times of the order of 1.8–2.5 s, long
enough to null the hyperintense signal of cerebral spinal
fluid (CSF) in T2-weighted studies of the central nervous
system [32]. The nulling of the signal from CSF is demon-
strated in Fig. 18. It was shown that this fast fluid-attenu-
ated inversion recovery (FLAIR), also called turboFLAIR
technique, is very sensitive for the evaluation of white
matter disease such as multiple sclerosis (MS) [33]. The
early and accurate diagnosis of MS has become more im-
portant due to the increasing use of immunotherapy in the
attempt to modify the course of the disease. Magnetic res-
onance imaging seems to be sensitive in the evaluation of
the response to therapy [34]. TurboFLAIR is also used in
the evaluation of subacute and acute hemorrhage. Sub-
arachnoidal hemorrhage is visible as high signal intensity
relative to normal CSF and brain parenchyma [35]. Even
though turboFLAIR is a T2-weighted technique with dark
CSF, the inversion pulse used provides an additional de-
pendency on T1-relaxation time; utilizing the latter, it has
been shown that fast FLAIR is superior to contrast-
enhanced T1-weighted SE imaging in the evaluation of
enhancing meningeal lesions [36]. 

Fig. 13 RESTORE, DRIVE or
DEFT-FSE use a “restoration”
pulse at the end of the echo
train to convert the remaining
transverse magnetization back
to a longitudinal magnetization.
Tissue with long T2-relaxation
times will benefit and will
show a larger signal enhance-
ment as compared with a 
TSE acquisition with similar
parameters

Fig. 14a, b Sagittal T2-weighted images of the cervical spine. 
a Image acquired on a 1.5-T system within 4 min using a TSE se-
quence with a TR of 4 s, an effective TE of 118 ms, and a spatial
resolution of 1×1×3 mm. b Image acquired on a 1.5-T system
within 2.4 min using a TSE sequence with a RF restoration pulse
(RESTORE-TSE) using a TR of 4 s, an effective TE of 120 ms,
and a spatial resolution of 1.2×0.5×3 mm
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Cardiovascular imaging

The introduction of FSE imaging to study cardiovascular
pathology can be seen as a dramatic increase in a diag-
nostic potential. With FSE imaging it has been possible
to generate T2-weighted high-resolution studies of the
beating heart, within a single breathhold. The final
breakthrough for this application was achieved with the
introduction of the “dark blood” preparation scheme
[37]. In TSE imaging with dark blood preparation, the
measurement of a portion of k-space starts with an inver-
sion of the magnetization of the whole volume, followed
by an immediate slice-selective re-inversion. During a
delay time of a few hundred milliseconds, the inverted
dark blood sitting outside the slice gets washed into the
imaging volume and gives no signal for the TSE acquisi-
tion part for that portion of k-space. Figure 19 represents
a short axis of a heart with pericardial disease, acquired
with a TSE imaging sequence with dark blood prepara-
tion. The same technique provides a diagnostic tool for

the non-invasive exclusion or confirmation of one of the
important indications for right ventricular dysplasia [38]
– the documentation of fatty replacements in the free
right ventricular wall.

For the evaluation of ventricular function, the true-
FISP technique generated recent attention due to the in-
creased contrast between the myocardium and the ven-
tricular lumen [39]. That increase in contrast has multi-
ple reasons. The segmented FLASH sequence which has
been used in the past for the evaluation of left ventricular
function has a relatively long echo time (approximately
6 ms for a bandwidth of 195 Hz/pixel) because it needs a
time-consuming three-lobe gradient structure in the di-
rection of slice selection and frequency encoding, in or-
der to rephase the magnetization of flowing structures
(gradient motion rephasing, GMR). A long echo time is
correlated with a long repetition time and the latter pa-
rameter is directly proportional to the measurement time.
The trueFISP technique is intrinsically flow insensitive
and the refocused echo paths provide enough signal to

Fig. 15 A turbo gradient- and spin-echo (TGSE) sequence. Acqui-
sition scheme is similar to that of the TSE sequence. Multiple SE
envelopes are generated with RF-refocusing pulses. The generated
transverse magnetization is phase encoded after each refocusing
pulse. In this example, three readout gradient lobes are producing

three gradient echoes within one SE envelope. With an additional
phase-encoding gradient “blip,” the phase can be advanced, allow-
ing the acquisition of another Fourier line per gradient echo. Po-
tential time savings for this setup is of the order of 15 (three gradi-
ent echoes times five spin echo envelopes)

Fig. 16 A half-Fourier ac-
quired single-shot turbo spin
echo (HASTE) sequence. Since
the k-space is symmetric (in
theory), only half of the data is
measured using one excitation
and multiple phase-encoded
spin echoes
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allow the utilization of a higher bandwidth. The omis-
sion of the GMR arrangement and the shorter acquisition
window of a higher bandwidth provides an echo time as
short as 1.6 ms. A short echo time is correlated with a
short repetition time. Whereas the segmented FLASH

technique allows the measurement of seven Fourier 
lines per heartbeat, the trueFISP technique allows 15.
Figure 20 illustrates one of several views of the beating
heart acquired with a trueFISP acquisition scheme. Re-
finements in trueFISP imaging (mainly shortening the
TE and the TR with the help of a strong gradient system
and using radial sampling of k-space) enables visualiza-
tion of the beating heart without any triggering technique
[40]. The imaging time of 110 ms for a complete image
is fast enough compared with the heart motion, leading

Fig. 17 Coronal slice through the brain acquired with a turboIR
sequence. Similar to the conventional inversion recovery approach
an RF inversion pulse is placed prior to the TSE echo train, allow-
ing the enhancement in contrast for small differences in T1-relax-
ation time. Repetition time was 6.5 s, inversion time 350 ms, and
effective echo time 75 ms. Acquisition time was 7 min 43 s for a
spatial resolution of 0.3×0.3×5 mm. GM gray matter; WM white
matter; CSF cerebral spinal fluid

Fig. 18 Turbo fluid-attenuated
inversion recovery sequence il-
lustration and an axial slice of a
brain study acquired with this
technique that utilizes only the
magnitude information. The in-
version time was selected long
enough to suppress the signal
from fluid (1.9–2.5 s). Repeti-
tion time was 9.7 s, inversion
time 2.5 s, and effective echo
time 111 ms. Acquisition time
was 1 min 47 s for 15 slices
with a spatial resolution of
1×0.8×5 mm. GM gray matter;
WM white matter; CSF cerebral
spinal fluid

Fig. 19 T2-weighted short axis view of a heart with thickening of
the right ventricular wall. The hypointense asymmetric distribu-
tion surrounding the heart is typical for pericardial fluid. The im-
age was acquired with a triggered TSE sequence with “dark
blood” preparation. Excitation was repeated every third heartbeat
(TR of 2177 ms) followed by 23 refocusing RF pulses generating
23 echoes. Measurement time was 18 heartbeats for a 138×256
matrix
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to an acceptable image quality even for ungated studies –
and of course allowing free breathing. The technique
shows potential in replacing the slower segmented GRE
techniques that were used for the volumetric evaluation
of the cardiac ventricles in the course of ischemia, valve
malfunctions, congenital abnormalities, cardiomyopat-
hies, pericardial disease, and intracardiac masses. In con-
junction with the slow enhancement after administration
of gadolinium-containing contrast agents, the trueFISP
technique also shows promise to provide complementary
information to the perfusion measurements performed
with turboFLASH techniques in the evaluation of myo-
cardial viability.

Abdominal imaging

The utilization of FSE imaging for abdominal imaging is
very tempting, since the measurement time can be re-
duced to the point where breath-hold evaluations will be
possible. The image quality of breath-hold examinations
vs the image quality of the time-consuming non-breath-
hold techniques is simply superior due to the lack of
blurring caused by the averaging over the respiratory
motion. Numerous investigators have noted that nonsolid
liver lesions present a higher signal difference to normal
liver parenchyma for FSE imaging as compared with
conventional SE imaging; however, this is not the case
for solid liver lesions. The lesion conspicuity for solid
liver lesions seems to be reduced [41]. The hypothesis is
that two mechanisms are responsible for this lower liver
to lesion contrast: reduced sensitivity to susceptibility
gradients and the altered contrast due to magnetization
transfer effects. The lower sensitivity to susceptibility
gradients leads to a reduced sensitivity for hemorrhagic
lesions [42]. The numerous short-spaced 180° RF refo-

cusing pulses of adjacent slices saturate the invisible wa-
ter pool of short T2 components [43]. That saturation is
transferred to the visible free water via magnetization
transfer (MT) mechanisms [44]. Indeed, MT saturation
pulses have been used to reduce the signal intensity of
solid lesions to distinguish them from hemangiomas and
cysts [45]. The hypothesis is that the recovery following
MT saturation can be improved with the administration
of a gadolinium chelate and may lead to a better cons-
picuity of solid liver lesions on FSE imaging [46].

The utilization of the half-Fourier technique in con-
junction with fast spin echo imaging, also called half-
Fourier single-shot TSE technique half-Fourier acquired
single-shot turbo spin echo (HASTE) [30] allows a fur-
ther reduction in measurement. For example, a 128×256
matrix, only 72 Fourier lines are acquired, half the k-
space plus a view lines to correct for the asymmetry,
leading to a measurement time of 320 ms using an echo
spacing of 4.2 ms. The acquisition of those lines follows
after a single RF excitation, the reason why this tech-
nique is called a single-shot technique. The loss of signal
due to the T2 decay, especially for the high spatial fre-
quencies acquired with the late echoes leads to the
blurred image appearance of these HASTE images. The
major advantage of this technique is the decreased 
sensitivity to respiratory artifacts, which are still obvious
in FSE imaging, since most of the patients are in rela-
tively poor general conditions. It has been reported that
for the detection of focal liver lesion HASTE is essen-
tially equal to CT and superior to FSE imaging [47]. 
Figures 21 and 22 demonstrate the use of T2-weighted
breath-hold examinations of the abdomen, using spectral
fat saturation in conjunction with a TSE sequence or
avoiding the generation of transverse magnetization
within fat by combining the short tau inversion recovery
(STIR) approach with HASTE. 

Fast spin-echo techniques, such as FSE, TSE, RARE
and, in conjunction with the half-Fourier method, the
single-shot technique HASTE, are especially suited for
the visualization of tissues with relatively long T2-relax-
ation times. This makes them suitable, noninvasive
methods for the work-up of patients with pancreaticobili-
ary disease [48]. The general method is called magnetic
resonance cholangiopancreatography (MRCP). Magnetic
resonance cholangiopancreatography is a relatively new
imaging technique and suggested protocols range from
thick single-section TSE imaging (50–100 mm) to thin-
collimation multisection TSE or HASTE imaging
(3–10 mm). Multisection images are often combined by
using maximum intensity projection (MIP) as illustrated
in Fig. 23.

Single-shot FSE techniques (SSFSE) have also been
used for the evaluation of the colon, i.e., MR colonogra-
phy [49]. Filling defects within the colon as measured
with a 3D GRE technique and a T1-shortening contrast
media may point to a mass lesion. Hyperintense signal

Fig. 20 a Long-axis view of a normal left ventricle showing the
open mitral valve during diastole and the closed aortic valve with-
in the aortic outflow tract. b Short-axis view of the heart showing
a thrombus within the left ventricle. Both images were acquired
with a triggered trueFISP technique. Fifteen Fourier lines are mea-
sured per heartbeat providing a temporal resolution of 47.4 ms and
an acquisition time of ten heart beats for the documentation of
heart motion throughout a cardiac cycle. Spatial resolution was
1.8×1.3×6 mm
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within a FSE image at the same location will support
that diagnosis [50].

Genitourinary and gynecologic imaging

The double-echo GRE with simultaneous acquisition of
“in-phase” and “opposed-phase” images (SINOP) can be
used to differentiate benign from malignant adrenal
masses. Contrary to metastases and adenocarcinomas,
adrenal adenomas usually show various degrees of fat
accumulation. On opposed-phase MR imaging these ade-
nomas show up hypointense as compared to the appear-
ance on the in-phase image. A double-echo acquisition
obviates the need for two separate (breath-hold) acquisi-
tions and eliminates potential section misregistration.

The diagnosis of the acute gynecologic condition with
MR imaging is based mainly on contrast-enhanced T1-
weighted GRE imaging. The rim enhancement in inflam-
matory lesions is clearly shown and the vascularity of
the lesion is documented, and extravasation of contrast
material is indicative of bleeding points for hemorrhagic
lesions. T2*-weighted images are used for the demon-
stration of hemorrhagic lesions via the susceptibility arti-
facts created by deoxyhemoglobin and hemosiderin and
air bubbles in abscesses are identified via the correlated
susceptibility gradient. Fast spin-echo imaging becomes
important for the evaluation of pyosalpinx or abscesses,
the latter appearing hypointense to urine because of the
presence of hemorrhage or debris. Fast spin-echo imag-
ing with a long effective echo time (250–350 ms) is
helpful in all anatomic regions and pathologic condi-
tions, where a simple fluid is to be differentiated from 
fat or complex fluids [51]. Figure 24 demonstrates a 
T2-weighted study of a uterus carcinoma acquired with a
TSE sequence. Magnetic resonance imaging has become
indispensable for accurate staging of gynecologic cancer
and FSE imaging has become an integral part of the
commonly used protocols [52]. It has been shown that
the sensitivity of MR in staging advanced malignancies
is superior to CT and Doppler US [53].

Fig. 21 T2-weighted abdominal study with spectral fat saturation
pulse using a TSE imaging technique with 29 echoes allowing an
acquisition time of 16 s for a spatial resolution of 1.9×1.2×8 mm.
Repetition time was 4 s, effective echo time 102 ms

Fig. 22 T2-weighted abdominal study with relaxation-time-relat-
ed fat suppression technique acquired with a half-Fourier acquired
single-shot turbo spin echo with inversion recovery preparation
(HASTE with IR=HIR) after administration of a paramagnetic
contrast agent. Acquisition time per slice was 1.2 s. Effective echo
time was 57 ms. Inversion time was 150 ms. Spatial resolution
was 1.9×1.4×8 mm

Fig. 23 A so-called magnetic resonance cholangiopancreatog-
raphy (MRCP) maximum intensity projection of a heavily 
T2-weighted coronal HASTE acquisition showing biliary stones
and a dilated duct. Effective echo time was 108 ms. Slab thickness
was 20 cm. In-plane resolution was 1.1×0.7 mm
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Obstetric imaging

Prenatal MR imaging has become popular with the de-
velopment of fast MR imaging techniques such as the
single-shot FSE sequence. Although prenatal MRI has
been sporadically used in the past, usefulness has been
limited by fetal motion. Maternal or fetal sedation was
frequently needed and even the introduction of FSE im-

aging did not provide the image quality needed for a reli-
able diagnosis. With the introduction of the single-shot
FSE technique, T2-weighted images of the fetus are ob-
tained in less than 1 s per section without significant im-
age degradation by fetal motion. Although ultrasonogra-
phy remains the imaging technique of choice for prenatal
assessment of normal or abnormal fetal development,
MR imaging plays an important complimentary role to
US due to its excellent tissue contrast [54]. Figure 25 il-
lustrates fetal studies acquired with fast spin echo tech-
niques such as TSE or HASTE [55].

Musculoskeletal imaging

Magnetic resonance imaging is highly sensitive in the
evaluation of discovertebral diseases [56]. Lesions are
characterized based on location and signal intensities on
T1-weighted images with and without contrast enhance-
ment and on T2-weighted images. Most institutions sole-
ly use fast spin echo imaging techniques for T2-weighted
studies, due to the better contrast and the higher spatial
resolution in a shorter measurement time as compared
with conventional SE imaging. A further improvement 
in T2-weighted imaging of the spine seems to be the 
utilization of a driven equilibrium RF pulse, allowing
T2-weighted 3D imaging of the cervical spine with a
repetition time as short as 211 ms within an acquisition
time of 4 min 14 s [26]. As T2-weighted imaging has
also been used in the past to study the integrity of joints,
fast spin echo imaging has replaced the conventional SE
protocols for the evaluation of ligamental injuries, docu-
menting joint effusion, edema, or hemarthrosis as hyper-
intense signal regions on T2-weighted TSE images [57].
Both FLASH and FISP have been used for the evalua-
tion of human articular cartilage [58]; however, for chon-
dral abnormalities as a result of traumatic injury or ar-
thritis the contrast between cartilage and joint fluid is

Fig. 24 T2-weighted sagittal study of a uterus carcinoma, ac-
quired with a TSE sequence within 3 min 39 s. Repetition time
was 4.1 s, effective echo time 95 ms, and the spatial resolution
was 0.76×0.68×6 mm

Fig. 25a, b Fetal imaging with
TSE and HASTE. a Image ac-
quired with a TSE technique
with an effective echo time of
940 ms. b Image acquired with
a HASTE sequence (1.85 s per
slice) with an effective echo
time of 94 ms and a spatial res-
olution of 1×0.8×3 mm. The
hyperintense distribution with-
in the fetal brain is typical for
the appearance of cerebrospinal
fluid in the case of ventriculo-
megaly
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frequently inadequate. It remains a matter of opinion
whether to consider the dual-echo steady-state (DESS)
already a conventional imaging technique or still a fast
imaging technique. The DESS technique belongs to the
family of steady-state sequences as does trueFISP, and
its main advantage is the differentiation between fluid
and cartilage. Whereas the trueFISP uses the refocused
gradient-echo (S+) and echoes that are generated with
the succeeding RF pulse (S–) of next excitations, the
DESS sequence acquires the two signals in adjacent ac-
quisition windows and combines the two images [59].
Whereas the (S+) signal has a mixed T1- and T2-weight-
ing, the (S–) component is heavily T2-weighted and sig-
nificantly increases the signal for fluid. Figure 26 dem-
onstrates the gain in signal by comparing a knee study
acquired with a FISP acquisition as compared with a
similar study acquired with the DESS technique.

T1-weighted SE pulse sequences remain the most
common approach for bone marrow imaging. Exceptions
are lesions within areas of red marrow in infants, chil-
dren, and adults with red marrow hyperplasia. In those
cases lesion conspicuity can be increased using a fat-sat-
urated fast spin echo or a fast STIR sequence [60]; the
latter, also called turboSTIR, is similar to the conven-
tional STIR. A 180° RF inversion pulse reverses the lon-
gitudinal magnetization. Instead of starting a convention-
al SE acquisition scheme after the short inversion time,
the TSE acquisition scheme is initiated. TurboSTIR is
also the favorable sequence to identify bone metastases
[61]. The main drawback of the turboSTIR sequence is
that it does not produce signal from any tissue with a
similar T1-relaxation time than that of fat, e.g., blood in
hematoma or contrast-enhanced tissue. The fat-free me-
tastases are typically presented as hyperintense signal re-
gion surrounded by the low signal of the uninvolved por-
tions of the fat-containing vertebral bodies.

MRI-guided interventional procedures

As radiology is moving from a purely diagnostic institu-
tion to a resource that combines diagnosis and therapy,
interventions under MR guidance are becoming increas-
ingly important. The main topics where fast non-EPI
techniques are playing an increasing role are MR-guided
punctures, biopsies, drainages, and tumor ablations. The
necessity of a reasonable access to the patient for inter-
ventional procedures requires an open-magnet design.
Open-magnet designs are usually of low magnetic field
strength (0.2–0.5 T). Due to the real-time necessity, the
low field is especially challenging, since the lack in SNR
is usually compensated with a prolonged measurement
time, whereas a sufficient temporal resolution is required
for image-guided interventions. The majority of the le-
sions to be punctured, biopsied, or drained demonstrate a
prolonged T2-relaxation time as compared with the sur-
rounding parenchyma. A sequence providing a reliable
T2-contrast would be adequate. The trueFISP sequence
has been used on low-field systems (0.2 T) for fast
(1.4 s/image) T2-weighted imaging of pancreatic cancer,
orbital mass, and intradural fluid collection [19]. To
achieve a comparable contrast with TSE imaging would
have taken 16 s. Another sequence that has been utilized
on low-field systems for the visualization of tumors and
thermal lesions is PSIF [62]. The sequence name is a
consequence of the sequence structure – being a time-
reversed version of FISP. The motivation for this se-
quence results from the fact that FISP and trueFISP 
are theoretically T1/T2-weighted rather than only 
T2-weighted, and that they may not always generate a
sufficient contrast. A steady-state free precession (SSFP)
sequence, such as trueFISP, contains two components: 
a free induction decay that arises from the most recent
RF pulse, the (S+) signal contribution, and a strongly

Fig. 26 a This knee study was
acquired with a sequence of
type FISP with a spectral fat
saturation pulse. Acquisition
time was 7 min 17 s with a rep-
etition time of 36 ms, an excita-
tion angle of 40°, an echo time
of 10 ms, and a spatial resolu-
tion of 0.8×0.6×1.5 mm. 
b Image acquired with a se-
quence of type dual echo
steady state (DESS) with water
excitation pulse. Acquisition
time was 5 min 46 s with a rep-
etition time of 19 ms, an excita-
tion angle of 30°, an echo time
of 5 ms, and a spatial resolution
of 0.7×0.7×1 mm. This com-
parison presents the additional
T2-contribution of the (S–)
component causing hyperin-
tense signal from fluids
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T2-dependent SE component that forms prior to the up-
coming RF pulse, the (S–) signal contribution. The PSIF
sequence utilizes solely the heavily T2-weighted (S–)
signal contribution and has the potential for fast imaging
of lesions with a prolonged T2-relaxation time as com-
pared with the surrounding normal parenchyma.

The mechanisms for temperature mapping with MR
imaging during tumor ablation are primarily based on
changes in T1-relaxation time, diffusion, and changes in
water proton resonance frequency [63]. The method of
temperature monitoring based on the phase shift due to
change in proton resonance frequency seems to be the
preferable choice due to the excellent linearity to the
temperature change and the near-independence with re-
spect to tissue type. Relatively “slow (update rate
10 s/image)" GRE techniques have been utilized for the
MR temperature mapping [64]. Thermal lesions have
been shown to appear as hypointense regions surrounded
by a bright rim on T2-weighted images [65]. It has been
reported that the hypointense lesion remains visible be-
yond the return of tissue temperature to normal body
temperature which supports the hypothesis that it is an
effect of persistent tissue dehydration resulting in a local
decrease of proton density and an increase of irrotational
water molecule bonds due to tissue coagulation necrosis.
The “dynamic” alteration of the T2-relaxation time as a
consequence of induced heat has been monitored using a
“fast (update rate 20 s/image)” TSE technique [66].

Comparisons with EPI

Echo-planar imaging is very fast and sensitive, but sin-
gle-shot imaging offers a limited spatial resolution and is
sensitive to local field inhomogeneities. Echo-planar im-
ages with resolution and contrast similar to those of con-
ventional MR images can be obtained by using multishot
acquisitions. In areas of the brain with large magnetic
susceptibility gradients and in other organs that have rel-
atively short T2 (and T2*) relaxation times, single-shot
EPI has shown a poor performance. There are three ma-
jor areas where EPI is the method of choice despite the
intrinsic problems. The bulk motion of the brain hampers
the measurement of brain diffusion. The most straight-
forward method to eliminate the effect of motion is to
use single-shot diffusion-weighted EPI. The second area
is the measurement of brain perfusion. Conventional SE
and GRE techniques are not fast enough to capture the
first-pass transit of contrast agent from multiple sections
in the brain, which requires whole-brain imaging with a
temporal resolution of 1–2 s. The third area for EPI is
the evaluation of cortical activation or functional MRI
where the sensitivity to local field inhomogeneities turns
into an advantage for monitoring the oxygenation level
of the blood (blood oxygenation level dependent,
BOLD).

Diffusion imaging is routinely used for the evaluation
of early cerebral ischemia and stroke. Two non-echo-pla-
nar techniques have been applied for the measurement of
diffusion; one is a modified FSE approach called single-
shot diffusion-weighted RARE [67], and the potential of
steady-state free precession (SSFP) methods [68], such
as trueFISP or PSIF for diffusion-weighted measure-
ments, was realized early. The acquisition of diffusion-
weighted images with full sensitivity with RARE re-
quires carefully chosen coherence pathways [69]. The
SSFP techniques use the sum of different echo pathways,
and hence the diffusion time is poorly defined.

The two main concepts for measuring perfusion are
the first-pass tracing of a contrast agent and the labeling
of arterial blood (arterial spin labeling, ASL) [70]. For
the first-pass approach, EPI is the only method to ac-
quire multiple sections of the whole brain while captur-
ing the passing contrast bolus. Since the spin-labeling
technique, the tagging of blood, does not have the time
constraints of a passing bolus, a slower technique, such
as a modified FLASH technique, can be used for perfu-
sion measurements [71].

The commonly observed alterations in blood oxygen-
ation (BOLD) effect rely on the fact that the increase 
in blood flow by far exceeds the physiologic oxygen 
demand. Deoxyhemoglobin is paramagnetic, whereas
oxyhemoglobin demonstrates diamagnetic properties.
Changes in deoxyhemoglobin levels result in changes in
microscopic susceptibility effects and are measured as
small increases in image intensity with an imaging se-
quence sensitive to susceptibility gradients. Most MR
functional imaging methods use EPI due to the ability of
covering multisections of the brain within 1 s. Fewer re-
searchers have been utilizing a FLASH [72] or echo-
shifted FLASH approach [73].

Conclusion

Echo-planar imaging is unsurpassed with respect to the
speed of acquisition and has three major areas where it is
the method of choice. Those three areas are diffusion,
perfusion, and BOLD imaging. For all other areas there
is plenty of room for non-echo-planar fast imaging tech-
niques due the intrinsic limitations of the EPI single-shot
technique to achieve a sufficient spatial resolution, a suf-
ficient contrast, and all this without artifacts [6].
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