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Susceptibility Insensitive Single Shot MRI Combining
BURST and Multiple Spin Echoes

Peter van Gelderen, Chrit T.W. Moonen, Jeff H. Duyn

A single shot MR imaging technigue insensitive to magnetic
susceptibility effects is introduced. The method allows muiti-
slice imaging in areas with poor magnetic field homogeneity,
and can be implemented on standard clinical scanners. The
design is based on the combination of a BURST excitation
with multiple RF refocusing pulses. Images were obtained
at 1.5 T on phantoms and human brain with a mairix size of
64 x 54 and a resolution of 4 x 4 mm in 230 ms.

Key words: MRI, BURST, MSE, GRASE.

INTRODUCTION

Since the inception of MRI, attempts have been made to
acquire a complete 2D image in a single excitation. An
important advantage over multi-shot imaging is the sup-
pression of the effects of motion on image quality. Single
shot imaging has been used extensively in functional
neuroimaging, cardiac imaging, and studies of diffusion.
Currently, a variety of single shot techniques is available.
These techniques either use repeated gradient refocusing
(EPI) (1), or repeated RF refocusing (RARE) (2), or a
combination of the two (GRASE]) (3). Each has distinct
advantages and disadvantages. EPI requires fast gradi-
ents, currently not available on cenventional clinical
scanners. Both EPI and GRASE suffer from image arti-
facts in areas with poor Bj-homogeneity; related to the
switching of polarity of the readout gradlent Singl
RARE requires excellent B;-homogene
by restrictions on RF power depo

An alternative single shot tech
has been proposed by Hennig:{
Hodapp (5). This technique is less d man ing:
ent speed and B,-homogeneity, and has minix
related artifacts. Its disadvantage is the poor SNR,
severely reducing its potential clinical utility. In the fol-
lowing a novel technique is introduced, which combines
elements of BURST and RARE, and allows for single shot
imaging without Bg-related artifacts.

METHODS

Brain scans were performed on normal volunteers using
a standard 1.5 T GE/SIGNA clinical scanner (GE Medical
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Systems, Milwaukee, W1}, equipped with 10 mT/m, ac-
tively shielded whole body gradients. A standard quadra-
ture head RF coil was used. The human subject protocol
was approved by the intramural review board of the
National Institute of Mental Health at NIH.

In the standard BURST excitation a continuous gradi-
ent is applied both during a DANTE RF pulse frain and
during acquisition, which results in excitation of strips
throughout the whole volume. To limit the BURST exci-
tation to a single slice, two modifications were used: 1) a
selection gradient was added, which was refocused for
every RF-pulse; 2) the acquisition gradient was switched
off during the RF-pulses. A similar excitation pulse was
proposed by Le Roux et al. (6). The resulting pulse se-
quence is given in Fig. 1, combining a slice selective
BURST excitation and multi-spin echo acquisition
(hence called BASE). The use of both positive and nega-
tive selection gradient pulses for excitation allowed. for
minimal interpulse distance with the available gradient
power. This was necessary to achieve the minimal echo
time in the MSE sequence. W1th the combination of

ducea 65 X 54 i
The R

dephasing corres
k-space.
The multi-spin echo sequence
selective refocusing pulses with 26
gradients were used around-the mfocusmg puls
press unwanted coherences. To reduce sensitivity to
CPMG effects, the amplitude of the z-crusher gradient
was stepped down linearly (from 8 mT/m to —8 mT/m)
over subsequent intervals. The use of phase modulated
excitation pulses precluded application of CPMG type
refocusing. Within each spin echo, six BURST echoes
were created by application of a acquisition-gradient
pulse with the same polarity as used in the excitation
pulse. The amplitude of this gradient was designed to
create an echo spacing equal to the separation of the RF
excitation subpulses (2 ms). This resulted in zero suscep-
tibility weighting of all six echoes. Phase encode and
rewinder gradients were applied around the BURST echo
train. The amplitudes of these pulses were designed to
position the center of k-space at the first spin echo,
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FiG. 1. Pulse diagram of BASE. The method combines a BURST-
type excitation with a multi-spin-echo (MSE) acquisition scheme.
The part of the diagram enclosed between square brackets is
repeated 9 times. The excitation consists of six consecutive RF
subpulses in the presence of a slice selection gradient (SLICE).
Spatial encoding is incorporated in the BURST excitation by
application of gradient pulses in the acquisition (READ) and phase
encode (PHASE) directions. The MSE acquisition part employs a
series of nine slice-selective refocusing pulses and a gradient
pulse in the readout direction to refocus the BURST echo trains.
The refocusing pulses are flanked by crusher pulses in all gradient
directions to suppress unwanted coherences. Each echo train
(echo 1-echo 8) is spatially encoded by gradient pulses in the
phase enceding direction (incorporated in the crusher pulses).

van Gelderen et al.

whereas higher k-space segments were covered with the
later spin echoes (flipping around k-space center on sub-
sequent spin echoes, Fig. 2). The particular encoding
scheme was designed for optimal SNR and minimum
T,-weighting.

Multi-slice imaging was performed by shifting the fre-
quency of both BURST and refocusing RF pulses on

Spin echo
number

T T I

FIG. 2. Phase encoding used in BASE experiment, indicating the
order in which k-space lines are scanned. Each BURST echo train
scans a segment of the phase-encode dimensions of k-space
{ke)- This is indicated with arrows, each spin echo producing one
arrow. The direction the arrows indicates the order in which the
lines are scanned. The position of the spin echo in the echo train
is indicated by the numbering on the vertical axis.

FIG. 3. Four axial slices of normal
human brain, obtained with multi-
slice BASE experiment, going from
inferior (a) to superior {d) in the
brain. The repetition time (between
slices) was 500 ms. CSF appears
bright due to spin-density and T,
weighting. No shimming was per-
formed on this subject. Note the
correct localization of anatomical
features, even in the presence of
susceptibility — affected  regions
(frontal part of bottom slice).
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Susceptibility Insensitive Single Shot MRI

subsequent repetitions. Due to the alternation of the slice
select gradient in the BURST excitation, frequency shifts
were inverted on odd numbered hurst RF-subpulses (neg-
ative selection gradient). For each slice, a 64 X 54 data
matrix was collected using a 24 X 20 cm field of view
(FOV). The total measurement time was 234 ms, repeti-
tion time for each slice (TR) was varied between 300 and
6000 ms.

For comparison, single-shot GRASF. imaging was per-
formed using five gradient echoes and nine spin echoes,
and with a similar k-space scanning strategy; total acqui-
sition time was 210 ms. This was done on a single slice,
on which some minor first order shimming was per-
formed. A reference scan with phase encoding gradients
switched off was acquired separately to allow for post-
acquisition correction for off-resonance effects in the ac-
quisition direction.

Data processing was performed off-line on Sun-SPARC
workstations (Sun Microsystems, Mountainview, CA) us-
ing IDL processing software (Research Systems, Boulder,
CQ). After reordering the spin echo signals, the phase of
the signals in odd-numbered spin-echo intervals was
flipped (with respect to the 180 pulse phase), and the
order of the BURST echoes in the even-numbered
intervals was reverted. Furthermore, on all BURST echo
signals, a phase correction was performed to account for
the additional phases induced by the phase modulation
of the BURST excitation pulses. Subsequently, after
cosine-bell apodization of the data (over 50% of s
k-space points), 2D = Fourier transforma
performed, and images were created
data. The resulting effective regol
4 % 4 mm. For the GRASE data, ad
tion was performed before ¥T in the pha
tion, using estimates of susceptibility ind
errors, derived from the reference scan (w1thout p ase
encoding).

RESULTS AND DISCUSSION

An example of a BASE multislice study is given in Figs.
3a—3d. Four slices are displayed from a five-slice study,
using a TR of 2500 ms. Slice thickness and interslice gap
were both 10 mm. The SNR (average brain signal inten-
sity divided by background intensity in acquisition di-
rection) was in the range of 100-120. Clearly recogniz-
able in these images is CSF, consistent with the
substantial T, weighting of the BASE sequence. (e.g., in
the ventricular spaces in Fig. 3b, and most clearly in the
sulci of the superior part of the brain, i.e., slice d) (Fig.
3d). Also apparent in these images is the preserved image
quality in areas of poor B,-homogeneity, such as in the
anterior part of slice a (Fig. 3a). The studies of normal
brain consistently showed good image quality, and
proved insensitive to B,-shim and resonance frequency
(misadjustments). This is in contrast with images ob-
tained with GRASE or EPI, which often exhibit ghosting
artifacts. Figure 4 gives a view of the background signal
by the use of a 20-fold blown-up intensity scale. No
distinct ghost artifacts are observed, demonstrating the
insensitivity to susceptibility-related artifacts. This em-
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regional differences in re:

The studies with variation of TR did no
icant changes in image quality. The studies with .
time between slices of less than 1000 ms showed some
overall signal loss in specific slices, related to saturation
effects in combination with interference between slices.
This is attributed to the relatively poor slice profiles
selected by the BASE-sequence.

Figure 5 shows a comparison of images obtained with
single-shot GRASE (as described in the method section)
and a BASE image from the same slice. Although the
GRASE image shows a 1.5 times better SNR, it is clearly
more sensitive to susceptibility and off-resonance related
distortions, which are most clearly recognized as ghost
images. The lower SNR of the BASE images is explained
by the expected signal loss due to the BURST excitation
{(1/4/8) combined with a V/2 reduction of the noise due
a twofold reduction of the acquisition bandwidth.

Repeated application of the sequence (TR = 1500 ms)
demonstrated an image stability in most areas of the
brain of 1.5%, except for the ventricular spaces, which in
some of the images caused a distinct ghost. We tenta-
tively attribute the effect to pulsatile CSF flow. The phase
modulated BURST excitation results in strips of trans-
verse magnetization with large phase differences. The

w (Title 17, U.S. Code)
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FIG. 5. Comparison between BASE (
image shows superior image quality. The
an artifact not seen in the BASE image.

strips have a width of approximately 0.6 mm. Motion
during the acquisition on this scale leads to a decrease in
echo amplitude and phase deviations. This problem
could be alleviated by the use of gating or inversion

nulling of CSF.

GCONCLUSION

A novel single shot imaging method has been introduced
and successfully applied to imaging of human brain on a
standard clinical scanner. As compared with existing
single shot methods, the method shows reduction of
image artifacts, but a somewhat lower SNR. The method
does not require the acquisition of a separate reference
scan, and allows imaging in regions with poor magnetic
field homogeneity due to susceptibility effects. These
characteristics make it an excellent candidate for appli-
cation to diffusion imaging. Its insensitivity to off-
resonance effects also makes it a good candidate for im-
aging areas with high fat concentrations,

b) and single shot GRASE (a). Although the images were acq
GRASE image clearly shows localization errors for scal

van Gelderen et al.

uired under similar conditions, the BASE
p-lipids related to off-resonance effects,
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Multi-Shot EPI for Improvement of Myocardial Tag
Contrast: Comparison with Segmented SPGR

Chao Tang, Elliot R. McVeigh, Elias A. Zerhouni

To assess the potential value of multi-shot EP! relative to
segmented k-space SPGR for myocardial tagging, we mea-
sured tag contrast for both sequences in a phantom and
human study and compared it with theoretical predictions. In
the human heart, EPI tag contrast was three times that of
SPGR at the end of systole. Tag duration was lengthened with
EP! to at least 800 ms. In addition, the entire heart was exam-
ined in a total of 32 heartbeats with EPl versus 152 heartbeats
with SPGR.

Key words: magnetic resonance imaging; EPI; SPGR; myocar-
dial tagging.

INTRODUCTION

Myocardial tagging techniques can provide unique mea-
surements of myocardial deformation (1-4). Because of
misregistration caused by breathing, emphasis has re-

cently been placed on the development of single breath- -

hold pulse sequences capable of acquiring multiple
phases of the cardiac cycle in a reduced number of heart-
beats. Segmented k-space tagged SPGR sequences have
gained acceptance and can be implemented on standard
hardware (5, 6). These sequences, however, suffer from a
poor signal-to-noise ratio and significant tag fading by
end-systole. Furthermore, only one slice per breath-hold
can be acquired with tagged SPGR. Echo-planar imaging
(EPI) (7-9) is a method that provides not only the poten-
tial for imaging the entire heart in a single breath-hold,
but also higher signal-to-noise ratio and tag/tissue con-
trast. A recently installed EPI system enabled us to ex-
plore EPI myocardial tagging. In this study, we compared
the tag contrast in SPGR and EPI images.

METHODS AND THEORY
Pulse Sequence

Figures 1a and 1b show the SPGR and EPI tagging pulse
sequences, respectively. Parallel tags were used in a di-
rection perpendicular to the readout direction, which
had higher spatial resolution than the phase encoding
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direction. Magnetization in the tagged regions was in-
verted to maximize the persistence of tag lines. The tag-
ging pulse was ECG-triggered and followed by multiple
RF excitations. For any one slice, multi-phase images
were captured in a single breath-hold. For any one phase,
multiple phase encoding views were acquired in the
same R-R interval. The views were interleaved to reduce
ghost artifacts due to signal modulation in the phase
encoding direction (5, 6, 10). In SPGR, a truncated RF
excitation pulse and partial readout were used to reduce
the echo time (TE) and the repetition time (TR), so that
motion artifacts were minimized and high temporal res-
olution images were obtained. The phase cycling method
{11) was used to spoil the nonprimary echoes. In EPI, the
slices were interleaved such that each slice was excited
only once per cardiac cycle. The effective repetition time
was the length of the cardiac cycle. The effective repeti-
tion time was the length of the cardiac cycle. A spectral-
spatial selective pulse (12) that excited water only was
used to reduce chemical shift artifact.

Theory

In SPGR, a slice is excited repeatedly. The longitudinal
magnetization just before the nth RF pulse can be ex-
pressed as

M,(n) =1+ [My(n — 1)cosa — 1]e ™" ]

where T, is the spin-lattice relaxation time, TR is the
repetition time, « is the flip angle, and M, is defined as 1.
The difference in longitudinal magnetization of spins in
nontagged and tagged regions is

AM(n) = AM,(n — 1)cosae ™" [2]

Using this relation recursively, the tag contrast at the nth
RF pulse can be expressed as a function of the tag con-
trast at the first time frame, AM_(1), which is

AM () = AM,(1)cos® ‘qe " VIRT: (3]

Because magnetization in the tagged regions is inverted
after each ECG trigger, inagnetization in the tagged
regions takes longer to reach a steady. state than in
nontagged regions. The approach to steady state is very
dependent on the imaging flip angle used. As the spins in
both regions are driven to equilibrium in an SPGR se-
quence, the available M, priér to'the next tagging pulséis

much smaller. Subsequently, the zero crossing of the
inverted magnetization is advanced, leading to less per-
sistence of the tags. In our experimental conditions, the
difference of magnetization in both regions in the begin-
ning of R wave is very small because of the multiple
excitation pulses in the same physical location and the
relatively long recovery time after the last RF pulse. This
is demonstrated by the low tag contrast in the end sys-
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FIG. 1. The SPGR and EPI pulse sequences are shown in (a) and
(b), respectively. The tagging pulse is ECG-triggered and is fol-
lowed by multiple imaging pulses. The tag lines are placed per-
pendicular to the readout direction. The SPGR sequence is made
as short as possible. A spectral-spatial excitation RF pulse is used
in EPI to reduce chemical shift artifacts.

tolic images. If we can assume that magnetization in both
tagged and nontagged regions has reached a steady state
at the end of data acquisition in each cardiac cycle, the
tag contrast at the first time frame is

) 1 — cosa P N2 TRV
AM,(1) = 2(1 e @ TTNCATRITY 4]

1 — cosae
where Nis the total number of RF pulses applied in each
cardiac cycle and T is the length of a cardiac cycle.
Therefore, the tagging contrast of SPGR images after the
nth RF pulse is

1 — cosa

- AT SR (T N-2TRVT
Copem) = 2(] 1= cosae 0T e l)

(5]

. cos"’"lae*"'"UTR’:T‘Sinae‘TEm*

where TE is the echo time, and T,* is the effective spin-
spin relaxation time. The error in estimating the initial
tag contrast will only shift the tag contrast curve up and

n 4

| | Mdd W | el

Tang et al.

down, but will not change the shape of the curve. In the
results shown later, the theoretical curve was normalized
to the first experimental data point.

For multi-slice and multi-phase EPI cardiac imaging,
magnetization is not affected by the tagging pulse in the
nontagged regions. The longitudinal magnetization in the
nontagged regions of myocardium is independent of time
delay after the ECG trigger; it is only dependent on flip
angle and T, which is equal to the length of a cardiac
cycle. If a 90° pulse is used for imaging, the longitudinal
magnetization of nontagged regions at any time, , after
the tagging pulse and just before the imaging RF pulse is

M =1~e "D [6]

In the tagged regions, the spin magnetization is inverted
by the tagging pulse at each QRS. Because the time from
the tagging pulse to the imaging pulse is different for
each phase, the signal intensity in the tagged regions is
different for each phase, and the tags tade with time. The
longitudinal magnetization in tagged regions at time ¢
after the tagging pulse is

M7(t) =1 — ze*fiTl + e‘Ti‘Tl [7]

The tag contrast between the tagged and nontagged re-
gions is

Cop(®) = 27T = & T [8]

Experiments

All the data were acquired on a GE 1.5 Tesla Signa
system (Milwaukee, WI) equipped with a prototype GE
single axis SR-230 echo-planar system. This EPI system
can switch its fastest gradient from 0 to 2.3 Gauss/cm in
100 ps. Because only a single fast gradient was available,
all EPI images were acquired in the axial plane. The
SPGR images were also acquired in the axial plane to
ensure an equal comparison.

A stationary phantom made of copper sulfate (T, = 800
ms, T, = 500 ms) was used to emulate the spin-lattice
relaxation rate of the myocardium. This phantom study
was designed to validate the tag contrast predicted by
Egs. [5] and [8]. The head coil was used for both EPI and
SPGR imaging. The phase encoding steps were chosen so
that the spatial resolution was the same in both SPGR
and EPI images. The pulse was triggered at every 1000
ms. In SPGR, 60 phases, which were used to demonstrate
the signal evolution of tagged and nontagged regions, and
eight slices were acquired. The FOV was 30 cm, voxel
size was 1.2 X 3.3 X 10 mm. The repetition time, TR, was
6.5 ms, the echo time, TE, was 2.3 ms, and one average
was used. An flip angle of 11° was chosen to optimize the
tag contrast (10). Fractional readout was used to shorten
the echo time. In the readout direction, 160 poeints were
acquired and half Fourier reconstruction was used to
obtain 256 point image resolution. The readout band-
width was 64 kHz. In the phase encoding direction, the
number of phase encoding steps were 90 and zero pad-
ding was applied for the remaining 166 views. One view
was acquired for each phase in cach cardiac cycle, so that
the temporal resolution was 6.5 ms. In EPI, eight slices
and eight phases were acquired with a temporal resolu-
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Cardiac Tagging with EPI

tion of 37 ms. Voxel size was 1.2 X 3.3 X 10 mm. The
repetition time, TR, was 1000 ms, the echo time, TE, was
13 ms, and flip angle was 90°. Rectangular FOV was
used. Ten views were acquired for each phase in each
cardiac cycle. All the data for each phase were obtained
in four cardiac cycles. The temporal resolution was 37
ms. In the readout direction, 256 points of data were
acquired and FOV was 30 cm. The readout bandwidth
was 250 kHz. In the phase encoding direction, FOV was
21 cm, 40 phase encoding steps were used, and half
Fourier reconstruction was used to obtain 64 point image
resolution. Ecbo shifting was used in EPI to eliminate
artifacts along the phase encoding direction. In both EPI
and SPGR, a 24-pixel tag width and an 84-pixel tag sep-
aration were used to sample tag contrast accurately. The
flip angle of spins in tagged regions was 180°, the dura-
tion of the tagging pulses was 18 ms, and the tagging
gradient area between two RF pulses was 24 Gauss us/
cm. The tag contrast was measured by subtracting the
minimum from maximum magnitude value along a line
perpendicular to the tag lines after correcting for the sign
of the tag for those time frames that preceded the zero
crossing of tagged spins.

In a human volunteer study, the parameters were the
same as those used in the phantom study unless noted
otherwise. The body coil was used in both EPI and SPGR
imaging. The tag shape was narrowed to a two-pixel tag
width and a seven-pixel tag separation. In SPGR, images
of eight slices and twelve phases were acquired in eight
breath-holds; each breath-hold lasted 19 heartbeats,
where the first heartbeat was used to stabilize the mag-
netization and no data were acquired. Five views were
acquired for each phase in each cardiac cycle, so that the
temporal resolution was 32.5 ms. In EP], images of 8
slices and 8 phases were acquired in a single breath-hold
lasting 32 heartbeats. The temporal resolution was 37 ms.

RESULTS

The experimentally measured and theoretically pre-
dicted contrast between tagged and nontagged regions in
the phantom is plotted in Fig. 2. There is good agreement
between the theoretical and experimental data. Fig. 3
shows the theoretical prediction of tag contrast when T,*
is 20 ms, which is close to the expected T,* of myocar-
dium. In Fig. 3, the tag contrast in EPI is higher at all
times than in SPGR. In particular, the contrast in EPI is
100% and 260% higher than in SPGR at 60 and 330 ms
after the ECG trigger, respectively. The tag contrast-to-
noise ratio of EPI images at 600 ms is equal to the contrast
of SPGR images at 200 ms; the tag lines of routine SPGR
images can be easily visualized at this delay time.

Figure 4 shows representative images acquired from a
normal volunteer at 60 and 330 ms after the ECG trigger
using SPGR and EPI techniques, respectively. The tag
contrast-to-noise in the echo-planar images is clearly bet-
ter than in SPGR and is plotted in Fig. 5. The tag contrast-
to-noise in EPI is 70% and 200% higher than in SPGR at
60 and 330 ms after the ECG trigger, respectively. The
results are in good agreement with that in Fig. 3. The
difference in Figs. 3 and 5 may be caused by the narrow
tag lines and motion in the human study.

Material may be protected by copyright law (Title 17, U.S. Code)
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The crosses and circles represent the tag contrasts of SPGR and
EPI images, respectively,
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FIG. 3. The tag contrast in SPGR and EPI images when T is20
ms. The solid and dotted lines represent the theoretical predic-
tions of SPGR and EPI tag contrast, respectively. The tag contrast
of EPl images is 100% and 260% higher than that in SPGR images
in 30 and 330 ms after the ECG trigger, respectively. The tag

contrast of EPl image in 600 ms after ECG trigger is approximately
equal to the contrast of SPGR image in 200 ms after ECG trigger.

DISCUSSION AND CONCLUSIONS

As demonstrated in Figs. 2 and 5, not only is the tag
contrast-te-noise ratio in EPI images much higher than in
SPGR images but tags persist longer in EPI images. EPI is
likely to be used to assess myocardial metion further into
diastole since EPI contrast at 600 ms is equal to SPGR
contrast at 200 ms. In EPI, slices are interleaved and each
slice is excited only once in each cardiac cycle. The
decrease of tag contrast in later cardiac phases is caused
only by the spin-lattice relaxation as shown in Eq. [8]. In
SPGR, a slice is excited many times in each cardiac cycle.
During each excitation, a fraction of magnetization in
both tagged and nontagged regions is brought into the
transverse plane, reducing the tag contrast. The decrease
of tag contrast is caused not only by the spin-lattice
relaxation but also by the saturation effects of RF pulses
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FIG. 5. The tag contrast of myocardium measured in the series of
SPGR and EPI images shown in Fig. 4. The 1ag contrast of EP}
images is about 70% and 200% higher than SPGR images at 30
and 330 ms after the ECG trigger, respectively.

as shown in the exponential and cosine terms of Eq. I5}.
If a large flip angle is used, the tag contrast will disappear
quickly because of the saturation effect. If a small flip
angle is used, the saturation effect is minimized and the
decrease of tag contrast is dominated by spin-lattice re-
laxation. To increase the persistence of tag contrast, an

Tang et al.

FIG. 4. Comparison of tag contrast
with SPGR (a) and EPI (b) images.
The left column shows images ac-
quired 30 ms after the ECG trigger.
The right column shows the same
slice acquired at 330 ms after the
ECG trigger.

optimal flip angle (10), typically around 10°-20¢, or vari-
able flip angles (13), can be used.

The total imaging time for a stack of multi-phasic im-
ages with EPI is 32 heartbeats and a single breath-hold.
This is much shorter than the imaging time required by
SPGR, which takes 152 heartbeats and eight breath-
holds. Because all of the EPI images are obtained in a
single breath-hold, the respiratory motion and registra-
tion artifacts that result from multiple breath-holds are
eliminated. If a patient cannot manage a breath-hold for
32 heartbeats, two 16 heartbeat breath-holds can be used,
but the advantage of a single breath-hold is lost. SPGR
images are very robust to chemical shift artifacts and
short T,* values. This cannot be said for EPI acquisitions,
which require more careful tuning.

The temporal resolution of segmented k-space SPGR
depends on the number of phase encode views per movie
frame. It is clear that using the fast gradients will improve
either the time Tesolution or the SNR of the segmented
k-space images by reducing the time required to play out
the “dead-time” pulses such as the phase encode pulse
and the slice rewinder. If the fast gradients are used,
either the temporal resolution can increase approxi-
mately 25% when the readout bandwidth is fixed, or the
tag CNR can increase approximately 40% by using the
optimal bandwidth when the temporal resolution is fixed
(14).
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Cardiac Tagging with EPI

In conclusion, EPI can acquire the same amount of
myocardial tagging data in a shorter time than SPGR. The
tag contrast in EPI is much higher than in SPGR and
permits tag visualization much further into diastole.
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