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ABSTRACT 

Stimulated echoes are formed from three or more radio frequency pulses. Pulse sequences that 
use stimulated echoes are extremely versatile because of the availability of three pulses for 
timing variations and for encoding spatial or chemical shift information. This paper concen- 
trates on the uses of stimulated echoes and on techniques for obtaining them reliably and 
reproducibly. (Through this understanding, the elimination of undesired stimulated echoes in 
other pulse sequences should be more straightforward,) Applications include volume-selective 
spectroscopy; diffusion spectroscopy; and various forms of imaging, such as zoom imaging, 
chemical-shift-selective imaging, flow imaging, diffusion imaging, multislice imaging, fast 
imaging, and combinations thereof. 0 1996 john Wiley & Sons, Inc. 

INTRODUCTION 

Stimulated echoes (STEs) are formed from three 
or more radio frequency (rf) pulses. Pulse se- 
quences that use STEs are extremely versatile be- 
cause of the availability of three pulses for timing 
variations and for encoding spatial or chemical 
shift information. This paper concentrates on their 
use and on techniques for obtaining them reliably 
and reproducibly. (Through this understanding, 
the elimination of undesired STEs in other pulse 
sequences should be more straightforward.) It will 
be assumed that the reader has a basic understand- 
ing of echoes in general and of basic spectroscopy 
and imaging pulse sequences. 
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DESCRIPTION 

The timing of the various spin and stimulated ech- 
oes that arise from three rf pulses is shown in Fig. 
1.  The STE arises from spins that refocus because 
of the combination of all three rf pulses, as de- 
scribed in detail below. However, several other 
spin echoes are formed from these three rf pulses. 
Although the formation of these other echoes de- 
pends in part on the actual flip angle used for the 
rf pulses, on relaxation effects, and on the presence 
of magnetic field gradients, this paper describes 
the general source of the echoes and their timing 
so that one might be aware of their occurrence, 
which can lead to artifacts in the spectra and 
images. 

The first spin echo (SE1) arises from spins that 
were in the xy plane because of the first pulse 
dephasing and refocusing due to the effects of the 
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Figure 1 Five echoes arise from the application of 
three rf pulses. Shown are the timing of the four spin 
echoes (SE) and the one stimulated echo (STE). 

second pulse. Because dephasing time is equal to 
T ~ ,  SE1 forms at a time T~ after the second pulse. 

After the first spin echo forms, the spins again 
dephase and can be refocused with the third rf 
pulse, thus forming the second spin echo. Because 
the dephasing time here is equal to T~ - T ~ ,  spin 
echo 2 (SE2) is formed at a time T~ - T~ after the 
third pulse. 

If there were spins in the xy plane immediately 
after the second rf pulse (dependent on the actual 
flip angle used and relaxation effects), they could 
be refocusing by the third pulse. Because the effec- 
tive dephasing time here is T ~ ,  spin echo 3 (SE3) 
forms at a time T~ after the third pulse. 

The fourth spin echo is due to spins in the xy 
plane after the first pulse refocusing with the third 
pulse (at a time T~ + T~ after the third pulse). Note 
that the actual timing of the various spin echoes 
depends on the relative magnitude of T~ and T ~ .  

Figure 1 brings up the first point regarding the 
use of pulse sequences with three pulses and the 
acquisition of the desired stimulated echo: 

One must choose the timing a d o r  conditions 
of the pulse sequence such that only the echo of 
interest (the STE, in this case) is refocused within 
the acquisition period. 

One can time out the pulses and acquisition 
window such that only the STE is within the acqui- 
sition window. Alternatively, it is possible to apply 
magnetic field gradients that will dephase the spin 
echoes, leaving the STE intact in the acquisition 
period. This is described below. (It is also possible 
to separately encode and digitize the various spin 
and stimulated echoes to obtain different types of 
information within a single pulse sequence. This 
application is not discussed in this paper.) 

Note that, although the three pulses in Fig. 1 
are drawn as part of a single pulse sequence, STEs 
can arise from a two-pulse pulse sequence with a 
short repetition ( TR) interval. This is one source 

of artifact due to unwanted STEs in fast spin echo 
pulse sequences; for example, the extra echoes 
that form during the acquisition period can lead 
to modulation (banding artifacts) in MR images 
formed supposedly only from spin echoes. 

Formation of the Stimulated Echo 
To better explain the behavior of the STE, the 
spin behavior that leads to its formation is dia- 
grammed in Fig. 2. To give an intuitive description 
of the general mechanism of STE formation, this 
description is oversimplified and could in some 
cases lead to erroneous conclusions if it is used to 
analyze modifications (such as phase cycling) on 
the pulse sequence. Therefore, for those who plan 
to pursue a more rigorous study, a more detailed 
and accurate description of STEs can be found in 
the papers cited in the list of general references. 
The simple diagram of Fig. 2 is useful, however, 
for presenting a quick and basic framework that 
can be used to qualitatively explain the issues in 
pulse sequence design described below. 

The first rf pulse (along the x direction in the 
example shown) creates a y component to the mag- 
netization. We will assume that during the first 
interval ( T ~ )  the spins totally dephase in the xy 
plane ( T ~  > 5T2), and therefore no net magnetiza- 
tion remains in the xy plane. This can be repre- 
sented by four equal-sized magnetization vectors 
along the x, -x,  y, and - y  axes, labeled a, b, c, 
and d for convenience. Note that a and b have 
moved by ? 90" during T ~ ,  c has not moved, and 
d has moved 180" (as seen in the rotating frame). 
The second 90" pulse (also alongx) does not affect 
the spins along the x direction (a and b); however, 
it flips the y spins (c) to z and the -y  spins (d) to 
-z. (Spins a and b continue to refocus to form 
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Figure 2 Simplified vector diagram describing the for- 
mation of a stimulated echo. 
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the spin echoes, and will not be considered further 
here.) The third 90” pulse then flips the magnetiza- 
tion vectors c and d to - y  and + y .  Because c does 
not move in this rotating frame, and d moves 180” 
during a time q, c and d refocus for an STE at a 
time T~ later along the -y  axis. 

This diagram raises several points: 
The spins should be totally dephased in the xy 

plane, before the second pulse, to obtain a “clean” 
and maximum intensity STE formation. 

The formation of the STE as diagrammed in 
Fig. 2 relies on dephasing of the spins before the 
second rf pulse is applied. Therefore, if normal 
Tz* mechanisms will not result in dephasing of the 
spins before the second pulse, a magnetic field 
gradient can be applied to dephase them; this gra- 
dient also must be put in the third interval to 
reverse the effect of the gradient and refocus the 
spins. This will be discussed in more detail below. 

If the spins are not totally dephased before the 
second pulse, an STE can still be formed, although 
it might contain interference from other signals, 
such as a free-induction decay (FID) off of the 
third pulse. These interfering signals can be elimi- 
nated by phase cycling (requiring more than one 
acquisition). Note that in the limit of insignificant 
dephasing between the first two pulses, the se- 
quence is identical to an inversion-recovery pulse 
sequence (assuming the same phase for the first 
two pulses) with a resulting FID after the third 
pulse. 

The phase of the spins after the third rf pulse 
relative to that after the first pulse is comparable to 
that of a 180” pulse phase change. 

This has implications for magnetic field gradient 
design, described below. 

Any rf pulse can be used. 
In some situations, a 90” pulse for excitation 

might not be desirable. For example, low flip 
angles could be desirable when repeated scans 
must be acquired for signal averaging and one 
does not want to wait 5T1 as a repetition time. It 
is left to the reader to convince hidherself that 
the same basic concepts of Fig. 2 apply even with 
low-flip-angle pulses. 

Stimulated Echo Amplitude 

Under the conditions that the spins are totally 
dephased during the first interval and that diffu- 
sion effects are negligible, the amplitude of the 
STE at a time T~ after the third pulse can be writ- 
ten as 

MO -[;+?I 
M = - 2 sin (a1) sin (a2) sin (a3) e 

a1, a2, and a3 are the phase angles for the 
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three 
rf pulses. Note that the terminology for the time 
intervals ( T ~  and 72 here) is inconsistent in the 
literature, and therefore care should be taken 
when using equations from the literature. 

The maximum signal of the stimulated echo is 
Md2, half that of the maximum spin echo am- 
plitude. 

This results in the often-made comment that 
“a stimulated echo gives only half the signal to 
noise as a Hahn spin echo.” However, because 
Tl effects dominate during the middle interval, 
in some applications the STE could yield a higher 
signal-to-noise ratio (S/N) than would a similar 
experiment run with a spin-echo sequence, such 
as in the case of the diffusion experiment de- 
scribed below. Similarly, some of the STE’s ad- 
vantages, such as the availability of three pulses 
for encoding spatial and spectral information, 
will override the disadvantage of lower S/N in 
some applications. 

The STE will be reduced by TI effects during 
the middle interval and by T2 effects during the first 
and third intervals. 

All of the spins relax via T2 mechanisms during 
the first and third intervals. Vectors c and d relax 
by Tl relaxation during 72. In the extreme case, 
where T~ is long enough that complete TI relax- 
ation occurs, a net magnetization vector will be 
present along +z only when the third rf pulse is 
given, and obviously no stimulated echo will result. 
It is left to the reader to convince him or herself 
that with intermediate time intervals for partial 
TI relaxation occurs that proportionately dimin- 
ishes STE magnitude. 

Basic Pulse Sequence 
A basic pulse sequence used to generate an STE 
is shown in Fig. 3. Note the terminology switch to 

+-TW TM --TEA’ -o 
90 90 an 

Tr/Rx n n ( 
G 

Figure 3 Pulse sequence used to generate a stimu- 
lated echo. 
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TE/2 for the first and third intervals and TM for 
the middle interval. The combination of the first 
and third intervals is referred to as the echo time 
because this is the time that the spins are in the 
xy plane. 

Magnetic field gradients (“crusher gradients”) 
are used to ensure dephasing of the spins after the 
first pulse and to eliminate the spin echo formation. 

A magnetic field gradient in the first interval is 
used to ensure dephasing of the spins after the 
first pulse. This dephasing must be refocused with 
a magnetic field gradient in the third interval. Note 
the orientation of the gradient in third interval; it 
is in the same direction as the first interval because 
the direction of the spins has been reversed by the 
rf pulses (see Fig. 2). Although a constant magnetic 
field gradient (a poor shim) also would be effective 
in dephasing the spins during TE/2, it also will lead 
to corresponding effects of magnetic field inhomo- 
geneity in the echo and hence in the spectrum 
or image. 

The magnetic field gradient in the second inter- 
val will eliminate the formation of the first spin 
echo, and hence also the second spin echo. (The 
first spin echo will form, however, in the specific 
case where the gradient in the middle interval is 
put before the time of the formation of the spin 
echo and matches a gradient that might be present 
in the first interval.) Similarly, the magnetic field 
gradient in the third interval will eliminate the 
formation of the third spin echo, because the spins 
associated with this echo have not experienced 
the first magnetic field gradient and therefore will 
not refocus. 

One should check that the signal obtained is 
really an STE by turning off one rf pulse at a time, 
and by checking that no significant signal remains. 

Several factors can cause an echo that is not a 
true STE to refocus within the acquisition window, 
and therefore the signal might not contain the 
desired information. This could be due to the sim- 
ple reason of other spin echoes forming within the 
chosen acquisition window if the magnetic field 
gradients just described are not used, or it could 
result from gradient echoes or FIDs off of the 
third pulse, as will be shown in some examples 
below. In general, it is always a good idea to test 
that a true STE is being formed by turning off one 
rf pulse at a time, and by checking that the signal 
is lost when any one of the rf pulses is turned off. 

Phase cycling can be employed. 
Alternatively, one can phase cycle the first pulse 

and the receiver-as in other standard pulse se- 
quences-to eliminate effects such as receiver off- 

sets, undesired signals due to improperly phased 
pulses, the effects of spins not dephasing totally in 
the first interval, or extra echoes such as a gradient 
echo from the third pulse. However, note that 
phase cycling requires the acquisition and addi- 
tion-subtraction of at least two acquisitions, and 
thus it eliminates some of the advantages of the 
STE pulse sequence, which will be described 
below. 

APPLICATIONS 

Volume-Selective Spectroscopy 
The pulse sequence for localized spectroscopy by 
STEs is shown in Fig. 4. Each rf pulse is slice 
selective along a different axis such that only the 
spins in a given volume element (voxel) experience 
all three pulses and will therefore contribute to 
STE formation. There are two specific characteris- 
tics of the pulse sequence to note: 

The slice dephasing-refocusing gradients must 
be in the first or third intervals for all three rfpulses. 

Since the spins contributing to the STE are 
along the z axis in the middle interval, they cannot 
be dephased or refocused during T,. 

The sequence from the third pulse alone should 
not simulate a gradient echo pulse sequence unless 
timing is chosen to avoid acquisition of the gradient 
echo off of the third pulse. 

If the sequence in Fig. 4 is analyzed from the 
third pulse alone, it appears to be a standard gradi- 
ent echo pulse sequence. To avoid a gradient echo 
from the third pulse alone, one could move the 
third slice-refocusing gradient to the first interval. 
This has the advantage of eliminating a gradient 
echo off the third pulse. It also ensures that the 
spins are dephased in the first interval, as desired 
for the formation of a pure stimulated echo. The 
same could be achieved by placing the slice-refo- 
cusing gradient from the first or second pulse in 

Figure 4 General pulse sequence for volume-selective 
spectroscopy with stimulated echoes. 
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the third interval. A drawback of separating the 
slice-dephasing and slice-rephasing gradients is 
that, because TM is usually long, if there is motion 
of the spins between the first and third pulse (from 
physiologic motion or diffusion), the distance 
moved will be greater, and hence the incomplete 
refocusing of the moving spins will be more severe 
than it is in spin-echo sequences with the same T,. 

To analyze the resulting signal in spectroscopy 
mode, it is preferable to  digitize (acquire) the sig- 
nal from the peak of the echo (comparable to the 
digitization of an FID). However, note that, if the 
slice-dephasing and slice-rephasing gradients are 
not trimmed (matched) properly, the peak of the 
echo will move slightly and the result will be an 
apparent large first-order phase shift. 

There are several advantages to the STE ver- 
sion of localized spectroscopy. First, it is a one- 
shot technique. Therefore, shimming on the region 
of interest is simplified, signal acquisition can be 
very fast if averaging is not required, and there 
are no subtraction errors such as those that could 
occur because of motion between acquisitions in 
localized spectroscopy pulse sequences that rely 
on the subtraction of two or more acquisitions. 

Second, the localized volume is easily imaged 
with the same basic pulse sequence by including 
phase encode and readout gradients, as described 
below in the imaging section. 

Finally, the STE results in an echo time half as 
long as a comparable spin echo formed from a 
three-pulse localized spectroscopy pulse sequence. 

One disadvantage of STE-localized spectros- 
copy is chemical shift misregistration, which is in- 
herent to any localized spectroscopy technique 
that uses magnetic field gradients for spatial local- 
ization. Because the resonant frequencey of the 
nuclei is used to encode both spatial information 
and chemical shift (spectral) information, the sig- 
nal from protons with one chemical shift arises 
from a volume slightly offset from protons with a 
different chemical shift. 

Diffusion Spectroscopy 

One standard technique for measuring diffusion 
with NMR is the pulsed-gradient-diffusion mea- 
surement. The pulse sequence used for measure- 
ment of diffusion using STEs is shown in Fig. 5. 
Briefly, a magnetic field gradient is applied for a 
short time, 6, during the first TE/2 interval. This 
imparts a phase to the magnetic moment of each 
nucleus as a function of its position within the 
sample. During the second TE/2 interval, a second 

Figure 5 Pulsed gradient diffusion pulse sequence us- 
ing stimulated echoes. 

magnetic field gradient is applied to impart a phase 
opposite of that of the first gradient, again as a 
function of position. If the nuclei have not moved, 
complete refocusing will occur, resulting in a full- 
amplitude STE. 

However, if the nuclei have moved during the 
time A between gradients, the difference between 
the phase acquired during the first gradient and 
that acquired during the second gradient-or the 
net phase change for each magnetic moment-will 
depend on how far they have moved during A. 
Because of the random motion of the spins in 
the system, each spin will have acquired a slightly 
different net phase change because of the two gra- 
dients, and there will be a net phase incoherence 
among magnetic moments within the sample. The 
resulting STE amplitude will decrease by an 
amount dependent on the distance the nuclei have 
moved. Therefore, the amplitude of the STE with 
the diffusion-sensitizing magnetic field gradients 
applied is related to the diffusivity of the species 
under study. 

Note that these diffusion effects are present in 
any pulse sequence that uses gradients in the first 
and third interval. In general, the magnitude of 
the gradients used in the first and third intervals 
for purposes of the STE pulse sequence and the 
time between gradients (Fig. 3) are small enough 
such that these diffusion effects are not very sig- 
nificant. 

Although either an STE version or a spin echo 
version (with the pulsed diffusion gradients before 
and after the 180" pulse) of the pulsed-gradient- 
diffusion experiment could be used, the STE ver- 
sion has advantages in several specific cases. The 
first is that in which one is interested in measuring 
the effective diffusivity (or how far the nuclei have 
moved) as a function of diffusing time. This would 
be of interest when the effective distance moved 
by the spins would depend on how long they are 
given to diffuse-that is, if the motion at  long A 
is limited by structures such as cell membranes. 
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Because the middle interval (and hence the time 
between the diffusion gradients) is limited by TI 
relaxation, long diffusion times can be studied. 
The second situation is that in which species with 
low diffusivities and short T2 are under study; if 
one wants a large effect on the STE amplitude 
due to diffusion, a long diffusion time can be used 
by increasing A (limited by T I )  with a short TE. 
Similarly, if gradient strength is limited and T2 is 
short, a stronger diffusion effect can be obtained 
with a long diffusion time (A). 

Imaging 

The addition of standard slice select, phase en- 
code, and read gradients to the STE pulse se- 
quence enables it to be used for MRI applications 
(Fig. 6). There are several practical points to be 
made regarding this sequence, many of which are 
the same as those described above for localized 
spectroscopy: 

The gradient reversals for the slice and read 
gradients need to be within the first and third 
intervals, because these are the times that the 
spins of the S T E  are in the x y  plane. 
A crusher gradient can be placed in the middle 
interval to dephase any spin echoes that might 
arise in part from the second pulse. 
The read dephasing and phase encode gradi- 
ents can be placed in the third interval to avoid 
motion artifacts or extra diffusion weighting. 
The slice reversal for  the first pulse also can 
be placed in the third interval. 

If the read and phase encode are in the third 
interval, moving the first slice-refocusing gradient 
to the third interval will ensure that the spins de- 

90 
TxlRx h n n 

W 

G(phase) 

Figure6 Standard pulse sequence for imaging with the 
stimulated echo sequence. 

phase before the second pulse and that no echo 
is formed from the third pulse alone. Again, how- 
ever, one drawback of this approach is decreased 
refocusing incurred by having a long interval be- 
tween the slice-rephasing and slice-rephasing gra- 
dients if motion is present in the system. 

The slice select gradient can be on any of the 
three pulses. 

Although all three pulses can be made slice 
selective, just one needs to be to obtain signal from 
that slice alone (as shown in Fig. 6). Therefore, 
the availability of three pulses has various appli- 
cations: chemical-shift-selective imaging, zoom 
imaging, and flow tagging. In addition, diffusion- 
sensitizing gradients, such as those described 
above (Fig. 5) ,  can be used in conjunction with 
the basic imaging sequence to obtain diffusion- 
weighted images. These are described below. 

Chemical-Shift-Selective Imaging. The pulse se- 
quence for chemical-shift-selective imaging is 
shown in Fig. 7. The second pulse (in this case) is 
made frequency selective (“soft”) without a mag- 
netic field gradient on. Therefore, only those spins 
with chemical shifts of the same frequency as that 
of the pulse will receive the rf excitation and will 
contribute to the resulting STE. 

Zoom Imaging. The pulse sequence for zoom im- 
aging is shown in Fig. 8. The first two pulses are 
used to select volumes along two directions; only 
those spins at the intersection of those volumes 
will contribute to the STE. The third pulse is then 
used for imaging of a slice within the selected 
volume. This is useful for situations in which the 
sample is larger than the desired field of view. 
Alternatively, three-dimensional imaging can be 
done in a three-dimensional zoomed region. 

4-TUZ -TTM d f T U 2  d 

90 90 
90 

TxlRx A A n 
v 

G(read) l l  I) 

G(slice) 

Figure 7 Pulse sequence for chemical-shift-selective 
imaging with stimulated echoes. 
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Figure 8 Pulse sequence for zoom imaging with stimu- 
lated echoes. 

Flow Imaging. The pulse sequence for flow im- 
aging with stimulated echoes is shown in Fig. 9. 
The first pulse is made slice selective to select a 
plane of spins. (Alternatively, both the first and 
second pulses can be made slice selective to select 
spins at the intersection of two volumes.) The spins 
are then given time to move during T M .  (Note that 
the magnetization is in the z direction during this 
time, reducing dephasing effects.) After the third 
pulse, an image is obtained with the read gradient 
in the same direction as the original slice se- 
lect, thus imaging the bolus of spins that have 
moved from that plane. With short echo times, de- 
phasing is minimized. For longer echo times, flow- 
compensated gradients can be used for the read 
and slice gradients. Note that, if a crusher gradient 
is used to dephase the spins in the first interval, 
with a corresponding refocusing gradient in the 
third interval, it should be in a direction perpendic- 
ular to the flow. 

Digusion Imaging. The pulse sequence for im- 
aging of diffusion is shown in Fig. 10. It is essen- 
tially the same as the diffusion spectroscopy pulse 
sequence, with imaging gradients added. 

Multislice Imaging. The pulse sequence for 
multislice imaging is shown in Fig. 11. The read 

Figure 9 Pulse sequence for flow tag imaging with stim- 
ulated echoes. 

+TU2 TM -6 TU2 4 

90 90 
90 

TxJRx A n n 
V 

G(read) 

G(slice) 

Figure 10 Pulse sequence for diffusion imaging with 
stimulated echoes. 

dephasing and phase encode gradients are placed 
in the first interval. The third pulse is slice selec- 
tive, with a standard imaging readout. This third 
pulse is repeated with different slice select gradi- 
ents for n different slices. The number of slices is 
limited by TI relaxation (and each will have slightly 
different TI weighting) because T M  will be in- 
creased for each successive slice. The entire se- 
quence is repeated for each phase encode step. 
The read dephasing and phase encode gradients 
also can be placed in the third interval. This, how- 
ever, requires higher duty cycles on the gradients. 

One large advantage of multislice imaging with 
STEs as shown is that it can be combined with 
chemical-shift-selective imaging by making the 
first pulse chemical shift selective. Thus, just one 
chemical species in the entire volume, which is 
then used for multislice encoding, is excited. This 
is not possible with spin echo imaging, because all 
of the pulses must be repeated for each slice and 
therefore the chemical shift (nonspatially selec- 
tive) pulse would saturate that species. 

Combination Sequences. With three pulses avail- 
able for excitation, the STE pulse sequence is 

n n 90 

n 

G(phase) 

G(slice) 

Figure 11 Pulse sequence for multislice imaging with 
stimulated echoes. 
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n n 
Image 

90 90 Acquisition _I 

a 
A 

G(read) ---4-+4 

phase 
encodes 

L 

Figure 12 Pulse sequence for fast imaging with stimu- 
lated echoes. 

versatile. Combinations of the above pulse se- 
quences can be used for specific applications. One 
(chemical-shift-selective, multislice imaging) has 
just been described. Another would be the combi- 
nation of the localized spectroscopy and diffusion 
experiments of Figs. 4 and 5. 

Ultrafast Imaging. In all of the imaging se- 
quences described above, one phase encode step 
is obtained every time the STE pulse sequence is 
run. This requires the sequence to be repeated n 
times for a matrix size of n, with a recycle delay 
between each sequence. Alternatively, the third 
pulse can be transmitted as a low-flip-angle pulse, 
with each rf pulse and readout independent and 
with a different phase encode gradient value, thus 
substantially decreasing the time of imaging. The 
basic pulse sequence is shown in Fig. 12. Again, 
this ultrafast readout imaging can be combined 
with the applications described above. However, 
it must be kept in mind that this fast readout also 
can generate extra spin or stimulated echoes be- 
cause of the fast repetition of rf pulses if the gradi- 
ents do not crush them out. 
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