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a b s t r a c t

Turbo spectroscopic imaging (TSI) is a spin echo spectroscopic imaging technique in which two or more
echoes are acquired per excitation to reduce the acquisition time. The application of TSI has primarily
been limited to the detection of uncoupled spins because the signal from coupled spins is modulated
as a function of echo time. In this work we demonstrate how the TSI sequence can be modified to observe
spins like the C2 protons of Glx (�3.75 ppm) which are involved solely in weak-coupling interactions. The
technique exploits the chemical shift displacement effect by employing TSI refocusing pulses that have
bandwidths which are less than the chemical shift difference between the target spins and the spins
to which they are weakly coupled. The modified TSI sequence rewinds the J-evolution of the target pro-
tons in the slice of interest independently of the echo time or echo spacing, thereby removing any signal
variation between successive echoes (apart from T2 relaxation effects). In this study we tailored the nar-
row-bandwidth TSI sequence for observation of the C2 Glx protons. The echo time was experimentally
optimized to minimize signal contamination from myo-inositol, and the efficacy of the method was ver-
ified on phantom solutions of Glx and on brain in vivo.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Changes in the collective levels of glutamate (Glu) and gluta-
mine (Gln), often referred to as Glx, have been shown to be rele-
vant in the study of tumours as well as neurodegenerative and
psychiatric diseases by proton magnetic resonance spectroscopy
(MRS) investigations of the human brain [1–6]. While single voxel
spectroscopy techniques are often employed for such studies, mag-
netic resonance spectroscopic imaging (MRSI) methods are becom-
ing increasingly used as a result of recent technological
advancements. Glx studies have been conducted using short echo
time (TE) STimulated Echo Acquisition Mode [7], STEAM, or Point
RESolved Spectroscopy [8], PRESS, MRSI sequences [5,9–11], where
the volume of interest is excited via three orthogonal slice-selec-
tive pulses. The spin echo MRSI sequence [12] has also been em-
ployed to measure Glx levels [13]; it involves exciting an entire
axial slice with a spin echo spectroscopic imaging sequence and
using outer volume suppression (OVS) modules to suppress unde-
sired signal from scalp lipids [12,14]. A significant advantage of the
spin echo MRSI technique is that signal can be acquired from mul-
tiple slices without any scan time penalty [12,14]. For non-coupled
spins, the acquisition time can be further reduced by acquiring
more than one echo after each excitation pulse with each echo hav-
ll rights reserved.
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ing a different phase encode gradient [15]. The multi-echo MRSI se-
quence, often referred to as Turbo Spectroscopic Imaging (TSI),
allows faster acquisition times at the expense of spectral resolution
because of the limited time available for signal readout between
successive refocusing pulses [14]. Nevertheless, it was recently
shown that at the higher clinical field strength of 3 T a spectral res-
olution of 8.8 Hz was sufficient to clearly resolve the creatine (Cr)
and choline (Cho) peaks which are separated by approximately
0.16 ppm [16]. Ref. [16] also demonstrated that significant scan
time reductions can be further made by combining TSI with SENSE
(sensitivity encoding). While the clinical utility of TSI has been
demonstrated for the detection of uncoupled spins such as those
of N-acetyl aspartate (NAA), Cr, and Cho [16–19], its application
to coupled spin systems is challenging because the scalar coupling
evolution results in signal intensity and phase variations as a func-
tion of TE which can lead to spatial misregistration [20]. Moreover,
for strongly coupled spins, such as the C4 and C3 protons of Glx, the
signal rapidly decays with increasing TE rendering the long echo
spacings (at least 100 ms) of TSI impractical for their detection.

In this work we present how the TSI sequence can be modified
to allow the detection of spins such as the C2 protons of Glx which
are only involved in weak-coupling interactions. The technique is
based on exploiting the chemical shift displacement effect so that
the scalar coupling evolution of the C2 Glx protons is ‘‘rewound” no
matter what the echo time is, essentially removing any signal
amplitude and phase variations with TE that would hinder the
application of TSI. We recently demonstrated the theory behind
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this concept and applied it to PRESS to obtain high signal from the
C2 protons of Glx at a long TE that enabled Glx levels to be quanti-
fied relative to Cr in a straightforward manner [21]. The method in-
volved employing PRESS radiofrequency (RF) refocusing pulses
that had bandwidths smaller than the chemical shift difference be-
tween the C2 protons of Glx and the C3 protons to which they are
weakly coupled [21]. The objective of this paper is to show that
the same method can be used to allow the efficient detection of
the C2 protons of Glx by a TSI sequence which reads out two echoes
per excitation. The TE was optimized to minimize Glx signal con-
tamination from myo-inositol (mI) and the efficacy of our method
was verified at 3 T on phantom solutions of Glu and Gln and in
brain in vivo.
Fig. 1. The left-hand column displays the calculated response of the C2 proton of
Glu to a spin echo sequence which has a refocusing pulse that uniformly excites all
the Glu protons. The signal is clearly modulated as a function of TE because of the
weak scalar coupling interaction between the C2 and C3 Glu protons. In contrast,
exploiting a refocusing pulse that exclusively targets the C2 proton results in a
triplet that remains practically unaltered as TE is changed, as shown on the right.
2. Materials and methods

Glutamate and glutamine can each be represented, at 3 T, as an
AMNPQ spin system where the A spin (bonded to the C2 carbon) is
weakly coupled to the M and N protons (both bonded to the C3 car-
bon). The M and N protons are each strongly coupled to each other
as well as to the P and Q protons (bonded to the C4 carbon). To cal-
culate the response of the A proton of Glu and of Gln at 3 T to a spin
echo sequence as a function of TE the same numerical method de-
scribed in Ref. [21] was employed.

Experiments were conducted with a 3 T Philips Intera scanner
and a transmit/receive birdcage head coil. For all spectroscopic
imaging experiments a two dimensional spin echo MRSI sequence,
consisting of an excitation pulse and a refocusing pulse, both of
which excited the same slice, was used. For TSI experiments, an
additional refocusing pulse was applied, and two echoes were col-
lected per excitation reducing the scan time by a factor of two; we
chose to limit the number of echoes to two to minimize signal
losses due to T2 relaxation. Two versions of the sequence were em-
ployed. In one version, the refocusing pulses were sinc pulses of
870 Hz bandwidth and �10.3 ms duration. In the second version,
the refocusing pulses were sinc Gaussian pulses of the same dura-
tion but with a narrow-bandwidth of 175 Hz which is less than the
chemical shift difference between the C2 and the C3 protons of Glu
and of Gln at 3 T (�207 Hz). Spoiler gradients of length 2.5 ms and
strength 10 mT/m were applied prior to and after the refocusing
pulses in three orthogonal directions. All MRSI data was acquired
as 256 complex points sampled at a frequency of 2000 Hz, yielding
a spectral resolution of �7.8 Hz. The FID acquisition period was not
centred symmetrically about the echo time but rather acquisition
was initiated as soon as possible after the refocusing pulse was ap-
plied resulting in a minimum achievable TE of 100 ms for the TSI
sequence. To obtain maximum signal from the C2 protons of Glx
from the slice of interest, the offset frequency of the pulses was
set to approximately 3.75 ppm. A slice thickness of 15 mm was
chosen for both phantom and in-vivo experiments. For phantoms,
signal was collected over a field of view (FOV) of 80 mm with an
8 � 8 phase encode matrix, resulting in a nominal voxel size of
10 � 10 � 15 mm3, whereas for in-vivo studies signal was collected
over a FOV of 240 mm with a 20 � 20 phase encode matrix yielding
a nominal voxel size of 12 � 12 � 15 mm3. To minimize signal loss
due to T2 relaxation in the TSI data, signal from the first echoes
filled the inner regions of k-space while signal from the second
echoes filled the outer regions. The highest spatial frequencies lo-
cated in the corners of k-space were not collected to reduce scan
times. A repetition time (TR) of 3 s was employed in all the exper-
iments resulting in a clinically acceptable acquisition time of
approximately 8.5 min. Shimming was performed by a Philips-pro-
vided automatic procedure based on FASTERMAP [22] on a smaller
volume (80 � 80 � 15 mm3) which enclosed the region of interest
within the FOV, and in-vivo water peak line widths were measured
to be approximately 10 Hz. An outer volume suppression (OVS)
module, which involved the excitation and dephasing of signal
from ten 10 mm slabs placed around the volume of interest and
over the skull regions, preceded the sequence. Prior to the OVS
pulses, water suppression was carried out by a CHESS module
[23] composed of 110 Hz bandwidth pulses. By gradually moving
the offset frequencies of the CHESS pulses away from the water
resonance frequency and measuring the amplitude of resulting
the water peak, it was experimentally verified that the CHESS
pulses had negligible effect on spins resonating at frequencies that
deviated by more than 95 Hz from the frequency at which the
pulses were applied safely excluding the C2 Glx protons at about
3.75 ppm and the creatine (Cr) peak at 3.9 ppm. To prevent fre-
quency drift effects, a frequency lock parameter was switched on
which enabled the water resonance frequency to be measured
and set for each acquisition. In an effort to assess the ability to
quantify Glx levels from the TSI spectra, a short-TE (35 ms) PRESS
single voxel spectrum was acquired in addition to the TSI spectra
from two of the volunteers. The spatial location of the PRESS vol-
ume was chosen such that it overlapped with two of the TSI voxel
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elements covering a 24 � 12 � 15 mm3 region. A TR of 3 s was used
and the data was collected in 64 averages as 2048 complex points
sampled at 2500 Hz.

Phantom experiments were conducted on four different 6 cm
diameter spherical phantom solutions of pH � 7. All of the phan-
toms contained 10 mM Cr and all chemicals were purchased from
Sigma–Aldrich Canada. Three of the phantoms were composed of
only one other component, namely, 50 mM Glu, 50 mM Gln, and
Fig. 2. All spectra in this figure are from a central voxel of the MRSI acquisition grid, and
Glu/10 mM Cr phantom. The amplitude of the Glu peak increases by approximately
bandwidth of 175 Hz. Applying a TSI sequence where two echoes per excitation are acqu
the quality of the spectrum. The spectra in (b) are from spin echo MRSI data sets obtained
bandwidth refocusing pulse minimizes the signal from mI in the region around 3.7 ppm.
100 to 200 ms; four of these spectra are shown in panel (c) where the variation in mI s
50 mM mI. The other phantom was composed of a mixture based
on physiological concentration ratios present in gray matter of
the human brain [24]; it contained 50 mM Glu, 24 mM Gln, and
31 mM mI.

Since the first echoes are responsible for filling the lower spatial
frequencies and thus contribute most of the signal, an optimum TE
for the small-bandwidth TSI sequence that minimized Glx contam-
ination from mI was found by obtaining eleven data sets from the
are displayed in magnitude mode. Panel (a) shows spectra acquired from the 50 mM
30% when replacing the 870 Hz bandwidth refocusing pulse with one that has a
ired (employing two narrow-bandwidth refocusing pulses) does not appear to affect
from the 50 mM mI/10 mM Cr phantom. Employing a TE of 170 ms with the narrow-
The TE of 170 ms was chosen after examining spectra acquired with TE varying from
ignal can be observed.



Fig. 3. All spectra are from a central voxel of the 50 mM Glu/24 mM Gln/31 mM mI/
10 mM Cr phantom. Spectra (a) and (b) are displayed in magnitude mode. Clearly,
with a regular short-TE MRSI sequence, the Glx peak suffers contamination from mI.
Exploiting the narrow-bandwidth refocusing pulses and using the optimized TE of
170 ms (echo spacing of 160 ms) results in distinct peaks for Cr, Glx, and mI in
approximately half the scan time. Panel (c) displays phase-corrected real spectra of
higher spectral resolution (2048 samples), acquired at two different TEs that
correspond to the two TSI echoes (170 and 330 ms) with a narrow-bandwidth spin
echo MRSI sequence. The Glx spectral pattern remains unchanged with TE.
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50 mM mI phantom with a small-bandwidth spin echo MRSI se-
quence with TEs ranging from 100 to 200 ms in steps of 10 ms.

2.1. Data processing and spectral quantification

The in-vivo short-TE PRESS spectra were analyzed with LCModel
(version 6.1) [25] using the basis set outlined previously [21]. The
resultant concentration values were corrected for relaxation by
dividing them by e�TE=T2 ð1� e�TR=T1 Þ. The T1 and T2 values for the
CH3 protons of Cr at 3 T were taken to be 1470 ms and 169 ms,
respectively [26]. For Glx, T1 and T2 values of 1230 ms (averaged
over white and gray matter) and 200 ms, respectively, were as-
sumed [27].

For the in-vivo TSI data, all spectral reconstruction, processing,
and peak fitting was carried out with a Philips automated spectros-
copy processing software. Spectra were processed in the range of
�1 to 4.4 ppm. The signal decay of the second echo due to T2 relax-
ation was corrected for assuming an average T2 of �165 ms for Glx
and the CH2 protons of Cr [26,27]. The data was filtered in the spa-
tial frequency domain with a cosine filter, 2D fast Fourier trans-
formed, filtered in the time domain with a Lorentz–Gauss filter,
zero-filled to 512 points, and Fourier transformed to yield a spec-
trum for each voxel. The spectra were displayed and interpreted
in magnitude mode because the abrupt truncation at the beginning
of data acquisition led to observable ringing in the real spectra.
Baselines were fitted with a fifth degree polynomial and subtracted
from the spectra. The resulting spectra were peak fitted with a
non-linear least squares iterative method based on the Marquardt
and Levenberg algorithm [28,29]. Each peak was represented by a
linear combination of a Gaussian and a Lorentzian function. The
output of the spectral processing yielded the peak areas and their
signal to noise ratios. The noise measurement was propagated to
estimate the uncertainties in the Glx peak (�3.65–�3.85 ppm)
and in the Cr peak (�3.85–�4.0 ppm) areas and in their ratio.
The 3.9 ppm Cr peak was employed as a reference in this work in-
stead of the 3.0 ppm Cr peak because the latter suffered largely
from the chemical shift displacement effect as a result of restricted
bandwidth of the refocusing pulses [21]. As with the PRESS spectra,
the areas were corrected for relaxation by dividing them by
e�TE=T2 ð1� e�TR=T1 Þ. The T1 and T2 values for the CH2 protons of Cr
at 3 T were taken to be 1020 ms and 137 ms, respectively [26],
while for Glx the same relaxation time values that were used in
correcting the PRESS spectra were assumed. The area of Glx was
also doubled to account for the difference in proton multiplicity
of the molecular groups contributing to the Cr and Glx resonances.
In addition, the Glx area was multiplied by a numerically deter-
mined factor of 1.03 to compensate for the small signal loss which
results from the strong coupling interactions of the C3 protons [21].

3. Results and discussion

The left column of Fig. 1 displays the calculated response of the
C2 proton signal of Glu in response to a typical spin echo sequence.
The amplitude and phase modulations as a function of TE are a re-
sult of the weak scalar coupling that exists between the C2 and C3

protons. Such oscillations can lead to spatial misregistration in a
TSI sequence [20]. The variations can be eliminated by employing
a refocusing pulse that does not excite the C3 protons in the vol-
ume of interest [21]. This is illustrated in the right column of
Fig. 1 where the response of the C2 Glu proton to the modified spin
echo sequence is a triplet that remains practically unchanged as TE
is altered, and that is therefore rendered suitable for detection by
TSI with the only concern being signal decay of successive echoes
due to T2 relaxation.

Results from phantom experiments are shown in Fig. 2. Spin
echo spectroscopic imaging sequences were applied to the
50 mM Glu/10 mM Cr phantom and spectra from one of the central
voxels are displayed in panel (a). The sequences were applied with
the parameters stated in Section 2. The first and second spectra
were acquired with spin echo MRSI sequences with refocusing
pulse bandwidths of 870 and 175 Hz, respectively. It is clear that
employing the small-bandwidth refocusing pulse enhanced the
amplitude of the Glu signal by a factor of �1.3 [21]. The third spec-
trum was obtained with a TSI sequence which employed two



174 A. Yahya, B.G. Fallone / Journal of Magnetic Resonance 196 (2009) 170–177
small-bandwidth refocusing pulses and which read out two echoes
per excitation, thus reducing the scan time by a factor of two while
yielding spectra of comparable quality. Similar results were ob-
tained for Gln. The spectra in Fig. 2(a) were measured with a TE
of 100 ms, the minimum achievable with a readout time of
128 ms. However, it was empirically found that a TE of 100 ms
was not optimal for minimizing Glx contamination from mI in
the 3.7 ppm spectral region, but rather a TE of 170 ms better served
this purpose as is demonstrated in Fig. 2(b). A TE of 170 ms was
chosen after examining spectra acquired from the mI phantom
with a spin echo MRSI sequence with TEs ranging from 100 to
200 ms; Fig. 2(c) displays four of these spectra and it can be seen
that at the selected TE the signal contribution from mI to the Glx
spectral region (enclosed by the dashed vertical lines) is minimal.
The overlap of mI with Glx is clearly visible in the spectrum of
Fig. 4. A TSI sequence (TE = 170 ms, echo spacing = 160 ms) employing refocusing pulses
parietal lobes of a normal volunteer. Spectra from six selected voxels along with their fitt
corresponding labelled voxel positions on the image. Each voxel has a nominal volume o
and mI.
Fig. 3(a) which was obtained from the 50 mM Glu/24 mM Gln/
31 mM mI/10 mM Cr phantom with a short-TE spin echo MRSI se-
quence. In contrast, Fig. 3(b) exhibits the result of applying the lim-
ited-bandwidth TSI sequence with the optimized TE of 170 ms;
distinct peaks for Cr, Glx, and mI are observed. To more clearly
see the spectral patterns that are acquired with each of the TSI ech-
oes, higher resolution spectra were acquired with a narrow-band-
width spin echo MRSI sequence, first with a TE of 170 ms and then
with a TE of 330 ms. A spectrum acquired at each TE from one of
the voxels is displayed in Fig. 3(c). Whereas the signal from mI is
different at the two echo times because of J-coupling evolution,
the Glx multiplet maintains its shape and only suffers signal loss
due to T2 relaxation.

The applicability of the sequence in-vivo is demonstrated in Figs.
4 and 6. TSI data sets were acquired from three different normal
of limited bandwidth was applied to a 15 mm slice that cut through the frontal and
ed spectra (dashed lines) are displayed. The spectra are numbered according to their
f 12 � 12 � 15 mm3. The Glx peaks are clearly visible and are well resolved from Cr



Fig. 5. Spectrum (a) demonstrates the ringing due to the echo discontinuity in the
real part of an in-vivo TSI spectrum obtained from volunteer #2. The magnitude of
the spectrum along with the fitted baseline (dashed curve) is displayed in (b). The
result of fitting and baseline subtraction can be seen in (c).
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volunteers from a 15 mm axial slice that cut through the frontal
and parietal lobes. A 1 mm T1 weighted axial slice of one of the vol-
unteers (volunteer #1) is displayed in Fig. 4 with the TSI grid over-
laid on it along with the volume of interest on which shimming
was performed. Spectra from six of the voxels along with their cor-
responding fitted spectra (dashed spectra) are displayed. The spec-
tra were processed and fitted according to the procedures
described in Section 2.1, and it can be seen that high Glx signal
was maintained, the Glx and Cr peaks were well resolved, signal
from mI was minimized, and the relatively long TE ensured the de-
cay of the macromolecule baseline. Fig. 5(a) displays the real part
of an in-vivo TSI spectrum obtained from volunteer #2; the ringing
due to the echo discontinuity is visible. The corresponding magni-
tude mode spectrum along with the fitted baseline is shown in
Fig. 5(b), and the result of fitting and baseline subtraction can be
seen in Fig. 5(c). The major shortcoming of this method is that
the restricted bandwidth of the refocusing pulses limits useful
peaks for the purposes of quantification to those of Glx
(�3.75 ppm) and Cr (�3.9 ppm). The other peaks experience the
refocusing pulses in slices that are significantly shifted from the
target slice. Therefore, the Cho (�3.2 ppm) and Cr (�3 ppm) peaks
visible in the spectra of Fig. 5 represent signal from a portion of the
slice of interest, preventing the Cr peak at 3 ppm from serving the
purpose of an internal concentration reference as it often does
[30,31], leaving the Cr peak at 3.9 ppm to play this role instead.
Shifting the frequency of the refocusing pulse towards 3 ppm
would maintain more of the Cr peak at 3 ppm but at the expense
of reducing the target Glx signal. It is also apparent that there is
no trace of NAA around 2 ppm because spins in this spectral region
experience the refocusing pulse in a slice that does not overlap
with the target slice. Another drawback is that because the gluta-
mate moiety of glutathione (GSH) exhibits significantly similar
chemical shift and scalar coupling properties to those of Glu and
of Gln [32], the J-coupling evolution of the GSH proton at
�3.77 ppm will also be rewound by the presented method thus
contaminating the Glx peak by an amount proportional to its con-
centration. Based on the Glu, Gln, and GSH concentrations listed in
Ref. [24], and the chemical shift and scalar coupling values stated
in Ref. [32] it was simulated that �14% of the Glx peak could be
attributed to GSH.

Although quantification was not the main purpose of this work,
we attempted to quantify the relative concentration of Glx to Cr
from TSI data obtained from volunteers #2 and #3. Spectra from
two of the TSI voxels (containing a mixture of gray and white mat-
ter) were summed for each volunteer from the regions displayed in
Fig. 6 and corresponding short-TE PRESS spectra from those vol-
umes were also acquired. Fig. 6 shows the summed TSI spectrum
and the corresponding PRESS spectrum for each of the two cases.
LCModel was employed to analyze the short-TE spectra and the
output was compared to concentration ratios that were deduced
from the corresponding TSI spectra (see Section 2.1 for analysis de-
tails). The results are summarized in Table 1 with the volunteer
numbering corresponding to that of Fig. 6. In each case, the ratios
determined from the TSI spectra are �13% lower than the ratios
provided by LCModel analysis; however, both sets of ratios do
agree within error which indicates the feasibility of measuring
Glx levels relative to Cr with the method presented in this work.
The technique particularly lends itself to monitoring Glx to Cr ra-
tios in longitudinal MRS studies.

The presented method is not limited to Glx detection but can be
applied to any weakly coupled proton spin system. For example, it
would be suitable for targeting the CH3 protons of Lac (lactate)
which resonate around 1.3 ppm. Lactate, to our knowledge, is the
only metabolite with a coupled spin system that has previously
been detected by TSI. This was achieved by setting the echo time
and the echo spacing to multiples of 1/J, where J is the scalar cou-
pling constant between the 1.3 ppm Lac protons and the 4.1 ppm
proton, and reversing the sign of all the odd echoes [20,33]. The
technique described in this work would allow Lac observation by
TSI without placing any restrictions on the echo time and the echo
spacing, and without requiring sign reversals of any of the echoes.
Furthermore, it would avoid the downsides associated with Lac
detection at higher field strengths, such as 3 T, where the chemical
shift difference between the weakly coupled Lac protons becomes
comparable to the bandwidths of the RF pulses [34,35].

The technique, however, cannot rewind the scalar coupling evo-
lution of protons that are engaged in both weak and strong cou-
pling interactions because of the complex coherence proliferation
of strongly coupled spins [36]. Therefore, the method is not appli-
cable, for example, to the C3 protons of Glu or to the mI protons
that resonate in the vicinity of �3.55 ppm. Nevertheless, the se-
quence could be tailored for observing the mI proton resonating
at �4.06 ppm, which, like the C2 proton of Glu, is solely involved
in weak coupling. However, at 3 T, this would require a refocusing
pulse of bandwidth less than approximately 66 Hz (the chemical
shift difference between the 4.06 mI proton and the protons to
which it is weakly coupled).



Fig. 6. The TSI sequence that was applied to volunteer #1 was also applied to volunteers #2 and #3. To assess the feasibility of Glx quantification from the TSI spectra, a short-
TE (TE = 35 ms) single voxel PRESS spectrum was also acquired from each volunteer from the regions indicated on the images. These regions were chosen such that they
overlapped with two of the TSI voxels. For each volunteer, the spectra from the two voxels were summed. The summed TSI spectra along with their corresponding PRESS
spectra are shown.

Table 1
Summary of concentration ratios obtained from the short-TE PRESS spectra (LCModel
analysis) and from the corresponding summed TSI spectra (integration of fitted
peaks). The volunteer numbering is consistent with Fig. 6, where the spectra are
displayed.

Volunteer
#

[Glx]/[Cr] by LCModel analysis of
short-TE spectrum

[Glx]/[Cr] by fitting and
integrating of TSI spectrum

2 1.57 ± 0.22 1.38 ± 0.23
3 1.43 ± 0.21 1.23 ± 0.18
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4. Conclusion

In this paper, we demonstrated a method that facilitates the
detection of the C2 protons of Glx by TSI. The resulting spectra
exhibited a Glx peak of high signal that was well resolved from
Cr and mI. The approach is also applicable to other spin systems
whose scalar coupling interactions are limited to the weak-cou-
pling regime, and it involves utilizing TSI refocusing pulses that
have bandwidths less than the chemical shift difference between
the target spins and the spins to which they are weakly coupled.
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This permits rewinding of the J-evolution of the target protons in
the slice of interest regardless of the selected echo time and echo
spacing. Thus constant signal is provided from echo to echo render-
ing weakly coupled spins as potential candidates for measurement
by the time efficient TSI sequence.
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