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To reduce the time needed for spatial encoding in mag-
netic resonance spectroscopic imaging, echo-planar-based
high-speed techniques were introduced (1-3) and imple-
mented (4,5). In echo-planar spectroscopic imaging
(EPSI), the temporal sampling interval, determined by the
period of the readout—gradient alternation, limits the achiev-
able spectral bandwidth. This limitation is exacerbated by
the current implementation of EPSI, which separates the odd
and the even echoes in the reconstruction. In this Communi-
cation, a new method of reconstruction based on the inter-
laced Fourier transform is described and experimentally
demonstrated. By utilizing both the odd and even echoes,
the method is able to double the spectral bandwidth achiev-
able with existing reconstruction approaches.

Since it was first introduced in 1982 (6), magnetic reso-
nance spectroscopic imaging has been developed into a
widely used method for localized NMR spectroscopy. How-
ever, a mgor limitation of MRSI is the long acquisition
time imposed by the need of phase encoding for all spatial
dimensions and the limited signal-to-noise ratio (SNR) of
the metabolite peaks. To reduce the acquisition time, echo-
planar spectroscopic imaging methods that utilize an alter-
nating gradient along one of the spatial dimensions were
introduced (1-3). By reducing the phase-encoding dimen-
sion by one, EPSI can be used for fast two-dimensional
spectroscopic imaging when the SNR is not a limiting factor
and for practical three-dimensional spectroscopic imaging.
Recent implementation of EPSI (4, 5) has demonstrated its
utility for in vivo studies, particularly for spectroscopic im-
aging in three spatial dimensions (4).

Asillustrated in a schematic diagram of atwo-dimensional
EPSI sequence (Fig. 1a), an aternating gradient is applied
along one of the spatial dimensions (the readout direction),
generating a series of gradient echoes that are sampled. The
spatia encoding along the readout direction is achieved with
the dternating gradient while phase encoding is used along
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the other spatial dimension. In the rest of the paper, with no
loss of generality, only the readout direction is considered
for simplicity. The data-acquisition process covers a portion
of the k—t space, consisting of the spatial frequency along
the readout direction and time, in the manner shown in Fig.
1b. It is evident from Fig. 1b that the sampling interval in
time is determined by the aternation period of the readout
gradient, the limits of which are dictated by the gradient
hardware. Therefore, the spectral bandwidth in EPSI can be
hardware limited. This problem is particularly severe for
many existing scanners without high-performance gradients
and for nuclei having a large chemical-shift range (e.g., C-
13). To aleviate this problem, an approach using multiple
acquisitions with a dight shift in echo time (3) was de-
scribed; this approach, however, increased the acquisition
time by a factor proportional to the number of acquisitions.
More recently, a selective-excitation approach was intro-
duced to reduce this problem by restricting the bandwidth
of the excited signal (7); this approach is cumbersome to
use and may not be feasible when the repetition time is not
long enough to accommodate more than one data-acquisition
window or when multiple slices are desired.

Asisevident in Figs. 1b and 1c, the sampling in time is
not uniform for most of the k-space points. This sampling
nonuniformity could lead to spectral adiasing. To avoid this
problem, a recent implementation of EPSI separates the odd
echoes and the even echoes in the reconstruction and com-
bines the reconstructed spectra later (4, 5). Such a recon-
struction approach reduces the theoretically available spec-
tral bandwidth permitted by the gradient hardware by afactor
of 2. Figure 1b aso indicates that the temporal locations of
the samples are k-space dependent; this difference can result
in chemical-shift artifacts. In this Communication, we de-
scribe a technique that allows the incorporation of both odd
and even echoes in the reconstruction and removes temporal
inconsistency between k-space points. Consequently, the
present technique permits the realization of the theoretical
spectral bandwidth, effectively doubling the spectral band-
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FIG. 1.

(a) The diagram of a typical two-dimensional EPSI sequence. In this sequence, the acquired signal is phase-encoded in Gp direction and

echo-planar-encoded in the Gepe direction. (b) A representation of the traversal of the k—t space achieved during the data acquisition in an EPSI
sequence. (c) A schematic representation of the measured signal along the time axis in the k—t space as shown in (b). Note that the timing parameters

T and 6t are indicated in both (b) and (c).

width available with the current implementation, and elimi-
nates chemical-shift artifacts. This is achieved by using the
interlaced Fourier transform along the time domain and by
appropriate phase shifting in the spectral domain. In the
actual implementation, the k-space trajectory is experimen-
tally determined to provide data-acquisition timing needed
by the interlaced Fourier transform.

We now examine the temporal coverage of a single k-
space point as shown in Figs. 1b and 1c. In general, the time
interval between the odd and even data points (6t) is not
egual to the interval between the even and the odd points
(T — 6t) and is dependent on k; however, the time between
odd (or even) points, T, is constant and independent of the
k-space location. Data sampled in thismanner call for the use
of the interlaced Fourier transform and provide an effective

bandwidth determined with a sampling interval of T/2. Spe-
cifically, the discrete Fourier transform of the odd points,
0(w, k) and that of the even points, e(w, k), arefirst calcu-
lated separately and combined according to

_ eai 2wét/t efiwét

g(w’ k) = 1— eaiZﬂ'ét/[O(w’ k) + 1— eaiZTrétlt e(w’ k)
efiw&
h(w'k):m()(w,k)_me(w, k): [1]
wherea = —1forw =0, a = 1for w < O, to giverise to

h(w, k) and g(w, k), which are subsequently concatenated
to form an extended spectrum, F(w, k), using
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Since the sampling for each k-space location starts at a
dlightly different time, the spectrareconstructed based on Eq.
[2] are inconsistent and cannot be used for the subsequent
analysis along the k direction. To remove this inconsistency,
aphase modulation, linear along the chemical-shift direction
and proportional to the time shift, ¢ = (T — 6t)/2, isapplied
to F(w, k):

F(w, k) = F(w, k)e "2, [3]
The F(w, k) in Eq. [3], spanning a k—w space, can be
analyzed for each fixed w. The processing along k space
consists of regridding of nonuniformly sampled data (8),
timereversal of the even echoes, and spatial Fourier transfor-
mation.

To demonstrate this approach, an EPSI sequence was im-
plemented on a Siemens Vision scanner (Siemens Medical
Systems, Iselin, New Jersey) whose gradient system is capa-
ble of a maximum gradient of 25 mT/m with a sinusoida
ramping time of 300 us. In this sequence, a spin—echo exci-
tation (with both the 90° and 180° pulses dlice selective) is
preceded by chemically selective water-suppression pulses
(9), and the second half of the echo is spatially encoded with
echo-planar encoding in one spatial dimension and phase
encoding in the other (Fig. 1a). For the echo-planar encod-
ing, the readout gradient consisted of 512 pairs of alternating
gradient lobes, each having a 300 us quarter-sine wave
rampup, a 650 us flat portion, and a 300 us quarter-sine
wave rampdown. The 512 pairs correspond to 1024 time
points at each k-space location, with an effective sampling
interval of 1.25 ms (or spectral bandwidth 800 Hz when
both the odd and even echoes are used as described in this
Communication). The total sampling time was 1.28 s.
Within each gradient lobe, 200 complex data points were
sampled and interpolated to a matrix size of 128 k-space
points.

Theoreticaly, thetraversal of the k—t space can be derived
according to the sequence design, providing thetiming infor-
mation needed for the interlaced Fourier transformation and
the k-space coverage for regridding. In practice, imperfec-
tionsin gradient hardware and system timing make the theo-
retical determination of the k-t trgjectory inaccurate. To
avoid this problem, the trajectory in the k—t space is experi-
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mentally determined using a preencoding scheme that was
previously described (10). The k—t trajectory derived from
this measurement is shown in Fig. 2. The k—t trgjectory is
used first to determine the relative shift between the onset
of the echo-planar gradient and the start of data acquisition,
which is used to preshift the EPSI datain time before further
processing. More importantly, the k—t trgjectory is used to
match the odd echoes and even echoes as follows. Gradient
hardware and timing imperfections result in discrepancies
in the k-space locations between the odd-echo data and the
even-echo data. To avoid this problem, the data points of
the even echoes are interpolated using a spline routine so
that the even-echo data are adjusted to fall on the k-space
locations of the odd-echo data, and the sampling time of the
interpolated data is determined by linear interpolation of
original k-space sampling times. The 6t values are calculated
based on the original sampling times of the odd-echo data
and the calculated sampling times of the interpolated even-
echo data. In the reconstruction along the k-space direction,
the k—t trajectory for the odd echo is used in regridding the
data.

Experimental data were obtained on a phantom consisting
of two cylinders placed concentrically. The inner cylinder
contained a solution of lactate and acetate while the outer
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FIG. 2. The experimentally determined k—t space trgjectory. The up-
ward half corresponds to the odd echoes (the positive gradient lobe) and
the downward half corresponds to the even echo (the negative gradient
lobe).
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(@) The anatomic image of the two-dimensional dlice studied by the EPSI experiment. A one-dimensional column for the data presented in

(b) and (c) is marked. (b) A dlice of EPS| data reconstructed without using the interlaced FT method. (c) The slice of EPSI data reconstructed with
the interlaced FT method. In both (b) and (c), the dslice was taken along the echo-planar encoding direction and the spectral direction. The spectral
dimension is vertical and the spatial axis is horizontal. (d) Spectra from a pixel in the outer cylinder obtained with interlaced FT (dashed) and without
the interlaced FT (solid). The diasing in the spectra obtained without the interlaced FT is indicated by the arrow. These spectra were processed with a

5 Hz line broadening.

cylinder contained cooking oil. The experiments were con-
ducted with a TR/TE of 1500/165 ms. A field of view of
24 x 24 cm was used with a dlice thickness of 10 mm.
The result of the experimental study is presented in Fig.
3. Panel (a) shows the anatomic image of the phantom and
ahorizontal column indicating the location of the data shown
inpanels (b) and (¢). A dlice aong the echo-planar encoding
direction (horizontal) and the spectral direction (vertical)
of the reconstructed EPS| data using the interlaced method
is illustrated in panel (c), while the result of processing
without the interlaced FT is shown in panel (b). The dice
from the interlaced reconstruction clearly depicts the spatia
and spectral content consistent with the materias in the

phantom and is free of artifacts in both the spatial and spec-
tral directions. In contrast, the result reconstructed without
the interlaced FT exhibits aliasing of the lipid and lactate
resonances to ~7.7 ppm. Figure 3d illustrates spectrain the
outer cylinder from the data presented in Figs. 3b and 3c.
The spectrum from the interlaced reconstruction (dashed)
captures the full bandwidth theoretically achievable. In fact,
the absence of the aliased version of the lipid signal clearly
demonstrates the performance of the interlaced approach. In
the spectrum obtained without using the interlaced FT and
the related data interpolation based on the k—t measurement
(solid), the aliasing of the resonance peaks of the lipid is
apparent.
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The interlaced Fourier transform has previously been
used for the reconstruction of echo-planar images (11).
The work presented in this paper represents the first suc-
cessful demonstration of its use for echo-planar spectro-
scopic imaging. It should be noted that the interlaced ap-
proach could be more sensitive to noise in the measured
data when 6t becomes small. This is the case for k-space
locations away from the origin. However, since these
points usually correspond to regions with a high degree
of oversampling in the k space, the noise sensitivity of
the interlaced FT is offset by data averaging and usually
does not lead to a significant problem.

The k—t measurement employed in this study was im-
portant for the accurate implementation of the interlaced
Fourier transform. On our system, the k-space trajectory was
not significantly distorted since eddy-current effects were
negligible. Nevertheless, this measurement was found to be
necessary. On systems where the eddy-current effect is se-
vere, the k-space trajectory measurement will be more bene-
ficial.

The linear phase correction in the frequency domain as
used here can also facilitate the averaging of separate
reconstructions of the odd and even echoes because it can
effectively shift the odd- and even-echo points to identical
temporal locations. Such an approach makes the averaging
of absorption spectra straightforward and provides the op-
timal SNR.
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In conclusion, a new reconstruction method for EPS| is
described and demonstrated. This method allows the use of
the odd and even echoes in the spectral reconstruction so
that the spectral bandwidth is not sacrificed due to the separa-
tion of the echoes. Experimental results show that the
method, when combined with k-space trgjectory calibration,
is robust. With the expanded bandwidth, this method will
make EPSI applicable to systems without high-performance
gradients and to nuclei with a broader chemical-shift range.
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