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PURPOSE: To demonstrate the feasi-
bility of three-dimensional echo-planar

spectroscopic imaging (EPSI) at short
echo time (13 msec) with a conventional
clinical imager in the human brain.

MATERIALS AND METHODS: Pen-
odic inversions of a readout gradient
were used during data acquisition to
simultaneously encode chemical shift
and one spatial dimension in one
excitation. Aliasing artifacts were
avoided with a modified acquisition-
and-processing method based on
oversampling. A double outer-vol-
ume suppression technique that
adapts to the ovoid brain shape was
used to strongly reduce extracranial
lipid resonances.

RESULTS: Three-dimensional spatial
encoding in vivo of eight sections with

32 x 32 voxels each (0.75 cm3) was
performed in 34 minutes with four
signal averages. The spectral resolu-
tion and signal-to-noise ratio (S/N) of
resonances of inositol, choline, cre-
atine, glutamate and glutamine, and
N-acetyl aspartate were consistent
with those previously recorded with
conventional phase encoding.

CONCLUSION: EPSI substantially
reduces acquisition time for three-
dimensional spatial encoding and
yields a spectral quality similar to
that obtained with conventional tech-
niques without affecting the S/N per
unit time and unit volume.

Index terms: Brain, MR. 13.12145, 15.12145 #{149}

Magnetic resonance (MR), pulse sequences
Magnetic resonance (MR), rapid imaging
Magnetic resonance (MR), spectroscopy,

13.12145, 15.12145 #{149}Magnetic resonance (MR),
three-dimensional, 13.12145, 15.12145
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P ROTON spectroscopic imaging (SI)
can map metabolite signal inten-

sity distributions in the human brain

(1-12). Local changes in metabolite
levels have been shown in patients
with various abnormalities such as
brain tumor (1,6,8,10), multiple sclero-
sis (5,10), brain infarction (7), epilepsy

(2), and acquired immunodeficiency

syndrome (4). Most results have been
obtained with long echo times (TEs)
(272 msec) for reasons of technical
feasibility. However, the spectral in-

formation content decreases strongly
with TE because of T2 and J coupling.
SI performed with short TEs is advan-
tageous because it provides additional
spectral information that is not avail-
able with long TEs (10).

To better accommodate patient co-

operation in the clinical setting, re-
cent technical developments have
sought to reduce the generally long
acquisition times necessary for SI.
Three-dimensional phase encoding is
desirable because it yields complete
volume coverage, permits the acquisi-
tion of thin sections (albeit with a sinc
profile), and avoids chemical shift ar-
tifacts. However, phase encoding is
time-consuming. To shorten data ac-
quisition times, multisection tech-
niques have been introduced as an
alternative, but the number of sec-
tions that may be imaged with these
techniques is limited because of the
long data-acquisition window (11).
More recently, shorter acquisition
times have been achieved by the ac-
quisition of multiple individually
phase-encoded echoes during a single
excitation (12). This method increases
the signal-to-noise ratio (S/N) per
unit time and unit volume but intro-

duces variable T2 weighting in the
k-space and is not compatible with
short-TE acquisitions. Alternative
methods in which fast imaging per-
formed with a Dixon-type TE shifting
(13-15) is used to encode spectral in-

formation have been proved to be
feasible, although at the expense of
spectral resolution. These methods
are not suitable for short-TE acquisi-
tions.

Echo-planar spectroscopic imaging
(EPSI), an elegant method proposed
by Mansfield, is the fastest encoding

scheme known (16) and permits corn-
plete three-dimensional spatial en-
coding in a clinically reasonable time.
EPSI, however, requires strong, fast
switching gradients with excellent
eddy current performance. Readout
gradients are periodically inverted
during the acquisition of the spectro-
scopic echo to simultaneously encode
chemical shift and space in a single
excitation. So far, spectral aliasing

artifacts and localization constraints

due to gradient limitations have pre-
cluded applications beyond the initial
feasibility studies (17-22).

We have implemented EPSI in the
human brain on a conventional clini-
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Figure 1. EPSI pulse sequence with flexible double-outer volume suppression. The pulse
sequence is based on a stimulated echo localization scheme in which all three radio-frequency
(RF) pulses (gray symbols labeled S) select the same section. Spatial suppression (indicated by
spatial suppression intervals 1 [SS1] and 2 [SS2]) is applied orthogonal to the stimulated echo-

selected section to suppress superficial lipid signals. Multiple (�i = 8) spatial suppression

pulses with subsequent gradient dephasing are applied during each suppression period (SS1
and SS2) in different spatial orientations to follow the contours of the brain. Two chemical
shift selective water suppression pulses (WS1 and WS2) are applied. Spatial localization is

achieved by means of echo-planar spectral-spatial encoding in one spatial dimension and by
phase encoding in the other dimensions. G, = x gradient, G5 = y gradient, G� = z gradient.
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Figure 2. Spatial suppression on a circular phantom. (a) Phantom image obtained with eight

suppression sections around a central volume of interest (24-cm field of view). (b) Suppression

section profile in a selected line from a demonstrates the uniformity of the suppression. Re-

sidual signals are at the noise level. The overall phantom profile is slightly rounded because of
RF inhomogeneities. Scale indicates centimeters.
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cal imager. The development was
guided by the desire to maintain a

high spectral resolution, sample an
adequate spectral width, avoid alias-
ing, achieve a spatial resolution con-
sistent with current S/N constraints in

acquisition of metabolic images, and
obtain the shortest TE possible. Spec-
tral aliasing and localization artifacts,
which often occur in conventional
EPSI and which are due to gradient
constraints and interactions with
magnetic field inhomogeneities, are
avoided by means of a modified data
acquisition and reconstruction
method based on spectral-spatial
oversampling, which separates echoes
from positive and negative readout
gradients while it maintains an ad-
equate spectral width. Sensitivity and
gradient slew rate effect on spectral
and spatial resolution, as well as inter-
action with static magnetic field dis-
tortions, were investigated and char-
acterized. To encompass a larger
volume of brain parenchyma without
the introduction of lipid artifacts from
surrounding regions, we developed a
double-volume prelocalization scheme.

Effective lipid suppression at short
TEs is achieved with double outer
volume suppression outside an oc-
tagonal volume of interest in combi-
nation with a section selection based
on a stimulated-echo pulse sequence.
We demonstrate that short TE EPSI
performed in the human brain with
three-dimensional spatial encoding
and small voxel sizes (0.75 cm3) in
clinically acceptable acquisition times
(eg, 34 mm) is feasible with this method.

MATERIALS AND METHODS

Pulse Sequence Design

The EPSI pulse sequence (Fig I) consists
of four parts: (a) a three-pulse sequence to
generate a stimulated echo from a section
of interest, (b) water suppression that is
repeated during mixing time (TM) (water
suppression intervals one [WS1] and two
[WS2]), (c) spatial suppression that is re-
peated during TM (spatial suppression
intervals one [SS1] and two [552]), and
(d) a spatial-encoding scheme that uses
both echo-planar spatial and spectral en-
coding and conventional-phase encoding.

The stimulated-echo localization
scheme was chosen because it is possible
to use additional spectral-spatial suppres-
sion during TM and for the feasibility of
short TEs. All three stimulated-echo sec-
tion-selective pulses select the same sec-
tion. Thus, in contrast to conventional
stimulated-echo acquisition mode localiza-
tion schemes (23-25), the magnetization
above and below the volume of interest is
not perturbed (not disturbed during the
pulse sequence); therefore, gradient de-
phasing requirements and motion sensi-

#{241}#{237}\#{241}f�\
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tivity are reduced despite the lengthened

TM for additional water and spatial sup-
pression. Stimulated-echo radio-frequency

(RF) pulses of 2 msec, gradient ramps of
500 p.sec, and gradient crusher pulses of 2

msec were used to produce TEs as short as
10 msec. Chemical shift selective pulses
with a bandwidth of 75 Hz were used for
water suppression. Sixteen 3-msec spatial-
suppression pulses (eight in each suppres-

sion interval [551 and 552]) with subse-
quent 4-msec gradient-dephasing pulses
were used to obtain flexible suppression of
multiple 4-cm-thick sections around the

‘in

volume of interest and orthogonal to the
stimulated echo-selected section. The po-
sitions of the suppression sections were

along the contours of the brain and were

chosen to include as much gray matter as

possible inside the perselected volume. An

example of the spatial suppression on a
phantom is shown in Figure 2a. The posi-
tion, orientation, and width of each sup-

pression section was adjusted individually

by means of a graphic interface. The flip

angles of the water- and spatial-suppres-

sion pulses were adjusted to compensate

for Ti effects. On phantoms, uniform, sev-
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Figures 3, 4. (3) The k0-t-space trajectories of EPSI acquisition methods with different spatial-spectral oversampling ratios (ii). (The subdo-
main of the total four-dimensional data space that contains spatial encoding along the k� axis and spectral encoding along the time axis is de-

fined as k�-t-space.) The time interval � determines the desired spectral width /� in the reconstructed spectra. The other k-space domains,
which are orthogonal to the k�-t plane, are not shown. (4) Comparison between conventional SI and EPSI performed in a daily quality assur-

ance (DQA) phantom. Top left: GRE localizer image (100/5; flip angle, 45#{176};field of view, 24 cm). Top right: Conventional MR spectroscopic im-
age obtained with two-dimensional phase encoding in 32 minutes (2,000/13; TM, 120 msec; two signals averaged; matrix, 32 x 32). This image

was obtained by integration over the entire spectral range. The images in the bottom row (2,000/13; TM, 120 msec; two signals averaged; ma-

trix, 32 x 32) consist of EPSI data acquired in 1 minute: Bottom left: Integrated image reconstructed from even echo data. Bottom right: Inte-
grated image reconstructed from odd echo data.

eral-hundred-fold spatial suppression was
achieved. The width of the transition re-

gions from minimum to maximum sup-

pression was less than 10% of the satura-

tion section width (Fig 2b).

For echo-planar spatial-spectral encod-
ing, a trapezoidal readout gradient was

inverted periodically to encode the k
space in a zigzag trajectory (Fig 3). The

solid-line trajectory corresponds to the

original encoding scheme proposed by
Mansfield (16), in which the length of each
trapezoid (‘r) corresponds to the inverse of
the spectral width in the reconstructed
spectra. In time, spectral and spatial infor-

mation convolves, which leads to chemical
shift artifacts. A reversal of the readout

gradient in the presence of local magnetic

field inhomogeneities and asymmetries in
gradient switching introduce periodicities
in k space that cause aliasing artifacts. Ali-
asing can be removed by the separation of

the echoes obtained with positive and
negative gradients at the expense of a
reduction in the spectral width to V2T

(16,i8,19,2i). To simultaneously reduce

chemical shift artifacts and eliminate alias-

ing while retaining the desired spectral

width (1/,), we use spatial-spectral over-
sampling, as represented by the dotted-

line trajectory in Figure 3, with the separa-
tion of even and odd echoes during

reconstruction. When an oversampling

ratio of 2 is used, the strength of the read-

out gradient is doubled, which reduces
chemical shift artifacts twofold. After the
separation of even and odd echoes and
the time inversion of echoes obtained with
negative gradients, the two data sets are

reconstructed separately, and the results

are added together to maintain the S/N.

The method was implemented on a con-
ventional clinical i.5-T, whole-body im-
ager (Signa; GE Medical Systems, Milwau-
kee, Wis) with actively shielded gradients
of 10-mT/m strength. Echo-planar spatial-

spectral encoding was performed along
the y axis. At i.5 T, a spectral width (�4) of
488 Hz covers almost all resonances that
are observable in vivo (between 0 and 7.64
ppm). With an oversampling ratio of 2, the

duration of each readout gradient lobe (y�)
was 1,024 iisec. For spatial resolutions of

5�40 mm, the readout gradient amplitudes
were 4.6-2.3 mT/m, and the gradient
ramp times from zero to maximum ampli-
tude were limited to between 160 and 80
p.sec (slew rate, approximately 29 T/msec)

because of the hardware used. Because of

the convolution of spatial and spectral in-
formation, the water signal could be posi-
tioned on resonance, and any spectral
resonance outside a frequency range
of ±244 Hz would alias back into the spec-
trum. For each data trace, 16,384 complex
data points (512 spectral points x 32 spa-
tial points) were sampled continuously
with a data bandwidth of 32 kHz to yield a
frequency resolution of 1.9 Hz. Data acqui-
sition and echo-planar gradient encoding

started I msec before the top of the stimu-

lated echo to minimize first-order phase
errors in the spectra. No gradient tuning

was required. The x and z dimensions
were localized with conventional-phase
encoding.

Imaging Protocol

Measurements were obtained by means

of a standard quadrature birdcage head
coil on healthy volunteer subjects. Before

measurement, informed consent was ob-

tamed from all subjects in accordance with

review protocols at our institution. Food
and Drug Administration guidelines for

the deposition of RF power were ob-

served, and hearing protection was pro-

vided. Rapid multisection gradient-re-

called echo (GRE) images were obtained

with a repetition time (TR) of 100 msec

and a TE of 5 msec (TRITE = 100/5) for
localization of a volume of interest. A 4.5-
cm-thick axial slab at the level of the lat-

eral ventricle was preselected. First- and
second-order shimming on the volume of

interest was performed manually. EPSI

data were acquired with the following pa-
rameters: 2,000/13; TM, 120 msec. A 32 x

32 x 8 k-space matrix was sampled with a

32 x 32 x 6-cm3 field of view with four

signals averaged. The nominal voxel size

was 0.75 cm3. The total data acquisition

time was 34 minutes.

Data Processing

Data were processed with commercially
available software (SA/GE; GE Medical
Systems, Milwaukee, Wis) on a commer-

cially available workstation (Sparc II; Sun

Microsystems, Mountain View, Calif).

Data that represented even and odd ech-
oes were separated into separate data sets

and were reconstructed separately. Each
edited echo-planar data trace was refor-

matted into a two-dimensional submatrix

to separate spatial and spectral informa-

tion. Spectral filtering consisted of a 2-Hz

exponential line broadening. Spatial filter-
ing consisted of the use of a Fermi func-

tion (radius; 0.9kmax, and width, 0.2kmax,
where kmax the maximum encoded k-
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Figure 5. Individual spectra from (a) conventional SI and (b) EPSI of the head phantom. The
spectra were obtained from the data sets shown in Figure 4. The two resonances represent
water (on resonance) and glycerol (off resonance). The EPSI spectrum was obtained by the
addition of absorption mode spectra from even and odd echo data sets. The total spectral

range of approximately 7.7 ppm is shown and demonstrates the absence of aliasing artifacts.

Little evidence exists for additional eddy current effects because of the echo-planar readout
gradients (see distortions to the right of the water line).

736 #{149}Radiology September 1994

space value along a given spatial direc-
lion) to reduce Gibb ringing. Residual Wa-
ter resonances were removed by low-
frequency filtering in the time domain: A
binomial filter 131 points wide was ap-
plied to the spatially localized time-do-
main data, and the result was subtracted
from the original time-domain data. This
strongly reduced residual water reso-
nances and had a negligible effect on me-
tabolite resonances outside a spectral
range of 3.9-5.5 ppm. Local shifts in peak
position due to inhomogeneities in the
magnetic field strength were automatically
corrected by means of referencing to the

position of N-acetyl aspartate (NAA).
Zero-order phase correction was per-
formed automatically. Even- and odd-
echo absorption mode spectra were added
to maintain the S/N. Spectroscopic images
were created in the magnitude mode by
means of spectral integration over a spec-
tral width of 12 Hz.

RESULTS

To compare the performance of the
EPSI encoding scheme with that of
conventional phase-encoded SI, we
performed non-water-suppressed

planar encoding with 32 x 32 pixels
(the phase encoding gradient in the z
direction was switched off) and reso-
lutions between 10 mm and 5 mm on
a DQA phantom (GE Medical Sys-
tems) that contained water and glyc-
erol (Fig 4). There was no major dif-
ference in the spatial localization
achieved by means of EPSI in 1
minute (Fig 4c,d) and that achieved
by means of conventional-phase-en-
coded SI in 32 minutes (Fig 4b). A
slight loss in spatial resolution due to
continuous data sampling during the
gradient ramps (10%-20%, which de-

pends on the gradient ramp time) was
only apparent before spatial filtering
was performed. The spectral resolu-
tion over the entire plane was compa-
rable and spectral artifacts due to re-
sidual eddy currents were very
similar (Fig 5), which suggests that
most eddy current effects were not
due to the oscillation of the readout
gradient but rather to the strong gra-

dient crusher pulses for volume pre-
localization. Aliasing artifacts were
absent. The S/N in EPSI performed in
1 minute was approximately four to
six times less than that in conven-
tional SI performed in 32 minutes, a
result consistent with the shorter ac-
quisition time. Interactions of mag-
netic field inhomogeneities with EPSI
were investigated with use of linear
and nonlinear (shim) gradients in dif-
ferent spatial directions. Frequency
shifts of several hundred hertz did

not affect spatial localization.
Echo-planar spectroscopic images

of the human brain together with the

corresponding localizer images are
shown in Figure 6. Because of the
short TE used in this study, it was
possible to detect singlet resonances
from choline (Cho), creatine (Cr), and
NAA, as well as multiplet resonances

from inositol (mo), glutamate or glu-
tamine (GLx), and cytosolic proteins
(Prot). The spectroscopic images dem-
onstrate relatively homogeneous me-
tabolite distributions in brain tissue
within the S/N constraints of the
data. In the bottom of section 5, the
ventricular spaces are clearly visible.
In section 4, partial volume effects
reduce the image contrast in the yen-
tricles. Residual water and lipid reso-
nances from superficial regions were
strongly reduced to or below the level
of the metabolite resonances, except
in the top section. Even in that sec-
tion, they do not markedly bleed into
the volume of interest. These reso-
nances are due to difficulties in posi-
tioning the suppression sections
when large volumes of interest are
selected and to chemical shift artifacts
from the spatial suppression. These
artifacts can be reduced by the use of
thinner suppression sections and
more-selective RF pulses. The spectral
quality was similar to that obtained
with conventional methods (10) and
was consistent in different voxels,
with the exception of spatial varia-
tions in line width due to local mag-
netic field inhomogeneities (Figs 7, 8).
The S/N of NAA was between 10 and
15 in well-resolved voxels, a result
consistent with results obtained with
conventional phase-encoded, planar
SI in the same time frame (10).

DISCUSSION

As shown on phantoms, EPSI pro-

vides an S/N per unit time and unit

volume that is similar to that obtained
with conventional phase-encoded SI
at the same bandwidth per data point.
The reader can intuitively understand
this fact by considering the following
one-dimensional example: When
echo-planar readout gradients are
applied to encode space, the data
bandwidth increases according to the
number of pixels (n) that are encoded,
with a concomittant �7�i increase of the
noise. With n-fold averaging to match
the acquisition time of a conventional
phase-encoding scheme, the S/N with
EPSI is the same as it is with conven-

tional-phase-encoded SI.
Spectral-spatial oversampling with

the separation of even and odd ech-
oes is crucial to the maintanance of

the S/N, because without oversam-
pling it is difficult to correct for aliasing
artifacts, which might cause destruc-
tive interference. EPSI as presented
herein is not directly comparable with
“conventional” echo-planar imaging,
because there is no phase-encoding
gradient applied during data acquisi-
tion that might interact with magnetic
field inhomogeneities. Image distor-
tions, which only occur in the readout

direction, are minor and are further
reduced by our spectral-spatial overs-
ampling. However, we noted that it is
important to apply second-order shim
gradients to limit spectral line broad-
ening and frequency shifts whenever
data are acquired from large volumes
of interest of the brain. Similarly, the
use of appropriate postprocessing

methods with automatic correction of

frequency shifts due to residual mag-
netic field inhomogeneities improved
the representation of the metabolite
signal distributions.

Currently available gradient hard-
ware on commercial whole-body im-
agers is well suited for applications of
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Figure 6. � � spc�.�roscopic images (2,000/i3; TM, i20 msec) ol.. ned in a healthy subject. From a total of ei�

encoded sections with a nominal section (Slice) thickness of 7.5 mm, only the five central sections (1-5) are shown. Spectroscopic images that
show the resonance of inositol (mo) (3.56 ppm), choline (Cho) (3.24 ppm), creatine (Cr) (3.03 ppm), glutamate and glutamine (GIx (2.35 ppm),

NAA (2.02 ppm), and cytosolic proteins (Pro) (i.3 ppm) and residual lipid (Lip) (1.3 ppm) are shown together with the corresponding localizer

images (MRI). Note the delineation of the ventricles in the bottom section, the flat metabolite distribution in the volume of interest, and the

effective lipid suppression despite the short TE.

EPSI in the human brain and does not
introduce substantial localization arti-
facts and spectral distortions. Active

gradient shielding, as well as the use
of powerful and stable gradient am-
plifiers, is crucial to achieve the re-
quired gradient performance. To
achieve a spatial resolution higher
than S mm, it will be necessary to
achieve higher gradient slew rates
(eg, with dedicated head gradient sets

or more powerful gradient amplifi-

ers). Stronger gradients are available

on small-bore imagers, but higher
field strengths and smaller voxel di-
rnensions impose additional gradient

constraints.

EPSI can help to control motion
artifacts by restricting them to the

phase-encoding dimensions. With
many SI techniques, strong dephasing

gradients are used for spatial prelocal-

ization. They introduce additional
(intraview) motion sensitivity, which
may be a problem in uncooperative

patients. A recently proposed corn-
pensation method for intraview mo-
tion sensitivity (26) has been shown to
be particularly effective for small bulk
translations during the spatial prelo-
calization sequence. Artifacts from
nonlinear movements, which are
more difficult to compensate for, can
be reduced more effectively with

EPSI. This technique may enable mea-
surement in moving organs, such as
the heart, and diffusion-sensitive SI,
which is extremely sensitive to mo-
tion (27).

EPSI is particularly useful in cases
in which the S/N is already adequate
to allow for faster encoding or in
which additional spatial dimensions
need to be encoded in the same time
frame. With the technique presented
herein, we could have acquired spec-
tra from the entire brain (32 sections)
in the same acquisition time. With
conventional methods, this would
have taken several hours. The current

limitations of three-dimensional EPSI

are the difficulty of shimming over

large brain volumes, the increasing
complexity of the spatial-suppression
scheme with increasing size of the

volume of interest, and the difficulty
in automatic processing of large data
sets. Even in this experiment, the data

size was 32 Mbyte. Fully automatic

methods of data processing are re-

quired for routine applications. The
increased acquisition speed may be
more fully exploited as phased-array

surface coils and higher field strengths

become available. This may ultimately
lead to functional EPSI with a time
resolution of a few minutes.

More general applications of EPSI

include fast magnetic field mapping
for in vivo shimming and quantitative
fat and water imaging. Phase-sensi-
tive GRE imaging is often used for
these purposes but has a limited spec-

tral resolution and suffers from modu-
lation effects from fat. For in vivo
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Figures 7, 8. (7) Zoomed spectral array from section 4 in Figure 6 that displays a spectral range from 1 to 3.7 ppm, with major resonances from

Cho, Cr, and NAA. Note the excellent lipid suppression in the periphery. (8) Individual spectrum from the array in 7. The entire spectral range
is displayed. Singlet resonances from Cho (3.24 ppm), Cr (3.03 ppm), and NAA (2.02 ppm), as well as multiplet resonances from mo (3.56 ppm),

Glx (2.35 ppm), and Prot (0-2 ppm), are visible. The residual water peak is not centered, because the spectrum has been rotated to obtain a con-
ventional display. Note the absence of aliasing artifacts.

shimming, a spatial resolution of sev-
eral millimeters is adequate, and EPSI
is a fast alternative that permits easy

distinction between water and fat. For
quantitative fat and water imaging, it
may be desirable to resolve the fat
spectrum, which consists of several
resonances. EPSI is an alternative to
the more qualitative Dixon-type GRE
techniques. Future implementation of
EPSI will benefit from more powerful
whole-body gradients that will soon
be available for echo-planar imag-
ing. U
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