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Proton magnetic resonance spectroscopic imaging (MRSI)
is increasingly being used to map metabolite concentrations
in human brain in vivo ({/-6). In order to avoid regions with
strong magnetic field inhomogeneities and signals from free
mobile fatty acids in regions surrounding the brain, volume
prelocalization methods based on double spin echoes
(PRESS) (7, 8) and stimulated echoes (STEAM ) (9-~11)are
used. Motion artifacts due to changes in position from phase-
encode step to phase-encode step ( view-to-view motion) are
usually negligible when head restraints are used. However,
the multitude of strong gradient pulses used for volume pre-
localization introduces additional motion sensitivity to dis-
placements during the spectroscopic volume prelocalization
(intraview motion).

Signal errors due to macroscopic intraview motion appear
as phase errors and amplitude losses 1n individual k-space
acquisitions, similar to view-to-view artifacts, which upon
Fourier transformation lead to localization errors and signal
losses. For example, it can be shown that uniform movements
along one spatial direction (linear translational motion) lead
to phase changes only in individual acquisitions without af-
fecting the signal amplitude (Fig. le). Rotations and more
complex forms of macroscopic motion lead both to signal
losses and to phase shifts (Fig. 1f). In brain spectroscopy,
cardiac-related brain pulsations with velocities exceeding |
mmy/s (12-14) as well as small head movements may intro-
duce significant intraview artifacts when pulse sequences with
several strong volume prelocalization gradient pulses are
used.

Motion artifacts are even more important in the presence
of additional gradient pulses, such as for diffusion measure-
ments (15). For example, the signal from spins moving 1.5
mmy/s in the presence of a gradient pair of 10 ms pulse width
and 10 mT/m strength separated by 46 ms already experi-
ences a phase shift of 180°. With signal averagii®, such phase
errors, which are usually incoherent, may lead to significant
signal losses due to phase cancellation. Motion artifacts from
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residual water and lipid signals from superficial regions which
may be much more intense than metabolite signals may lead
to substantial spectral contaminations,

While motion artifacts and their compensation in con-
ventional imaging have been extensively covered in the lit-
erature (/6-23), few reports have addressed motion artifacts
in MRSI (24). In this paper we present a new method for
compensating phase-encoding artifacts due to macroscopic
intraview object motion by detecting motion-related signal
errors in the echo signal prior to phase encoding. This allows
one to separate phase and amplitude errors due to intraview
motion from valuabie phase and amplitude information due
to phase encoding. Measurements in vivo using a strongly
motion-sensitized localization scheme demonstrate the per-
formance of the method.

With our method, data acquisition is started immediately
after the last gradient-dephasing pulse and phase-encoding
gradients are applied immediately before the center of the
echo (Figs. Ic and 1d). Each acquisition is stored separately
to avoid phase cancellation with signal averaging. During
the brief period of phase encoding, additional motion-related
signal errors are negligible. Since local magnetic field gra-
dients are usually negligible compared to applied imaging
gradients, there is no significant signal rephasing during signal
acquisition.

Phase errors detected in the data points acquired prior to
phase encoding can be corrected by zero-order phase cor-
rection in the time domain. Amplitude errors detected in
these data points can be corrected by normalizing the signal
amplitudes along the k-space domain(s), for example, by
increasing the gain in those data traces which suffer from
signal losses. The data points acquired before and during
phase encoding are subsequently removed by left shifting
the data set to the center of the echo. A conventional spec-
troscopic image reconstruction is performed to obtain ab-
sorption-mode spectra. While methods based on signal
tracking are most efficient for uniformly moving objects,
artifacts due to nonuniform movements are more difficult
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FIG. 1. Motion artifacts in spectroscopic-imaging pulse sequences and

their compensation: Sequence (a) is a primary spin echo. Sequence (b) is
a stimulated echo. Motion-sensitizing gradients (¢) of duration 6 are applied
symmetrically during the TE/2 intervals. A is the time separation between
the two gradient pulses. Phase-encoding gradients are applied immediately
before the center of the echo. Data acquisition (d) starts before phase encoding
to distinguish motion-related signal errors from signal modulation due to
phase encoding. The symbols in (e) and (f) depict the spin magnetization
in the transverse plane after excitation, after the first motion-sensitizing
gradient pulses, and immediately before phase encoding. In the case of purely
linear motion along the direction of the motion-sensitizing gradients (e),
the signal amplhitude is unchanged, but the signal phase changes. With other
forms of motion (f), both signal amplitude and phase changes occur.

to compensate ( /8). By restriction of the volume of interest
to regions with simple motion patterns (preferably linear
motion ), phase cancellation effects due to nonuniform mo-
tion are reduced. In brain, such nonuniform movements
may be due to cardiac-related pulsations (/2-74). Cardiac
gating to periods of minimum movements helps to reduce
artifacts from these movements (15).

Measurements were performed on a clinical 1.5 T Signa
scanner (General Electric Co., Milwaukee, Wisconsin)
equipped with actively shielded gradients of 10 mT/m max-
imum strength. A standard quadrature head coil was used.
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FIG. 2. Localized proton spectroscopic-imaging pulse sequence based
on STEAM inner-volume selection and outer-volume suppression during
TM. CHESS water suppression pulses are applied before the STEAM lo-
calization (WS1) and during TM (WS2) prior to spatial suppression.
Suppression RF pulses are depicted as open symbols. The STEAM RF pulses
are shown in black and white checks. Slice-selection gradients and rephasing
gradients are in black, and gradient-dephasing pulses are in gray. Additional
motion-sensitizing gradients with variable amplitudes are applied during the
TE/2 intervals. Phase-encoding gradients are applied immediately before
the center of the echo. Data acquisition starts before the application of phase-
encoding gradients.

Spectroscopic volume prelocalization of an 8 X 8 X 2 cc
volume was obtained with a water-suppressed stimulated-
echo pulse sequence (Fig. 2) (6, 9-11, 15). Measurements
were performed with TR =45, TE = 65 ms, and TM = 200
ms. Optimized volume localization was obtained by com-
bining STEAM inner-volume excitation with complete outer-
volume suppression as described previously (6, 15). Outer-

FIG. 3. Axial GRASS localizer indicating the spectroscopic volume pre-
localization in human brain (TR = 600 ms, TE = 5 ms, flip angle = 45°).
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FIG. 4. Spectroscopic imaging data acquired in vivo without additional motion-sensitizing gradients. Motion artifacts are negligible when conventional
data reconstruction is used. Absorption-mode spectra display the spectral range from 0 to 4 ppm. Three major resonances from choline-containing
compounds, creatine/phosphocreatine, and n-acetyl aspartate {from left 1o right), as well as several less intense resonances from compounds such as
inositols, are visible in individual spectra (TR = 4 s, TE = 65 ms, TM = 200 ms, FOV = 20 ¢m, 8 X 8 matrix, slice thickness = 2 cm, one excitation per

phase-encoding step, peripheral gating).

volume suppression was applied during the TM period to
minimize the time delay between the spatial suppression and
the signal acquisition. For in vivo experiments, water
suppression was obtained by two chemical-shift-selective
pulses [CHESS (25)]. The dephasing gradient pulses for
volume prelocalization during the TE/2 intervals had a du-
ration of 4 ms. Additional motion-sensitizing gradients of
18 ms width were purposely applied along the x, y, and z
axes (simultaneously) during the TE/2 intervals. Two-di-
mensional spectroscopic images with a matrix size of 8 X §
voxels covering a field of view of 20 cm were acquired in
axial orientations. Phase-encoding gradients of 1 ms width
were applied immediately before the top of the echo. No
signal averaging was used. Signal acquisition using a spectral
width of 1 kHz and a digital resolution of 1 Hz started im-
mediately after the motion-sensitizing gradient pulses. For
comparison, spectral reconstruction was performed without
motion compensation, with compensation of phase errors
only, and with compensation of both phase and amplitude
error as described above using the SAGE spectral analysis
software (General Electric Co.).

In vivo measurements on eight normal volunteers (five
male, three female ) ranging in age from 22 to 32 years were

obtained after informed consent. Measurements were re-
peated on two volunteers. Preselected volumes were either
located above the ventricles mostly containing white matter
(Fig. 3) or at the level of the lateral ventricles. Peripheral
gating with a time delay of 300 ms between the systolic
wave and the pulse sequence trigger was found to minimize
cardiac-related signal amplitude variations (/5). Water
suppression was adjusted to leave a residual water signal
which dominated the spectrum and served as a tracer signal
for signal postprocessing. A specially designed head holder
limited involuntary head movements. Thus, view-to-view
motion artifacts were minimal. Data sets obtained without
motion-sensitizing gradients could be reconstructed with
conventional methods. Typical localized spectra displaying
the spectral range from 0 to 4 ppm with resonances from #-
acetylaspartate (2.01, 2.52 ppm), glutamine/glutamate
(2.35, 3.8 ppm), creatine/phosphocreatine (3.02, 3.93 ppm),
choline-containing compounds (3.24 ppm), and inositols
(3.54 ppm) are shown in Fig. 4 ( 26). With increasing motion-
sensitizing gradient strength, the degree of motion artifacts
in conventionally reconstructed data sets increased strongly.
In all subjects studied, metabolite localization was almost
completely lost when maximum gradient strengths were ap-
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FIG. 5. Data set acquired under the same conditions as those given in the legend to Fig. 4 except for the application of additional motion-sensitizing
gradients of 18 ms width and [0 mT/m strength. Conventional MRSI data reconstruction results in strong motion artifacts.

plied (Fig. 5). Under the chosen experimental conditions,
even small displacements with velocities on the order of 1
mmy/s would lead to significant phase-encoding errors. It is
likely that both cortical brain pulsations which are predom-
inantly cephalocaudal (superior-inferior) in direction (/2-
14) and involuntary movements of the whole head contrib-
uted to these artifacts. Since our acquisitions were triggered
to periods of minimum brain pulsations where cortical ve-
locities are less than 0.3 mm/s (/3), involuntary head
movements were probably the major source of artifacts. With
both zero-order phase correction and combined signal phase
and amplitude normalization, motion artifacts were strongly
reduced (Fig. 6).

The spectral quality of motion-compensated data sets
was comparable to that of conventionally reconstructed
data sets acquired without motion sensitization. Phase-
error compensation removed the majority of motion ar-
tifacts indicating major contribution from linear move-
ments. As expected, combined phase and amplitude error
correction usually gave slightly better localization. How-
ever, in some cases, the amplification of noise in individual
raw data traces which suffered from strong signal losses
due to nonlinear or nonuniform motion introduced ad-
ditional artifacts in the spectroscopic images. To reduce
such noise artifacts, it may be necessary to limit the gain

increase in individual raw data traces. Spectroscopic im-
ages acquired at different slice locations in brain tissue
indicated that our motion-compensation method is most
robust in areas with homogenous motion patterns such as
in the posterior fossa.

While the examples presented here demonstrate extreme
cases of motion sensitivity, motion artifacts with clinical
MRSI are usually less pronounced. However, small local-
ization errors from intense signals such as from residual water
or from superficial lipids may still introduce substantial
spectral artifacts and impair quantitation of individual res-
onances. For example, our experience with measurements
on infants (27} indicates that sudden head movements may
introduce significant phase errors in individual acquisitions.
Generalized reconstruction techniques with optimized point-
spread functions, such as Fourier series windows (28) or
SLIM (29), which are particularly sensitive to motion-in-
duced phase errors, may benefit from motion compensation
as well. Our signal-tracking method may also be useful to
reduce motion artifacts in diffusion-sensitive MRSI. We are
currently investigating the possibility of mapping the diffu-
sion coefficients of individual metabolite resonances by
MRSI. Similar measurements using single-voxel methods
have recently been performed in animal (30, 31) and human
brain (/5). In addition to motion-related localization arti-
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FIG. 6. Same data set as that in Fig. 5 reconstructed with motion compensation using both phase and amplitude error compensation in individual
raw data traces. Spectroscopic localization is completely recovered and similar to that obtained without additional motion-sensitizing gradients (Fig. 4).

facts, our method will also compensate signal errors due to
RF instabilities.

For conventional imaging, similar motion-compensation
methods which detect signal errors in a so-called navigator
echo prior to the imaging echo have been proposed (18-
23}). The object projection generated from the navigator echo
aliows for correction of view-to-view displacements while
phase errors in the navigator echo are extrapolated to estimate
phase errors in the imaging echo. Such methods are prone
to extrapolation errors in case of nonuniform movements.
With our method the possibility of extrapolation errors is
significantly reduced, since signal errors are detected im-
mediately before the center of the echo.
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