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Intrascan subject movement in clinical MR spectroscopic ex-
aminations may result in inconsistent water suppression that
distorts the metabolite signals, frame-to-frame variations in
spectral phase and frequency, and consequent reductions in
the signal-to-noise ratio due to destructive averaging. Frame-
to-frame phase/frequency corrections, although reported to be
successful in achieving constructive averaging, rely on consis-
tent water suppression, which may be difficult in the presence
of intrascan motion. In this study, motion correction using non–
water-suppressed data acquisition is proposed to overcome
the above difficulties. The time-domain matrix-pencil postpro-
cessing method was used to extract water signals from the
non–water-suppressed spectroscopic data, followed by phase
and frequency corrections of the metabolite signals based on
information obtained from the water signals. From in vivo ex-
periments on seven healthy subjects at 3.0 T, quantification of
metabolites using the unsuppressed water signal as a refer-
ence showed improved correlation with water-suppressed data
acquired in the absence of motion (R2 � 0.9669; slope � 0.94).
The metabolite concentrations derived using the proposed ap-
proach were in good agreement with literature values. Com-
puter simulations under various degrees of frequency and
phase variations further demonstrated robust performance of
the time-domain postprocessing approach. Magn Reson Med
62:1394–1403, 2009. © 2009 Wiley-Liss, Inc.
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Inevitable subject motions during successive data acquisi-
tion in magnetic resonance spectroscopy (MRS) may cause
signal loss because of two major mechanisms (1-4). First,
motion-induced magnetic field drifts may lead to fre-
quency shift over multiple MRS acquisition frames. Sec-
ond, subject movements in the presence of the spoiler
gradients may result in inconsistent phase variations

among acquisition frames. In conventional MRS studies,
data from all acquisition frames are simply averaged, and
therefore the destructively averaged spectrum would be
affected by signal-to-noise ratio (SNR) attenuation and
spectral shape distortion because of frame-to-frame phase/
frequency variations. It has been shown that, by perform-
ing frame-by-frame corrections for the intrascan phase/
frequency variations, the constructively averaged MRS
data exhibit significantly improved SNR and spectral qual-
ity (1-8). The search for an effective intrascan phase/fre-
quency correction method is thus an active field of re-
search for in vivo MRS.

Over the past decades, several methods have been pro-
posed to measure the intrascan phase/frequency variations
in MRS scans in order to perform constructive averaging
(1,2,4-6). In one of these methods, the non–water-sup-
pressed (NWS) free induction decay and water-suppressed
(WS) MRS data were acquired in an interleaved manner
(2). Intrascan phase/frequency variations estimated from
the NWS free induction decay were used to correct the WS
MRS data. In this approach, however, the phase variations
in WS MRS data are corrected by values estimated at
different time points. Therefore, the effectiveness of the
phase correction might be suboptimal, particularly in the
presence of abrupt intrascan movements.

Alternatively, the phase variations induced by intrascan
motion could be measured on a frame-by-frame basis di-
rectly from the residual water signals of WS MRS data
(1,4). However, even though the information estimated
directly from the WS MRS data better reflects the instant
phase variation in comparison to the interleaved free in-
duction decay-based measurements, this approach has two
main limitations: First, the residual water signals in WS
MRS data have low SNR that limits the accuracy of frame-
by-frame phase estimation (1). Second, the residual water
signals strongly depend on the efficiency of water suppres-
sion pulses and may be easily distorted in brain regions
affected by pronounced field inhomogeneities, particu-
larly when the water suppression efficiency varies due to
intrascan subject movement (2). The intrascan subject
movement not only results in MRS line-shape distortion
and SNR reduction but also makes it difficult to perform
absolute metabolite quantification. The calibration spectra
(i.e., the reference for MRS quantification) acquired before
the actual MRS scan may become invalid due to changes of
the subject position (1).

It has been shown recently that the water signals may be
removed in postprocessing even when no water-suppres-
sion pulse is applied during MRS data acquisition. The
NWS MRS is potentially superior to WS MRS in several
ways (9-12). First, the metabolite signals in NWS MRS are
not distorted by the water suppression pulses (13). Sec-
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ond, the unsuppressed water signals can be used as an
internal reference for absolute metabolite quantification
(12). Here in this study we further show that, with appro-
priate postprocessing methods to separate the water sig-
nals from the metabolite signals, the NWS MRS technique
enables a reliable frame-by-frame correction of intrascan
motion-related artifacts using information derived from
the high-SNR unsuppressed water signals. Single voxel
spectroscopy experiments were performed to demonstrate
the effectiveness of the proposed method.

THEORY

Signal Loss Due to Frequency/Phase Variations in
Sequential Scans

The use of unsuppressed water signals in NWS spectra to
correct for motion-related signal loss is based on the as-
sumption that the time signals obtained in the same voxel
experience similar frequency/phase shifts for water and
the metabolites. Therefore, the time-domain MR signals
sampled at the nth point, S(n), can be explicitly written as
the summations of all the metabolites M and the water:

S�n� � AH2Oei��H20����e���H20�i2	�fH20��f�
��n

� �
M

AMei��m����e���m�i2	�fM��f�
 ��n [1]

where AH2O and Ametabolite are the signal amplitudes of
water and metabolites, respectively, which are related to
spin density, relaxation parameters T2 and T1, as well as
acquisition parameters echo time and pulse repetition
time. �H2O and �metabolite are the initial phases, and �� is
the relative phase shift due to intrascan motion. �H2O and
�metabolite are the rate constants as a function of relaxation
parameters T2*. fH2O and fmetabolite are the resonant frequen-
cies, and �f is the relative frequency shift due to intrascan
motion. � stands for the data sampling interval.

Restoration of Phase and Frequency Shifts for
Constructive Averaging

The signal loss and line-broadening effects can be reversed
by scan-to-scan correction, also named “constructive aver-
aging” (1). For a successful constructive averaging, the first
step is to measure the phase shift �� and frequency shift �f
for each MRS scan. The second step is to reverse the
phase/frequency variation in each scan. Finally, the cor-
rected spectra are averaged to get a constructively averaged
spectrum. The only limitation of the constructive averag-
ing lies in how close one can measure the actual phase and
frequency variations. It is for this reason that NWS acqui-
sition is preferred over WS acquisition, due to improved
estimations in the presence of high SNR such that the
residual errors in phase �ε�� and in frequency �εf� are min-
imized.

Estimation of Phase and Frequency Shift in the Frequency
Domain

Intuitively, estimation of phase and frequency variation
can be accomplished in the frequency domain. The N-

point discrete Fourier transform of the free induction de-
cay signals is:

X�k� � �
n�0

N�1

�AH2oe��H2O����e���H2o�i2	�fH20��f�
��n

� 
M
AMei��M����e���M�i2	�fM��f�
��ne

2m
N nk [2]

For phase estimation, only the water signal is consid-
ered. Therefore, the estimation of �f is based on the shift of

reference water peak that satisfies (�
k

N � � � fH2O � � � f ) � 0
and leading to k � N � � � � fH2O � �f � εf�. One
notices, however, that the residual frequency error

is given by ε �
1

N�
. The phase is estimated at the

water peak. The signal at k � N � � � (fH2O � �f � εf is

AH2Oei(�H2O���) � �1 � e���H2o�i2	εf
� � N

1 � e���H2O�i2	εf
� �, which essentially indi-

cates that there is a lower limit of the phase error given by

ε� � ��1 � e� � �H2O � i2	εf
� � N
1 � e� � �H2O � i2	εf
�

� [3]

It is evident that if �f can be accurately measured, a
reduction in phase error is possible.

Estimation of Phase and Frequency Shift in the Time
Domain

The time-domain methods are basically similar to the fre-
quency-domain methods, for which the mutual difference
should be minor at the same SNR level. Previous reports
have shown that frequency-domain or time-domain para-
metric modeling can achieve consistent quantification for
metabolites (14,15). Therefore, we expect that both fre-
quency-domain and time-domain methods can benefit
from NWS MRS because of the high SNR of water signal.
The main advantage of time-domain over frequency-do-
main approaches is that the time-domain methods have
been proven to be able to successfully extract the unsup-
pressed water signals from NWS spectra for further pro-
cessing (11,12); thus, the phase and frequency shift can be
directly estimated from the extracted water peak. In addi-
tion, the mathematical model function in the time domain
is easy to compute by some efficient algebraic approaches
(16). It can also be easily adapted for the changes in signals
due to such factors as imperfect shimming and corruption
of the first several points, or due to fast decaying signals
(17). In practice, several time-domain algorithms have
been proposed to estimate the phase and frequency of
water signal. In this study, we have chosen the matrix-
pencil method (MPM) for such a purpose. In short, the MR
signals are first constructed to form two Toeplitz matrices,
with the noise filtered out using proper singular value
decomposition techniques before the generalized Eigen
problems are solved. Results from a previous study sug-
gested that MPM shows lower variance and biases com-
pared with linear prediction (18). Thus, the MPM ap-
proach seems to be suitable for fitting the unsuppressed
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water signals. Truncated singular value decomposition
was used to evaluate the most prominent Eigen value from
the matrix-pencil structure constructed from the time-do-
main data. The most prominent Eigen value represents the
water frequency and damping rate, namely, e[� �H2O

� i2	�f]� in Eq. [1]. The complex amplitude AH2Oei��H2O � ���

is then obtained by least square fitting to derive ��. For a
high-SNR and exponentially decaying reference signal, the
biases of phase/frequency estimators have been shown to
be both near zero (18). As a consequence, this time-domain
approach not only evaluates the phase shift �� but also
estimates the frequency shift, even if �f is less than the
spectral resolution.

MATERIALS AND METHODS

Simulation

Simulation was performed to validate the phase/frequency
correction algorithm. A high-resolution MR spectrum (line
width about 3 Hz) was acquired from a phantom with well-
controlled water suppression on a 3-T MR system (Trio;
Siemens Medical Solutions, Erlangen, Germany). The phan-
tom contained a mixture of metabolite solutions, including
choline (Cho), creatine, N-acetylaspartate (NAA), myoinosi-
tol, glutamate, and glutamine at appropriate concentrations
simulating the human brain conditions. The high-quality
spectrum was used as the true spectrum. The simulated NWS
MR spectra were then generated by adding exponentially
decaying water signals in the time domain, modulated with/
without 10-Hz gaussian line-shape broadening, with fre-
quency at 0 Hz (i.e., frequency reference to water) to simulate
the unsuppressed water signal. The amplitude of the water
signals was subsequently varied to mimic the residual water
signal in WS spectra where the water suppression pulse
may exhibit varying efficiency. To further simulate motion
effects in MRS scans, the gaussian random phase/fre-
quency shifts (�� and �f) with zero mean and different
standard deviations (�� and �f) plus complex gaussian
noise were added into the true spectrum. �� was set at 1.0

FIG. 1. Spatial location of 20 � 20 � 20 mm3 volume of interest (box) in the single-voxel spectroscopy experiments.

FIG. 2. Flow chart of spectral processing in this study. One espe-
cially notices the two-step procedure for water extraction: first using
rank � 1 for phase and frequency corrections, and second with
automatic rank setting for water signal subtraction, taking into ac-
count the line-shape variations under in vivo situations.
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radian, whereas �f was varied up to 20 Hz. A total of 128
simulated spectra were averaged to examine the effects of
possible destructive averaging. Note that since the purpose
of this simulation was to investigate the water signal am-
plitude effects on the MPM performance, possible line-
shape asymmetry in the presence of poor shimming was
not included.

Corrections were performed on the simulated spectra
before averaging using the time-domain approach. The
MPM algorithm was used to fit the first 64 points, with
rank set to 1 (18). Then the phase/frequency shifts were
reversed. The water components in the corrected NWS
spectra were extracted using a singular value decomposi-
tion–based algorithm (9). The results in phase errors were
compared against the true spectrum. In addition to visual
comparison against the true spectrum, the phase errors �ε��
under different amplitudes of the reference water signal, as
well as under different frequency variations, were exam-
ined quantitatively.

Subjects and Data Acquisition

For the in vivo experiments, seven healthy volunteers
without any histories in psychiatric or neurologic dis-
orders were enrolled in this study under informed con-
sents. All experiments were performed on the same 3-T
MR system with an eight-channel coil array that covered
the whole brain circumferentially with eight surface
receive-only coil elements. An interleaved NWS and WS

point-resolved spectroscopy sequence was used to com-
pare the performance of motion correction between the
NWS-MRS and the WS-MRS, such that the motion res-
toration abilities of NWS and WS scans can be compared
under similar motion conditions. MRS data were ac-
quired from a selected volume (2 � 2 � 2 cm3) located
within the parietal lobe, consisting of mostly white mat-
ter (Fig. 1), with scan parameters echo time � 40 ms,
pulse repetition time � 2 sec, spectral bandwidth �
2 kHz, number of sampling points � 2048. The subjects
were instructed to hold their heads still during the
“static scan” and to move their heads slightly and ran-
domly during the “motion scan” to evaluate the MRS
quality without and with motion, respectively. For the
“motion scan,” subjects were asked to move the head
randomly with arbitrary frequency, which could be as
high as 2 Hz and as low as nearly 0 Hz. Subjects were
loosely fixed by the two bars close to each side of the ear as
the usual configuration of the head coil. Therefore move-
ment was restricted to around 1 cm. During the static
sessions, 128 WS scans were acquired and eight NWS scan
were acquired using the single-voxel spectroscopy–point-
resolved spectroscopy sequences. During the motion ses-
sions, 256 scans using an interleaved NWS and WS point-
resolved spectroscopy sequence were acquired and stored
separately without signal averaging before postprocessing
corrections, hence yielding 128 signal averages for both
NWS MRS and WS MRS, respectively. As a result, three
data sets were acquired from each subject: (a) WS spectra
without motion (static-WS), (b) NWS spectra with motion

FIG. 3. Comparison of time-domain correc-
tion results for 1-rad phase variations be-
tween (a) no frequency shifts and (b) 20-Hz
frequency variations. a1,b1: Acquired from
a phantom with high SNR; regarded as the
true spectra. a2,b2: The spectra with added
noise. The averaged spectra from 128 sets
of simulated data are shown in (a3) and (b3)
without correction, and in (a4) and (b4) after
correction using the time-domain method,
respectively. Without performing correction,
the destructively averaged spectra lead to
lowered NAA areas of 67.9% (a3) and
50.8% (b3) compared with the true spectra.
a4,b4: The time-domain method restores
the NAA area to 94.6% of the true value.
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(motion-NWS), and (c) WS spectra with motion (motion-
WS).

Postprocessing and Quantification
The in vivo spectra were again processed using the time-
domain method. Signals from the eight coil elements were

averaged with proper phasing in the time domain before
corrections (19). The first 128 points of time-domain signal
were processed using the MPM algorithm, with rank set to
1 to extract the water signal. Note that for the sole purpose
of phase and frequency estimations, setting the rank to 1
was sufficient even if the water spectral line may be asym-

FIG. 4. Simulation results comparing the effectiveness of time-domain corrections at 0 Hz (a), 1 Hz (b), and 20 Hz (c) of frequency
variations, respectively, plotted for the residual phase errors as a function of water signal intensity (expressed in multiples of the NAA
amplitude). Left and right columns represent two different conditions: in the left, the water lines hape is purely Lorentzian, while in the right,
the water is convolved with a symmetric gaussian line shape. Note that the advantage of NWS acquisition can be seen in that the
time-domain correction method achieves accurate phase corrections when the water signal is larger than 1000-fold of NAA.
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metric in the presence of poor shimming. The phase and
frequency shifts estimated from the water signal were then
used for motion correction for motion-NWS according to
the initial phases of the unsuppressed signals (19). For
motion-WS where the water signals were substantially
attenuated, motion correction was carried out based on the
residual water signal phases estimated from the same time-
domain method.

After motion correction, the water signal extracted again
using MPM but with rank automatically determined by the
theoretical information criteria (18) was subtracted, leaving
only the metabolite signals for spectral analysis (9). The
reason for using a larger rank setting for water subtraction is
that the line shape for water is often asymmetric for in vivo
situations. In addition to qualitative comparison on the full
width at half maximum of the line width before and after
motion correction, the in vivo spectra were quantified with
MPM spectral fitting, the range of which was set to 1.8 to
3.3 ppm. Metabolite concentrations of NAA, total creatine
(tCr) including creatine and phosphocreatine, and Cho-con-
taining compounds were obtained using the water-scaling
method (20). Since our volumes of interest were mostly lo-
cated in the white matter, the water concentrations were set
as 39.2 M (13). The metabolite concentrations shown here
were relative values that were not corrected for partial vol-
ume effect or T1, T2 relaxation. For water scaling in motion-
NWS, we used the water signal extracted from the corrected
NWS spectra. For static-WS and motion-WS, the water signal
of the NWS spectra acquired during the static session was
used as the reference. The complete flow chart of spectral
processing is shown in Fig. 2.

Statistical Analysis

To evaluate the effectiveness of motion correction on mo-
tion-WS and motion-NWS, the concentrations of NAA,
tCr, and Cho were compared to those from the static-WS
using paired Student’s t tests.

RESULTS

Simulation Results

The comparison using the time-domain method between
two frequency distributions �f � 0 and 20 Hz is shown in
Fig. 3a and b, respectively. The phase shift was set to be
��� 1.0 radian in both cases. Without frequency shifts, the
time-domain method (Fig. 3a4) was effective in the resto-
ration of the NAA area between 1.95 ppm and 2.05 ppm to
nearly 94.60%. Even with 20-Hz frequency variations, the
time-domain method was still able to successfully restore
the NAA peak area to 94.56% of the true spectrum with
good preservation of the line width (Fig. 3b4).

With water suppression used during acquisition, the
level of reference signals becomes reduced, which might
result in difficulties in finding the correct phase/frequency
shifts. The effect of reference signal amplitude is shown in
Fig. 4, with the amplitude of the reference signal ranging
from 101 to 106 times the NAA. In cases without (Fig. 4;
left) and with (Fig. 4; right) gaussian line-shape modula-
tion, the phase errors of the time-domain method were
found to markedly increase when reference signal has an
amplitude decreasing to levels less than 1000 times NAA,

justifying the preferable use of NWS spectra where the
water signal is on the order of 10,000 times larger than
NAA. With frequency variations �f � 1.0 and 20 Hz, the
phase estimation error ε� using the time-domain method
showed similar phase errors as the results without fre-
quency variation. The phase errors were slightly larger in
the presence of gaussian broadening.

Effectiveness of Motion Correction Using NWS Scans

For the seven volunteers, the motion-induced phase and
frequency variations were around ε� � 0.54 to 1.69 rad
(31 � 97°) and �f 1.10 to 2.44 Hz, respectively (Table 1).
Figure 5 shows the phase and frequency shifts estimated
during successive interleaved NWS MRS and WS MRS scans
for one subject. It is seen that, even with �f around 2 Hz, a
non-negligible portion of the data showed frequency varia-
tions as large as �3 to –20 Hz. The performance of MPM to
extract in vivo water signal in the presence of motion is
shown in Fig. 6. The water signal extracted by MPM with
rank set to 1 (solid lines) was visually very close to the
unsuppressed water (stars). In addition, even if the original
in vivo water spectral lines exhibited various degrees of
perceivable line-shape asymmetry or broadening, phase and
frequency corrections using MPM were still successful. The
resulting spectra before and after time-domain motion cor-
rection are shown in Fig. 7. Qualitatively, the spectra before
motion correction showed broader and partially overlapped
metabolite peaks, which may lead to errors in the quantifi-
cation. The NWS spectral lines restored after motion correc-
tion exhibit narrower line width (full width at half maximum
�10 Hz) than the WS spectral lines (full width at half max-
imum �15 Hz). As a side note, some NWS sidebands arising
from gradient coil oscillations (10,21) were visible in the
spectra (arrows in Fig. 7). In our study, they were removed by
adding/subtracting with spectral data downfield to the water
peak, making use of the symmetric property of the gradient
oscillation artifacts (10,21).

Fig. 8 shows the metabolite concentrations of NAA, tCr,
and Cho as quantified using the time-domain MPM method.
Compared with the static-WS scan treated as the true values,
the motion-NWS spectra after time-domain motion correc-
tion show a statistically insignificant difference (P � 0.5),
whereas the motion-WS scans exhibit significant reduction
in the metabolite concentrations (P � 0.02). Correlation anal-
ysis shows much better consistency between motion-NWS

Table 1
Phase and Frequency Variations of the Seven Subjects

Motion Static

�� (Rad) �f (Hz) �� (Rad) �f (Hz)

Subject 1 1.6922 1.5604 N/Aa N/Aa

Subject 2 1.3282 1.0999 0.0781 0.5203
Subject 3 1.4536 2.4485 0.0588 0.8045
Subject 4 0.5437 2.2028 0.1055 0.6918
Subject 5 0.9549 1.4137 0.0761 0.6336
Subject 6 1.2083 1.6576 0.0435 0.6225
Subject 7 1.0051 1.3262 0.0386 0.8331
Range 0.54�1.69 1.10�2.45 0.04�0.11 0.52�0.83

aThe phase/frequency variations for subject 1 were not available
because only the averaged spectrum was obtained.
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and static-WS results (R2 � 0.9669; slope � 0.94) than be-
tween motion-WS and static-WS data (R2 � 0.7393; slope �
0.69) (Fig. 9). The means and standard deviations of the
concentrations for NAA, tCr, and Cho in the white matter as
calculated from NWS-motion scans are 13.68 � 1.83 units,
7.75 � 1.01 units, and 1.92 � 0.37 units, respectively, which
are in good agreement with values reported in the literature
(NAA � 14.26 � 1.38 mM, tCr � 7.10 � 0.67 mM, Cho �
2.65 � 0.25 mM) (13).

DISCUSSION

We have demonstrated the effectiveness of our proposed
method to recover motion-induced signal loss on the NWS
MRS. Following frame-by-frame corrections for the phase
and frequency variations, the constructively averaged data
allow accurate quantification of the metabolite concentra-
tions. By using NWS acquisition, problems related to non-
ideal water suppression, such as incomplete suppression
due to field inhomogeneity (2), partial suppression of me-

tabolites (9,12), and differences in coil sensitivity (19,22),
are all avoided. Our proposed method is superior to pre-
viously reported intrascan MRS motion correction meth-
ods in three ways. First, the phase variations are measured
from the unsuppressed water signals with high SNR and
hence could be estimated more accurately in comparison
to estimations based on interleaved NWS scans (2). Sec-
ond, the metabolite signals are not prone to distortions by
the water suppression pulses, which may be inconsistent
among frames in the presence of intrascan subject move-
ment (1). Third, the unsuppressed water signal can be used
as an internal reference for absolute metabolite quantifica-
tion (13).

One advantage of our method is that all the proce-
dures are done after data acquisition, hence permitting
offline processing without the need to alter data acqui-
sition. The algorithm is computationally economic, with
the total processing time being around 2.5 sec on a
standard personal computer for one spectrum with 128
averages. Thus, online integration with current single-
voxel spectroscopy MRS acquisition protocol is also
possible. Nevertheless, it is worth mentioning that the
effectiveness of our postprocessing method is based on
three important prerequisites: First, the absolute quan-
tification using internal water as reference requires
knowledge of the partial volume fractions of the gray
matter, white matter, and cerebrospinal fluid for the
voxel acquired as different tissues have different water
concentrations and relaxation times (13). Second, for the
metabolites with relatively complex spectral lines such
as myoinositol and glutamate, the gradient oscillation
artifacts need to be removed beforehand to improve the
quantification results (9,10,21). Finally, the frame-to-
frame variations of the exact voxel locations are better
recorded during the sequential MRS scans to alleviate
spectral contamination by signals from different regions.
Too large a motion, certainly, may cause the scan to be
aborted. Theoretically, recording of voxel locations
could be potentially achieved with external head posi-
tion monitoring devices such as MR compatible camera.
All the above adjustments should ideally be incorpo-
rated in the entire acquisition and processing procedure
in order for our algorithm to maximize its usefulness. In
this proof-of-principle study, the first and third prereq-
uisites were fulfilled by acquiring NWS spectra from
healthy brain tissues predominantly containing white
matter only. Even with subject motion (restricted to
around 1 cm in this study), the volume fraction of gray
matter and cerebrospinal fluid was expected to be less
than around 10%, if any. For the second prerequisite,
we restricted our in vivo spectral quantification to the
region between 1.8 and 3.3 ppm only, such that the
influence of gradient oscillation artifacts remains mini-
mal. Results from Fig. 7 show that the artifactual side-
bands can be removed by postprocessing, making use of
their antiphase symmetry (10,21). In other words, the
major conclusions drawn from our study should remain
valid.

In our implementation, the unsuppressed water signals
are fitted and then separated from the metabolite signals
(9,11) using the time-domain MPM method (18). The sim-
ulation results from Fig. 4 indicate that better correction is

FIG. 5. Representative phase (a) and frequency shifts (b) due to
intrascan movement, estimated from interleaved NWS and WS
scans acquired from a subject. During the scan, frequency varia-
tions as large as �3 to –20 Hz could be found. Also, the estimated
phase and frequency shifts estimated from NWS and WS are some-
what different, likely due to inconsistent water suppression.
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FIG. 6. a: Eight consecutive in vivo spectra selected from NWS motion scan with the original water signal (stars) superimposed by the
estimated water signal extracted by MPM for the purpose of phase and frequency corrections (solid lines). In each column, spectra of the
water signal before and after phase/frequency corrections are shown in the left and right, respectively. b: Shot-by-shot spectra acquired
from 128 WS motion scans and 128 NWS motion scans. It is seen that phase and frequency corrections using MPM were largely successful
even in the presence of various degrees of line-shape asymmetry and broadening.

FIG. 7. Spectra obtained in the presence of motion from NWS (a) and WS (b) acquisitions before (bottom) and after (top) time-domain
motion corrections. The sideband artifacts due to gradient oscillations (arrows) as seen on the NWS spectra (dotted line in (a)) were
removed with additional postprocessing, making use of their symmetric property (solid line in (a)). Note that the metabolites quantified in
this study are not seriously overlapped with these sidebands located at 1.4 � 1.8 ppm and 3.5 � 3.8 ppm. The spectra before
phase/frequency corrections show severely broadened line width and hence lowered amplitude. The WS spectrum exhibits even worse
spectral quality, likely due to distortions from subject movement that results in inconsistent water suppression. The NWS spectrum after
time-domain correction has narrower line width (full width at half maximum � 10 Hz) compared with the corrected WS spectrum (full width
at half maximum � 15 Hz).
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achieved with higher amplitude of the reference water
signal. When the reference water signal is 1000 times
larger than NAA, however, the time-domain methods did
not show further improvements in phase correction with
increasing amplitude of the water signal (Fig. 4). Note that
for this part of simulation, only the water signal amplitude
was varied, with the metabolite signals and noise ampli-
tude held constant. Thus, the changes of reference signal
amplitude essentially paralleled the variations of water
signal SNR. The relative independence of motion correc-
tion performance on SNR suggests the robustness of the
NWS MRS acquisition approach, in that a slight variation
in the water content (such as from partial volume averag-
ing with different tissues) plays only a minor role, partic-
ularly when using the time-domain MPM algorithm. As a
final note, the residual phase errors reported in Fig. 4 did
not increase with frequency errors as long as the reference
signal amplitude was sufficiently high, which demon-
strates the robust performance of the time-domain MPM
used in NWS MRS.

We conclude that the NWS MRS with time-domain
frame-to-frame corrections is a reliable tool to improve the
accuracy of metabolic quantification of in vivo MR spectra
in the presence of motion. With the benefits documented
in this study, the NWS MRS could be clinically useful for
subjects who have difficulties holding still during the MRS
scans, such as pediatric patients or those with Parkinson’s
disease. Other potential applications include the abdomi-
nal and thoracic regions, such as breast and liver (23-25),
where NWS MRS with frame-to-frame motion corrections
may achieve improved performance in the presence of
respiratory motion.
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