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1H Spectroscopic Imaging of Human Brain at 3
Tesla: Comparison of Fast Three-Dimensional
Magnetic Resonance Spectroscopic Imaging
Techniques
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Purpose: To investigate the signal-to-noise-ratio (SNR) and
data quality of time-reduced three-dimensional (3D) proton
magnetic resonance spectroscopic imaging (1H MRSI) tech-
niques in the human brain at 3 Tesla.

Materials and Methods: Techniques that were investi-
gated included ellipsoidal k-space sampling, parallel im-
aging, and echo-planar spectroscopic imaging (EPSI).
The SNR values for N-acetyl aspartate, choline, creatine,
and lactate or lipid peaks were compared after correcting
for effective spatial resolution and acquisition time in a
phantom and in the brains of human volunteers. Other
factors considered were linewidths, metabolite ratios,
partial volume effects, and subcutaneous lipid contami-
nation.

Results: In volunteers, the median normalized SNR for
parallel imaging data decreased by 34–42%, but could be
significantly improved using regularization. The normal-
ized signal to noise loss in flyback EPSI data was 11–18%.
The effective spatial resolutions of the traditional, ellip-
soidal, sensitivity encoding (SENSE) sampling scheme,
and EPSI data were 1.02, 2.43, 1.03, and 1.01 cm3,
respectively. As expected, lipid contamination was vari-
able between subjects but was highest for the SENSE
data. Patient data obtained using the flyback EPSI
method were of excellent quality.

Conclusion: Data from all 1H 3D-MRSI techniques were
qualitatively acceptable, based upon SNR, linewidths, and
metabolite ratios. The larger field of view obtained with the
EPSI methods showed negligible lipid aliasing with accept-
able SNR values in less than 9.5 min without compromis-
ing the point-spread function.
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PROTON MAGNETIC RESONANCE spectroscopic imag-
ing (1H MRSI) has become a routine clinical tool for
noninvasively assessing the spatial distribution of dif-
ferent metabolites (1–3). This is of particular impor-
tance in the evaluation of neurological diseases. Many
of the current studies that have applied point resolved
(PRESS) three-dimensional (3D) -MRSI are being per-
formed at 1.5 Tesla (T) with a standard quadrature head
coil and nominal spatial resolution of 1 cm3 with acqui-
sition times of 20 min or greater (4,5). The time required
to obtain these data may limit the options for acquiring
other valuable imaging sequences during a single pa-
tient visit.

By using a 3T scanner with an eight-channel phased
array reception coil, it is possible to improve the signal
to noise ratio (SNR) of the data by twofold compared to
1.5T (6) without compromising the contrast between
metabolite levels in normal appearing white matter
(NAWM) and tumor (7). This improvement can either be
used to maintain the spatial resolution and shorten the
acquisition time or to improve the spatial resolution of
the data with a similar acquisition time. The traditional
method for localizing the signal relies on multiple phase
encoding steps to gather the necessary spatial informa-
tion. The time required to obtain these data for a given
echo time (TE) depends linearly upon the repetition
time (TR). Other than using the shortest possible TR,
reducing the time needed to acquire the data requires
the implementation of novel k-space sampling strate-
gies (8–13).
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Three well-known approaches that have been pro-
posed to reduce the acquisition time for 1H 3D-MRSI
data are ellipsoidal k-space encoding (9), parallel imag-
ing reconstruction (10), and time varying readout gra-
dient trajectories such as spiral spectroscopic imaging
(11) and echo-planar spectroscopic imaging (EPSI) (12).
Ellipsoidal k-space techniques are implemented by lim-
iting the number of acquired phase encoding steps to a
central ellipsoid of k-space, thus decreasing the num-
ber of samples obtained and reducing acquisition time.
Parallel imaging techniques reduce the number of ac-
quired k-space points by increasing the spacing be-
tween k-space samples. Additional spatial information
from multiple receiver coils is then used to increase the
spatial field-of-view (FOV) to the original size. EPSI and
spiral spectroscopic imaging techniques apply a time
varying gradient waveform during data acquisition to
simultaneously encode spectral and spatial informa-
tion. This reduces the acquisition time by a factor de-
termined by the number of phase encodes that would
have been acquired in the EPSI or spiral dimensions. A
variety of gradient trajectories may be considered based
upon how they address waveform efficiency, robust-
ness to gradient imperfections, and the tradeoff be-
tween spatial resolution and spectral bandwidth (13).

The purpose of this study was to investigate the rel-
ative benefits of time-reducing 1H 3D-MRSI techniques,
and to determine which technique reduced acquisition
time with the lowest cost in SNR and data quality. These
issues were first investigated using 1H 3D-MRSI data
from phantoms and healthy volunteers. Following this
analysis, the most promising technique was applied to
17 patients diagnosed with primary brain tumors to
evaluate its robustness in a clinical setting.

MATERIALS AND METHODS

Images and 1H MRSI data were acquired using a 3T MR
scanner with an eight-channel phased array head coil
(GE Healthcare, Waukesha, WI). Data were acquired on
four separate occasions from an MR phantom (pH 7.2)
that contained water, 3 mM choline (Cho), 10 mM cre-
atine (Cre), 12.5 mM N-acetyl aspartate (NAA), 5 mM

lactate (Lac), and 0.1% Magnevist (14). Comparison
data were then acquired from the brains of 10 healthy
human volunteers. Of the 10 volunteers, 1 did not re-
ceive a flyback EPSI scan and 1 other did not receive a
symmetric EPSI scan because of limitations on scan
time during these 2 studies. Seventeen EPSI datasets
were also acquired in patients with primary brain tu-
mors. All human subjects provided informed consent as
required by our institutional review board.

MR Data Acquisition Protocol

Data obtained from phantoms and healthy volunteers
consisted of a scout sequence followed by an anatomic
imaging sequence (axial T1-weighted 3D inversion re-
covery spoiled gradient recalled acquisition in steady-
state (IRSPGR): FOV � 24 � 24 � 18 cm3, 256 � 256 �
120 voxels, 15° flip angle, echo time [TE] � 1.6 ms,
inversion time [TI] � 400 ms, repetition time [TR] � 7.3
ms); a set of 2D fast gradient echo proton density-
weighted coil sensitivity images (FOV � 30 � 30 � 18
cm3, 64 � 64 � 36 voxels, 20° flip angle, TE � 2.1ms,
TR � 150 ms); and three different 1H 3D-MRSI acqui-
sitions (TE � 144 ms, TR � 1100 ms). All 1H MRSI
sequences applied PRESS volume localization with an 8
cm � 8 cm � 4 cm selection from the center of the
phantom or brain, with chemical shift selective (15)
pulses for water suppression, and very selective sup-
pression (VSS) (16) pulses to both sharpen the defini-
tion of the PRESS selected volume and to limit the
degree of lipid contamination from the scalp.

The acquisition parameters for the 1H 3D-MRSI data
are summarized in Table 1 and the two EPSI trajecto-
ries are shown in Figure 1. In all cases, the echo-planar
encoding was performed in the superior–inferior dimen-
sion. Ellipsoidal k-space sampling and parallel imaging
data with a reduction factor of 2 in the right–left dimen-
sion (Rx � 2) were simulated from the fully encoded
MRSI data by eliminating the appropriate phase-en-
coded k-space points. The MRSI data from patients
were acquired using EPSI with the flyback gradient as
described in Table 1.

Table 1
List of All Spectroscopic Imaging Techniques and Their Specifications*

Encoding
Technique

FOV (cm3) BW (Hz) NEX tACQ (min)
Nominal

Resolution

Effective
Spatial

Resolution

Traditional MRSI 12 � 12 � 8 2000 1 21.12 1 cm3 � 1.95Hz 1.017 cm3

Ellipsoidal MRSIa 12 � 12 � 8 2000 1 9.39 1 cm3 � 1.95Hz 2.473 cm3

SENSE MRSI (R � �2)a 12 � 12 � 8 2000 1 10.56 1 cm3 � 1.95Hz 1.026 cm3

SENSE w/REGa 12 � 12 � 8 2000 1 10.56 1 cm3 � 1.95Hz 1.026 cm3

Flyback EPSI 16 � 16 � 16 988 2 9.46 1 cm3 � 1.39Hz 1.014 cm3

Symmetric EPSI 16 � 16 � 12 977 2 9.39 1 cm3 � 1.91Hz 1.015 cm3

Symmetric w/rampsb 16 � 16 � 12 977 2 9.39 0.857 cm3 � 1.91 Hz 0.868 cm3

*Included are spatial field of view (FOV), spectral bandwidth (BW), number of scan repetitions (NEX), total acquisition time (tACQ), nominal
resolution, and effective spatial resolution (as estimated by means of 3D-PSF simulation in MATLAB). The full-volume at half maximum PSF
signal was used to represent effective spatial resolution. For traditional encoded 12 � 12 � 8 k-space sampling, ellipsoidal sampling, and
SENSE sampling each point represented 9.04 � 10�6 cm3 (1 cm3 � 483 points). For all other 3D-MRSI techniques, each point represented
30.52 � 10�6 cm3 (1 cm3 � 323 points).
aThese data sets were simulated from the traditionally encoded MRSI data.
bFrom same dataset as symmetric EPSI data.
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Data Reconstruction

All data were reconstructed with custom software (6).
The traditionally encoded 1H 3D-MRSI data were recon-
structed by processing each of the eight-coil channels
separately, apodizing with a 4 Hz Lorentzian, applying
phase and frequency corrections, and then removing
residual water and baseline (17). The corrected spectro-
scopic images from each coil were then combined using
coil sensitivity weights that were obtained from the low
resolution proton density-weighted images (18).

Ellipsoidal k-space sampling was simulated from the
traditionally encoded MRSI data by reducing the num-
ber of phase encoding steps from 1152 (12 � 12 � 8) to
512 through zero filling the appropriate k-space points
outside a normalized ellipsoidal radius of 1.2. This re-
duction would have resulted in an acquisition time of
9.39 min instead of the full 21.12 min. Data were then
reconstructed in the same manner as the traditionally
encoded data.

Parallel imaging data were simulated from the tradi-
tional fully encoded MRSI data using a sensitivity en-
coding (SENSE) sampling scheme with a reduction fac-
tor of 2 along kx (Rx � 2), which would have
corresponded to an acquisition time of 10.56 min. This
resulted in a 6 � 12 � 8 simulated spectral data acqui-
sition matrix. The parallel imaging data were recon-
structed using the SENSE algorithm according to the
following formula (10,19,20):

� � �SH��1S � �I��1SH��1A, [1]

where S is the coil sensitivity matrix, H is the complex
conjugate transpose, � is the receiver noise matrix (19),
� is the regularization parameter (20), I is the identity
matrix, A is the aliased spectrum, and v are the una-
liased spectra. Tikhonov’s regularization parameter
(20), �, was set to 1 for regularized and to 0 for unregu-
larized SENSE reconstruction.

The EPSI data were reconstructed one channel at a
time and combined in the same manner as the tradi-
tionally encoded data, but with the application of an
additional linear phase correction in the EPSI dimen-

sion of spectral k-space to prevent spatial chemical
shift artifacts (21). For the initial analysis, only samples
from the flat part (plateau) of the EPSI gradient wave-
forms were used. To reconstruct the data acquired with
the symmetric EPSI waveform, the positive and nega-
tive gradient lobe data were processed separately and
then combined in the spectral image domain. To re-
cover the maximum possible information from the data,
samples from the symmetric EPSI waveform transitions
(ramps) were incorporated to also reconstruct the data
at a nominal resolution of 0.86 cm3 after applying a
Gaussian-weighted average regridding algorithm (22).

Data Analysis

The spectroscopic imaging data were analyzed to quan-
tify the SNR of the peak heights of Cho, Cre, NAA, Lac
(in phantom only), and lipid (Lip) (in volunteers only).
For the lipid peak, which was not always in phase, peak
heights were assessed as the maximum positive or min-
imum negative peak height. The noise was calculated,
using all voxels in the PRESS box, as the minimum
standard deviation of all continuous 20-Hz segments
within a 250-Hz region without metabolite signal. Me-
tabolite SNR values were then normalized to acquisition
time (tACQ) and effective spatial resolution (res) as fol-
lows:

nSNR �
SNRmeasured

res�tACQ

[2]

The effective spatial resolution was estimated using a
simulation of the 3D point-spread function (PSF) in
MATLAB (The Mathworks, Inc.) using the method de-
scribed by Maudsley et al (9). By integrating the total
number of simulated voxels greater than 50% of the
maximum signal in the 3D-PSF, the full-volume at half
maximum (FVHM) could be estimated to represent ef-
fective spatial resolution. In this simulation, for tradi-
tionally encoded 12 � 12 � 8 k-space sampling, ellip-
soidal k-space sampling, and SENSE k-space sampling,
1 cm3 was represented by 110,592 (483) simulated vox-
els (1 simulated voxel � 9.04 � 10�6 cm3); however, for
the larger FOV EPSI techniques, 1 cm3 was represented
by 32,768 (323) simulated voxels (1 simulated voxel �
30.52 � 10�6 cm3) due to computer memory limitations
for the simulation. The estimated effective spatial reso-
lution for each technique as calculated from the FVHM
of the 3D-PSF simulation is shown in the far right col-
umn of Table 1.

For phantom data, all voxels within the prescribed
PRESS box were analyzed to compare nSNR of Cho,
Cre, NAA, and Lac. Median nSNR values for each me-
tabolite were compared along with the standard devia-
tion (SD) of these medians across each acquisition tech-
nique. The median percent coefficient of variation
(%CV � SD/Median) within the PRESS box was also
compared across all techniques to assess the within-
acquisition spatial variance in metabolites. The line-
width of NAA was analyzed similarly by looking at the
median values, the standard deviation of the medians,
and the median %CV within each acquisition.

Figure 1. Gradient waveforms used for two different echo-
planar spectroscopic imaging (EPSI) encoding techniques.
Fractions represent the number of samples on the plateau
compared with the total number of samples per echo for each
technique. Double-sided arrows represent the relative dura-
tion of each gradient echo.
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For the volunteer data, the T1-weighted 3D-IRSPGR
images were automatically segmented into partial vol-
umes of NAWM, normal appearing gray matter, and cere-
bral spinal fluid (CSF) (23,24). Partial volume effects were
qualitatively examined by looking at the voxels near the
edge of the ventricles in the normal volunteers. Normal-
ized SNR values for Cho, Cre, and NAA, and NAA line-
widths were compared across all techniques in the volun-
teers (as described in phantoms) only in voxels within the
press box that contained at least 90% NAWM. Cho:NAA
ratios were assessed in all voxels containing at least 90%
NAWM, and a Wilcoxon signed rank test and Spearman
rank correlation were used to compare with the tradition-
ally encoded MRSI ratios. The number of voxels that were
at least 90% outside the CSF and contained detectable
metabolite peaks were also counted to determine the
spectral quality across all 1H 3D-MRSI methods. Cho,
Cre, and NAA peaks were considered detectable if they
had a raw SNR value greater than 5. Lipid peaks were
considered detectable if they had a peak height greater
than 25% of the median NAWM NAA peak. Voxels in the
volunteers that contained a detectable lipid peak were
considered to have lipid contamination because the
PRESS box was prescribed completely within the brain
parenchyma.

RESULTS

Phantom Data

Median nSNR values for NAA and Lac (	 SD) for the
phantom MRSI acquisitions are shown in Table 2, in-

cluding median raw SNR values. The medians of the
variation within each scan are also shown as a coeffi-
cient of variation (%CV). The nSNR values for the ellip-
soidal data were corrected by a spatial resolution factor
of 2.43 to account for the increased effective voxel size
due to the PSF associated with the ellipsoidal sampling
(9,24). The SNR values for SENSE data were not cor-
rected for the geometry (or g) factor (18). It was esti-
mated that the median phantom nSNR dropped by ap-
proximately 31–39% for NAA, Cho, Cre, and Lac relative
to normalized values for fully phase-encoded data,
which translates to a median g-factor between 1.45 and
1.63 for the unregularized SENSE data. The Tikhonov
regularized SENSE data showed an nSNR reduction of
4–18%, and a lower median g-factor of 1.04–1.21. In
regridded symmetric EPSI data, the median raw SNR
decreased by 3.5% compared with plateau-only sym-
metric EPSI data, but the expected decrease due to finer
effective spatial resolution was approximately 14%. Af-
ter correcting the raw SNR values for effective spatial
resolution, the regridding algorithm showed a median
improvement in nSNR of approximately 13% compared
with plateau-only data.

Volunteers

Table 3 shows median raw SNR and median nSNR
(	SD) of NAA from NAWM in ten volunteers. Median
Cho:NAA and Cre:NAA ratios are also shown, along with
percentage of voxels containing aliased lipid. The pla-
teau-only symmetric EPSI data showed a larger median

Table 2
Median Raw SNR and Normalized SNR (nSNR: cm�3 min�1/2) Values for All Spectroscopic Imaging Techniques for NAA and Lac in a
Phantom (N � 4 Scans)*

Encoding Technique
NAA

raw SNR
NAA nSNR

Lac raw
SNR

Lac nSNR
Lac:
NAA

Traditional MRSI 190.75 40.83 	 1.53 (9.10%) 43.43 9.30 	 0.12 (15.20%) 0.23
Ellipsoidal MRSI 289.92 38.26 	 1.23 (9.09%) 65.53 8.65 	 0.21 (14.86%) 0.23
SENSE MRSI (Rx�2) 83.86 25.15 	 0.77 (16.64%) 19.17 5.75 	 0.23 (21.22%) 0.23
SENSE w/REG 115.18 34.54 	 2.41 (14.45%) 22.81 6.84 	 0.38 (24.06%) 0.20
Flyback EPSI 116.03 37.20 	 0.29 (9.10%) 25.22 8.08 	 0.17 (12.32%) 0.22
Symmetric EPSI 109.87 35.32 	 1.48 (9.52%) 22.18 7.13 	 0.53 (14.07%) 0.21
Symmetric w/ramps 105.36 39.64 	 1.39 (7.46%) 20.95 7.88 	 0.32 (14.12%) 0.20

*Standard deviation between the four scans is shown (for nSNR only) as median 	 SD and the median variation within each scan is also
presented as %CV. The Lac:NAA median ratio is displayed in the far right column.

Table 3
Median Raw SNR and Normalized SNR (nSNR: cm�3 min�1/2) Values for All Spectroscopic Imaging Techniques for NAA in 10
Volunteers*

Encoding Technique NAA raw SNR NAA nSNR
Cho:
NAA

Cre:
NAA

% of voxels
with aliased lipid

Traditional MRSI 46.28 10.10 	 1.09 (22.28%) 0.48 0.39 0.0 	 5
Ellipsoidal MRSI 68.75 9.22 	 1.07 (23.48%) 0.49 0.40 0.0 	 7
SENSE MRSI (Rx�2) 20.54 6.16 	 1.14 (23.19%) 0.48 0.43 16.2 	 27
SENSE w/REG 27.05 8.11 	 1.74 (24.49%) 0.49 0.42 12.3 	 20
Flyback EPSI 25.87 8.29 	 0.83 (21.12%) 0.51 0.39 2.0 	 4
Symmetric EPSI 24.73 8.05 	 0.76 (26.18%) 0.51 0.37 0.0 	 2
Symmetric w/ramps 21.89 8.45 	 1.14 (24.46%) 0.50 0.37 2.2 	 4

*Standard deviation between the 10 scans is shown (for nSNR only) as median 	 SD. Median metabolite ratios are also shown for each
technique (Cho:NAA and Cre:NAA). Voxels were considered to have aliased lipid if Lip SNR was greater than 25% of median NAA SNR in
NAWM. Flyback data were not acquired on one volunteer and symmetric data were not acquired on another.
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nSNR loss (17–24%) than the flyback data (11–18%) for
Cho, Cre, and NAA. Regridding the symmetric ramp
data improved the median nSNR for Cho, Cre, and NAA
by approximately 7.4, 3.1, and 3.7%, respectively. Both
flyback and symmetric EPSI data had higher median
nSNR values for all metabolites than unregularized par-
allel imaging data, which showed a median nSNR drop
of approximately 34–42%. Regularization improved the
parallel imaging data nSNR by a median of 34, 33, and
33%, respectively, for Cho, Cre, and NAA, making the
nSNR similar to that of the flyback and symmetric EPSI
data.

Linewidths, Metabolite Ratios, Lipid
Contamination, and Qualitative Measures

The linewidths for NAA were similar across techniques,
with median values of 5.5–6.5 Hz in phantom data and
9.2–11.1 Hz in volunteer data. Fully encoded MRSI data
showed a median NAA linewidth of 6.2 Hz in the phan-
tom and 10.1 Hz in volunteers. Table 4 shows median
NAA linewidths for all of the techniques in phantoms
and volunteers.

The relative metabolite ratios of Cho:NAA were simi-
lar across all MRSI techniques for volunteers compared
with traditionally encoded MRSI (P 
 0.05 based upon
a Spearman rank correlation). In the parallel imaging
data set and both the symmetric and flyback datasets,
the Wilcoxon signed-rank test showed only one volun-
teer had a significant difference in their Cho:NAA values
when compared to fully encoded MRSI.

Analysis of spectral quality showed that between 96%
and 100% of all voxels outside the ventricles had de-
tectable NAA peaks (SNR � 5) for all 3D-MRSI tech-
niques. For Cho and Cre, the range was 85–100% and
82–100%, respectively. Figure 2 shows a bar graph of
the median percentages of all detectable metabolites
with error bars of one standard deviation for all tech-
niques. Lipid aliasing was more noticeable in the par-
allel imaging techniques, as the median 	 SD percent-
age of voxels with lipid peaks greater than 25% of the
median NAA signal from NAWM was 16.2 	 27% in the
SENSE reconstructed data. With regularization, this
number decreased to 12.3 	 20%. The EPSI acquisition

techniques showed a lower median percentage of voxels
with lipid aliasing (less than 2.2% for all techniques).
Figure 3 shows two examples of the spectral quality for
volunteers with traditional encoding, SENSE encoding,
and flyback EPSI encoding.

Figure 4 provides a representative dataset from a
volunteer to show how partial voluming varies between
techniques. The ellipsoidal-encoded MRSI data are
clearly inferior to the other data, as the definition of the
ventricle is visibly reduced. As expected, the other tech-
niques appear to have similar edge definition to the
traditionally encoded MRSI.

Patients

An example of data acquired on a glioma patient using
a flyback EPSI sequence is shown in Figure 5. Differ-
ences in the pattern of metabolite levels were clearly
visible in areas of T2 hyperintensity and contrast en-
hancement. Lipid, which is an important sign of necro-
sis, can be seen in multiple voxels in Figure 5. Based
upon the analysis that we performed, these voxels
would not have experienced aliasing from the scalp,
and thus the lipid peaks may be attributed to the pres-
ence of necrosis. The median raw SNR values in NAWM
for the 17 patients were 21.15 	 4.52, 11.76 	 3.59,
and 8.86 	 2.33 for NAA, Cho, and Cre, respectively.
The median Cho:NAA metabolite ratios in NAWM were
similar to the values from normal volunteers (not sig-
nificantly different in a Mann-Whitney rank sum test
(P � 0.10)). The median Cho:NAA ratio in the 10 healthy
volunteers’ NAWM was 0.53 	 0.04 for the traditionally
encoded MRSI data, while the flyback data acquired in
the 17 patients had a median Cho:NAA ratio of 0.57 	
0.08 in NAWM. Lipid was detected within the tumors for
7 of the 17 patient scans using the flyback EPSI tech-
nique. No lipid was detected outside of the T2 hyperin-
tense or contrast enhancing lesions for any of the 17
scans.

Figure 2. Median percentages of detectable voxels in each
metabolite peak region are shown in the bar graph for each
spectroscopic imaging technique. Error bars represent one
standard deviation. Voxels were considered to have detectable
NAA, Cho, and Cre signals if the metabolite raw SNR values
were greater than 5. Voxels were considered to have aliased
lipid if the lipid SNR was greater than 25% of the median SNR
of NAA in NAWM.

Table 4
NAA Linewidths for Phantom and Volunteers*

Encoding Technique
Phantom

(N�4)
Volunteer

(N�10)

NAA
Linewidth

(HZ)

NAA
Linewidth

(HZ)

Traditional MRSI 6.2 	 0.13 10.1 	 0.64
Ellipsoidal MRSI 6.2 	 0.15 10.3 	 0.72
SENSE MRSI (Rx�2) 5.5 	 0.22 9.2 	 0.89
Flyback EPSI 5.9 	 0.12 10.6 	 0.50
Symmetric EPSI 6.5 	 0.09 11.0 	 0.52
Symmetric EPSI w/ramps 6.5 	 0.11 11.1 	 0.62

*Median values of the median linewidths are shown with standard
deviation of the median linewidths as 	 SD. All voxels within the
PRESS box were included for the phantom data, while only voxels
containing at least 90% NAWM were used in the volunteer analysis.
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DISCUSSION

The fast spectroscopic imaging techniques examined in
this study produced data that would have been relevant
for clinical applications. This is consistent with other
studies in the literature (8–13). Each technique had its
own advantages and limitations, and the choice of
which is most appropriate for any specific application
needs to take these factors into account. The ellipsoi-
dal-encoded MRSI data provided the highest absolute
SNR, but had a broader PSF that caused a 2.43-fold
increase in effective spatial resolution. This led to sig-
nificant partial volume effects, which may not be im-
portant when looking at data with uniform concentra-
tions of metabolites, but would make it extremely
difficult to detect small lesions or heterogeneity in the
case of tumors or other pathology. Showing a clear
delineation between tumor and healthy tissue may be a

crucial factor for surgeons and oncologists who wish to
define the spatial extent of the lesion.

Spectroscopic imaging with parallel reconstruction
methods can dramatically reduce acquisition time, but
SNR may be lost due to the geometry of the coil array
(18). The geometry or g-factor is the measurement used
to assess such variations on a voxel by voxel basis. Our
results showed a median nSNR loss in NAWM of volun-
teers of up to 42% in the unregularized data, which
translated to a g-factor of approximately 1.7. After Tik-
honov regularization was applied, the g-factor was re-
duced. For volunteers, the use of a regularization factor
of 1.0 showed a median improvement in SENSE-en-
coded nSNR of approximately 33–34%, reducing the
g-factor to approximately 1.2. Tikhonov regularization
has been shown here as an important technique for
increasing the SNR for parallel imaging by aiding in the

Figure 3. Representative datasets from two volunteers. T1-weighted images are shown (a,e) with the spectral grid overlaid in
white. The red box represents the FOV of the traditionally, ellipsoidal-, and SENSE-encoded data, while the yellow box represents
the FOV of the EPSI-encoded data. Spectra acquired with a traditional phase encoding technique (b,f), a flyback EPSI technique
(c,g), and with the SENSE technique (d,h) are shown for one slice with a 1-cm3 nominal resolution. Lipid contamination is
noticeable in d and slightly apparent in b.

Figure 4. Qualitative examples of the
partial volume effect in each spectro-
scopic imaging technique. Yellow boxes
represent voxels containing ventricle.
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matrix inversion. Despite the improved SNR from reg-
ularization, SENSE techniques are more prone to spec-
tral contamination from spatial aliasing than the other
fast MRSI techniques because of the reduced FOV used
for data acquisition. While this did not influence the
quantification of NAA, it would have made it difficult to
be certain whether the presence of lipid in tumor voxels
was due to lipid contamination or to the tumor itself.
Interpretation of patient data obtained by means of the
SENSE methods will, therefore, be more dependent on
the accuracy of coil calibration maps and the efficiency
of VSS pulses in reducing the signal from subcutane-
ous lipid.

In this study, the traditionally and ellipsoidal-en-
coded data had a smaller FOV than the width of the
brain. Despite this, only one of the 10 volunteers
showed significant lipid contamination. The in-plane
FOV for the EPSI data was more similar to the size of the
brain, and only one volunteer showed more than 4%
contaminated voxels with these techniques. Six of the
ten volunteers showed lipid contamination in greater
than 15% of the voxels in the SENSE-encoded data.
Additionally, the variation in the signal within each
phantom scan was slightly higher for the SENSE recon-
struction with and without regularization, as seen in
the larger %CV values in Table 2, compared with the
other techniques. The SENSE unfolding technique at-
tempts to correctly unravel the aliased signal, but this
correction is not always perfect. This may be why the
relatively uniform metabolite signal in the phantom ap-
pears to vary slightly more in the SENSE reconstructed
data. The spectra in Figure 3 illustrate how relatively
small lipid contamination in the traditionally encoded
data can get magnified using the SENSE technique.
Note that data acquired from the same subject with the
FOV used for the EPSI acquisitions show no noticeable
lipid contamination.

EPSI techniques can have the most significant effect
on reducing acquisition time, but these techniques re-
quire a trade-off between spectral bandwidth and spa-
tial resolution due to the limited gradient strength and
slew rates available on clinical systems. Unless the gra-
dient strength can be increased, faster spectral sam-
pling would broaden the spatial resolution in the EPSI
dimension. Gradient imperfections, asymmetries, inef-
ficient sampling on the gradient waveform, and imper-

fect combination of data (in the case of the symmetric
EPSI data) are also expected to provide a loss in nSNR
for these techniques. These results show median nSNR
losses in volunteers that range from 11–17% for NAA
compared with the traditional phase-encoded data.

Because of the more efficient spatial sampling, the
FOV can be increased for the EPSI dimension at no cost
until the maximum sampling frequency is reached.
This is important when trying to determine whether
tissue contains lipid or lactate, which are markers of
necrosis and/or hypoxia (25–27). The high level of lipid
in the human scalp is of the order of 100 times the
metabolites of interest, which makes lipid contamina-
tion a problem for small FOVs. This contamination can
thus hinder the ability to assess real lipid or lactate, as
they both resonate in the same region for 1H spectra.
Another factor in our data acquisitions was that k-
space was fully sampled with the EPSI techniques,
which resulted in less partial voluming than the ellip-
soidal techniques and thus maintained the ability to
delineate the signals from adjacent tissues (see Figure
4). The flyback EPSI waveform was slightly less efficient
than the symmetric EPSI waveform, but the data qual-
ity appeared superior. This is most likely due to the
imperfect matching of the phases of the positive and
negative gradient lobe data. After applying a Gaussian-
weighted average regridding algorithm to the more effi-
cient symmetric EPSI data, the nSNR did improve; but
because the effective spatial resolution was reduced,
the raw SNR was still lower than the flyback EPSI data.

Although the Cho:NAA ratios were not significantly
different for NAWM, the raw median SNR of NAA in the
patients was slightly lower than for the volunteers. The
lower patient SNR may be attributed to the location of
the selected volume for the patients, which was dictated
by the tumor location that was sometimes below the
selected volume in volunteers. This explains both the
slightly lower median SNR and the larger variation in
values that were observed. The flyback EPSI technique
identified areas within the tumor that contained lipid
for 7 of the 17 patients considered. This is important, as
the presence of lipid is characteristic of high grade
brain tumors, and the summed intensities of Lip/NAA
within the region of the tumor having elevated Cho:NAA
has been shown to be predictive of poor outcome (28).
With the EPSI techniques, the larger FOV means that
one can be confident that lipid signals within the tumor
are coming from that spatial location rather than from
subcutaneous fat.

In conclusion, this study compares the performance
of several fast 3D spectroscopic imaging techniques.
Ellipsoidal k-space encoding, parallel imaging with and
without Tikhonov regularization, and echo-planar tech-
niques all produce spectroscopic images that are qual-
itatively acceptable for clinical applications. Each tech-
nique has strengths and weaknesses, and it is possible
to incorporate multiple strategies into a single fast
spectroscopic imaging sequence and reconstruction
package (29). The EPSI techniques seem to pose a slight
advantage over the other techniques due to the in-
creased FOV, which results in minimal lipid aliasing
and preserves the PSF of larger phase-encoded matri-
ces. The flyback EPSI technique was shown to provide

Figure 5. Typical data acquired on a glioma patient using a
flyback EPSI sequence. High choline (Cho) and lipid (Lip) are
markers of tumor pathology. Anatomical images (T2 FLAIR
and T1 SPGR (�Gad)) are shown for reference.
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clinically relevant 3D-MRSI data in human glioma pa-
tients in less than 9.5 min with a 1-cc spatial resolu-
tion.
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