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Abstract

Purpose—To map brain metabolites and tissue magnetic susceptibility simultaneously using a
single three-dimensional 1H-MRSI acquisition without water suppression.

Methods—The proposed technique builds on a subspace imaging method called SPICE
(SPectroscopic Imaging by exploiting spatiospectral CorrElation), which enables ultrashort-TE/
short-TR acquisitions for IH-MRSI without water suppression. This data acquisition scheme
simultaneously captures both the spectral information of brain metabolites and the phase
information of the water signals which is directly related to tissue magnetic susceptibility
variations. In extending this scheme for simultaneous QSM and metabolic imaging, we increase k-
space coverage by employing dual density sparse sampling and ramp sampling to achieve spatial
resolution often required by QSM, while maintaining a reasonable signal-to-noise ratio (SNR) for
the spatiospectral data used for metabolite mapping. In data processing, we obtain high-quality
QSM from the unsuppressed water signals by taking advantage of the larger number of echoes
acquired and any available anatomical priors; metabolite spatiospectral distributions are
reconstructed using a union-of-subspaces model.

Results—In vivo experimental results demonstrate that the proposed method can produce
susceptibility maps at a resolution higher than 1.8x1.8x2.4 mm3 along with metabolite
spatiospectral distributions at a nominal spatial resolution of 2.4x2.4x2.4 mm3 from a single 7-
min MRSI scan. The estimated susceptibility values are consistent with those obtained using the
conventional QSM method with 3D multi-echo gradient echo acquisitions.
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Conclusion—This paper reports a new capability for simultaneous susceptibility mapping and
metabolic imaging of the brain from a single 1H-MRSI scan, which has potential for a wide range
of applications.

Keywords

Quantitative susceptibility mapping; spectroscopic imaging; subspace modeling; partial
separability; SPICE

INTRODUCTION

Quantitative susceptibility mapping (QSM) has been widely used in recent years for in vivo
mapping of tissue magnetic susceptibility (1), a biomarker useful for detecting intracranial
hemorrhages (2,3), quantifying blood vessel oxygenation (4-6) and examining iron
accumulation in the deep gray matter (GM) (7). MR spectroscopic imaging (MRSI) has also
been recognized as a unique tool to obtain molecule-specific information, allowing in vivo
characterization of biochemical properties of tissues (8). QSM and MRSI, therefore, provide
complementary information useful for many research and clinical applications, such as study
of brain metabolism (9-14), diagnosis and characterization of neurological disorders (15—
18) and assessment of therapeutic efficacy (19).

Currently, QSM and MRSI are carried out in separate scans, both of which often require
long data acquisition times, limiting their practical utility in clinical and research
applications. Conventional QSM methods acquire a series of 7;;-weighted images using a
high-resolution multi-echo gradient echo (GRE) sequence, which typically takes 5 to 10
minutes to cover the whole brain. MRSI scans usually take even longer (e.g., a conventional
chemical shift imaging scan (20) can take up to half an hour to cover a single 2D slice with
an in-plane resolution of about 4x4 mm?2). While a number of methods have been proposed
to accelerate QSM and MRSI scans (21,22), no simultaneous QSM and MRSI acquisitions
have, to the best of our knowledge, ever been attempted yet.

This work reports the feasibility of simultaneous QSM and high-resolution metabolite
mapping from a single 1H-MRSI scan using a new MRSI technique known as SPICE
(SPectroscopic Imaging by exploiting spatiospectral CorrElation) (23,24). This capability is
made possible by exploiting the fact that tissue susceptibility information is naturally
encoded in the water spectroscopic signals from an MRSI scan if no water suppression is
applied (Fig. 1). Conventional MRSI acquisitions usually apply several RF pulses to
suppress the water and lipid signals, almost completely eliminating the susceptibility
information. This problem is nicely overcome with SPICE which uses ultrashort-TE/short-
TR acquisitions without water suppression (23,24). While SPICE has been used mainly for
metabolic imaging, we extend its data acquisition and processing scheme to make it more
suitable for simultaneous QSM and metabolic imaging. More specifically, in data acquisition
we use dual-density sparse sampling and ramp sampling to extend k-space coverage to the
level often required by QSM, while maintaining a reasonable SNR for the spatiospectral
encodings used for metabolic imaging. In data processing, we take advantage of the larger
number of echoes generated by the SPICE sequence (and any readily available anatomical

Magn Reson Med. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Peng et al.

METHODS

Page 3

priors) to produce high-quality QSM; we use a union-of-subspaces model to reconstruct the
metabolite spatiospectral distributions. These features together allow us to obtain tissue
susceptibility maps of the brain at a voxel size of 1.8x1.8x2.4 mm3 (or slightly smaller if the
effect of the anatomical constraints is also taken into account), and metabolite maps at a
nominal voxel size of 2.4x2.4x2.4 mm3 from a single 7-min scan. A more detailed
description of our acquisition and processing schemes is given subsequently, which is
followed by some representative experimental results to demonstrate the performance of the
proposed method.

Data Acquisition

The proposed data acquisition scheme retains the main features of the FID-based SPICE
sequence illustrated in Fig. 2. First, it uses ultrashort-TE/short-TR (3 ms/210 ms)
acquisitions without water and lipid suppression pulses. Second, EPSI readout is used for
rapid spatiospectral encoding with bipolar acquisitions; the EPSI trajectories used here have
larger k-space coverage and, for each k-space location, longer echo spacing and much fewer
spectral encodings than conventional EPSI trajectories, which are enabled by the SPICE
subspace imaging framework. Third, interleaved navigator signals are collected for detection
and correction of field drifts and head motion. Fourth, ramp sampling is employed in the
readout direction (denoted as ky) to increase k-space coverage, while maintaining the desired
echo spacing and spectral bandwidth (BW) for MRSI given the practical ADC and gradient
limits. Fifth, a sparse sampling scheme is used to increase k-space coverage along the phase
encoding directions (i.e., ky, k;). More specifically, a dual density sparse sampling scheme is
used with a fully sampled region (denoted as Q1) around k-space center and an
undersampled region (denoted as Q) in outer k-space. These sampling strategies with the (k,
t)-space trajectories further illustrated in Fig. S1 are aimed at achieving enough spatial
resolution for QSM while maintaining a sufficient number of spatiospectral encodings (with
a larger fully-sampled central k-space) to ensure SNR for metabolic imaging. In short, the
proposed data acquisition scheme has two distinct features as compared to conventional
QSM and MRSI data acquisitions: a) it uses ultrashort-TE/short-TR with no water and lipid
suppression, larger k-space coverage, larger echo spacing, and fewer echoes (spectral
encodings) compared with conventional EPSI acquisitions, and b) it has much a longer echo
train (i.e., more encodings for susceptibility changes) but smaller k-space coverage as
compared with conventional GRE-based multi-echo QSM acquisitions. Our preliminary
implementation of these data acquisition features has enabled QSM at a nominal in-plane
resolution of 1.8x1.8 mm? and a through-plane resolution of 2.4 mm, and metabolic imaging
at a 2.4x2.4x2.4 mm3 nominal resolution in about 7 minutes. Further improvement of the
data acquisition scheme and its implementation can result in better spatial resolutions and
shorter data acquisition times.

Data Processing

The (k,t)-space measurements over Q1 and Q, using the proposed data acquisition can be
expressed as:
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d (K, tn) =[s1(r)p (v, f) e 2r A @)tn g=i2mkero—i2nftn g fdyym, (k,t,), n=1,2,...,N, [1

where p(r, 7) denotes the spatiospectral distribution of all the molecular components (e.g.,
water, lipids, metabolites, etc.), s1(r) the sensitivity map of the /th channel, {¢,} the echo
times, Mg the total number of echoes (i.e., number of time points or spectral encodings for
each k-space location), and Af{r) the field inhomogeneity containing the susceptibility
information. We use the vector r = (x,);2) to denote the spatial coordinates and k =
(kx Ky k7) to represent the sampled k-space locations. The measurement noise nAK,#,) is
assumed to be complex white Gaussian. There are three key data processing problems in
deriving the susceptibility and metabolite maps from the measured data: 1) reconstruction of
the spatiospectral/spatiotemporal function from the sparsely sampled (k,t)-space data, 2)
estimation of the susceptibility maps from the reconstructed spectroscopic signals, and 3)
reconstruction of the metabolite signals. We will briefly describe our current solutions to
these problems in the subsequent sections.

Interpolation of Sparse (k,t)-Space Data—With our current data acquisition scheme,
the MRSI data are measured over a set of (k, t)-space points, divided into two disjoint sets
Q4 and Qy, one for the fully covered central k-space and the other for undersampled outer k-
space respectively (see Fig. S1a), and the time axis was slightly undersampled (with respect
to the proton spectral BW). Temporal undersampling is not an issue for QSM because it is
dependent on the water signals only; for metabolic imaging, temporal undersampling is
taken care of in SPICE by using a subspace model (25,26). So, we are not going to delve in
the issue here. To address the issue of sparse sampling in k-space, we resort to multichannel
sensitivity encoding. More specifically, we interpolate the (k, t)-space signals along the ky
and k; axes (i.e., the phase encoding directions along which sparse sampling is used) using a
hybrid GRAPPA/SENSE method that exploits the special sampling pattern used. More
specifically, a set of GRAPPA kernels {H ;} are first determined from the k-space samples
for k € Qq for the “early” echoes (e.g., echo times at £, for n=1,2,...,32; approximately 60
ms for an echo spacing of 1.78 ms). A simple sliding-window scheme is employed to make
use of the data from adjacent echoes to improve the estimation of {H } (i.e., using d(k,¢,)
fork €Qiand n=m-2, m-1, m m+1, m+ 2to estimate H ;). After the {H } are
determined, GRAPPA interpolation is applied to generate the missing data in Q, for n=1,2,
...,32;. These interpolated k-space data are then Fourier reconstructed for each echo time ¢,
and each receiver channel. These reconstructions are then processed using an SVD-based
scheme to extract the coil sensitivity maps s(r), assuming that s(r) is independent of the
echo time £, (27). After the s(r) are known, SENSE reconstruction is applied to the original
undersampled data (d(k, ¢, for n=1,2,...,Vg). Since the SENSE reconstructions with
spatial regularization may not be data-consistent. we re-enforce data consistency by using
the SENSE reconstructions and the coil sensitivity maps s(r) to generate the missing data in
Qo so that k-space is covered at the Nyquist rate with both measured and generated data for
each time point. This hybrid GRAPPA/SENSE interpolation scheme seems to work better
than GRAPPA interpolation especially for the late noisy echoes. However, a full analysis of
its performance is needed, which is beyond the scope of the current paper.
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Quantitative Susceptibility Mapping—The interpolated SPICE (k,t)-space data can be
Fourier transformed for each echo time to give a sequence of images from which
quantitative susceptibility information can be extracted. For clarity, we call them SPICE
images and the method to derive the QSM from them SPICY-QSM. Note that the SPICE
data contain signals from water, lipids, and metabolites but the metabolite signals are
negligible as far as QSM is concerned, because the unsuppressed water and lipid signals are
3 to 4 orders of magnitude stronger. Therefore, for QSM calculations, we express the SPICE
images as

P (r, tn) = [pw (r) +ps (r) ot (r, tn)} e~ tn/T2 <r)eii27rAf(r)tnv n=L,2,..., Ny [2]

where py(r) and pf(r) denote the proton density of water and lipids (with 73 weighting)

27 fitn
respectively, ot (r.tn) _;aj (r)e 5 the pre-determined spectral structures for lipids
(with a;being relative amplitudes of the lipid peaks), 77 (r) the transverse relaxation times,
and Af{r) the total frequency offsets due to both the background field inhomogeneity 7(r)
and the tissue susceptibility induced field inhomogeneity £(r). Note that for demonstrating
the feasibility of the proposed joint QSM and metabolite mapping technique, healthy
subjects were scanned in this work, thus the lipid component was ignored for the signal
model within the brain. Many methods have been proposed for estimating Af{r), extracting
f{r) from Af{r), and solving the field-to-susceptibility inverse problem (28, 3); We build on
these methods and take into account our specific data acquisition features to improve the
estimation of the susceptibility map, denoted as y(r) as described below.

First, to take advantage of the large number of echoes available in SPICE (90 ~ 100 vs. 6 ~ 8
in conventional QSM), we estimate Af{r) by directly fitting the SPICE images to the
complex exponential model in Eq. [2] using a nonlinear least-squares formulation (29). This
scheme is optimal in the maximum likelihood sense for Gaussian noise and, perhaps even
more importantly, it eliminates the need for phase unwrapping used in the conventional
linear phase fitting schemes (which can be a difficult problem for low SNR data). Second,
SPICE has a relatively smaller k-space coverage than conventional QSM methods. To
improve spatial resolution for the susceptibility map beyond the k-space coverage, we
constrain the susceptibility estimation using high-resolution anatomical constraints (3).
These constraints can be obtained from the high-resolution anatomical scans typically
acquired in standard neuroimaging protocols (e.g., MPRAGE scans). More specifically, we
solve the following regularized dipole inversion (3):

x= argn&inHMherHl s.t.||W (Dx—fs) Hg <e 3]

where My, contains edge weights obtained from a high-resolution anatomical image, G is
the gradient operator, x the vector representation of the desired tissue susceptibility and D
the matrix operator for the physical dipole convolution model. W contains weighting
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coefficients used to account for noise variation in the tissue field fsas is done in (3), and e is
proportional to the noise level. The associated optimization problem is solved using a fixed
point algorithm (3).

The overall data processing scheme for SPICY-QSM is illustrated in Fig. 1. More
specifically, after Af(total field inhomogeneity) is determined (Fig. 1b), the background
field (due to imperfect shimming and susceptibility sources outside the ROI such as air/
tissue interface) is removed by solving a Laplacian boundary value problem (28), producing
the tissue field 7(r) (Fig. 1c). Finally, tissue susceptibility (Fig. 1d) is reconstructed by
solving the problem in Eg. [3].

Reconstruction of the Metabolite Spatiospectral Functions—Determination of the
metabolite spatiospectral functions from the measured data can be done using the SPICE
method for metabolic imaging (25,26). More specifically, we use a union-of-subspaces
model to represent the spatiotemporal function p(r, in Eq. [1] as:

p(r,t) =pm (r,t) +pw (r,t) +pr (r,t) TPum (r,1)

R Ry Ry Ry
= Z Uppm, (r> Upm (t) + Z Upy, (r) Upy (t) + Z Upg (r) Upg (t) + Z UPIVIM (r) UPI\/II\/I (t)
pm=1 pw=1 pe=1 Pyiv =1

[4]

where on(r, 9, pw(r,d, es(r., and ppmm(r, 2 denote the signals of metabolites, water, lipids,
and macromolecules, respectively. This model assumes that each of the signal components
resides in a low-dimensional subspace spanned by the bases {v,,(} with spatial coefficients
{up,(r)}, where “*” denotes “m”, “MM”, “w”, “f”, respectively. The subspace model
significantly reduces the degrees of freedom of the spatiotemporal function. Separating the
dominating water/lipid signals (after QSM) from the metabolite signals is done using a
method similar to the one in Ref. (30). After water/lipid removal, the metabolite signals are
reconstructed from the noisy residuals by solving the following optimization problem:

{ﬁm: UMM } =arg U min Hdl'm*Q {FB © (UIIIVIH+UMMVMM)} H§+)‘1\I"1 (UIn) +A2 W (UMM)

ms Y NiM

(5]

where dp, is a vector containing the nuisance-removed (k,t)-space data, Q is the sampling
operator, F is the Fourier encoding operator, and B models the field inhomogeneity related
phase terms (estimated from the companion water signals as described in QSM estimation).
Vm and Vi are matrix representations of the metabolite and macromolecule bases, both
predetermined from training data (25,26). ¥, and ¥, are regularization functionals for
metabolite and macromolecule components, respectively. In this work, ¥4 imposes edge-
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weighted spatial regularization and ¥, is simply an 4 penalty to improve conditioning.
Solution of the problem in Eq. [5] has been discussed in (26).

In Vivo Experiments

Proton MRSI data without water suppression were collected using the SPICE sequence (Fig.
2) from healthy volunteers on a 3T Siemens scanner with IRB approval using a 20-channel
head-neck coil. Two outer volume suppression bands (head to foot direction) were used to
eliminate signal contamination from voxels outside the imaging volume. Other data
acquisition parameters are: TR=210 ms, TE=3 ms, flip angle=31°, # of spectral
encodings=92, echo spacing=1.78 ms, BW=167 kHz, FOV=230x230x72 mm3, and matrix
size=124x128x30 (ky, ky, k7). The center kyxk, (36x30) space was fully sampled while the
outer region along ky is undersampled by a factor of 2, thus leading to a 7-min scan
(corresponding to an “effective” acceleration factor of 1.9 with elliptical sampling). Ramp
sampling enabled a 13% resolution gain along the frequency encoding direction. To validate
the susceptibility values generated from the proposed method, a corresponding 3D multi-
echo GRE acquisition with flow compensation in both the slice and readout directions was
performed over the same volume and FOV with a matrix size of 256x256x30 (spatial
resolution=0.9x0.9x2.4 mm3, flip angle=20°, TR=50 ms, TE=4.55 ms, echo spacing=3.65
ms, # of echoes=8, BW/pixel=700 Hz). The same outer volume saturation bands were used
for consistency. The Laplacian boundary method (28) and MEDI (3) were used to generate
the QSM maps from the GRE data.

To compare the QSM results from both the SPICE and GRE datasets, anatomical images
obtained from our experiments were registered using an affine transformation with 12
degrees of freedom in FSL (31). The coordinate transformation parameters were then used to
align the susceptibility maps estimated from both datasets. To ensure similar regularization
effects on solving the field-to-susceptibility inverse problem, the images from both the
SPICE and GRE data were scaled to have the same noise level so that an identical
regularization parameter can be used.

RESULTS

Figure 3 shows a set of representative QSM results from in vivo data. The effects of the
number of echoes for the proposed processing method are also shown, in comparison with
the results produced by the conventional QSM processing method (i.e., phase unwrapping
followed by linear phase fitting). As can be seen, the field maps estimated using complex
exponential fitting improve as the number of echoes increases (see the areas highlighted by
arrows). Note also that the linear phase method yielded some “bad” fitting points (red arrows
in Fig. 3) in regions with large field inhomogeneity, especially when a large number of
echoes was used (due to unreliable phase unwrapping for noisy data of long echo times).
The errors at these locations were carried over to the subsequently estimated tissue fields
and susceptibility maps. Furthermore, with more echoes, ringing artifacts caused by low
spatial resolution were reduced in the tissue field and susceptibility maps due to the physical
constraints from the complex signal model and the dipole model. An improvement in SNR

Magn Reson Med. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Peng et al.

Page 8

and a clearer delineation of the gray matter and white matter can also be observed with more
echoes (highlighted by the white arrows in the left panel of Fig. 3).

The effects of using high-resolution anatomical information to constrain the dipole inversion
is demonstrated in Fig. 4. As can be seen from the susceptibility maps from the SPICE data
produced using edge information from the SPICE data itself (Fig. 4a) and using edge
information from high-resolution MPRAGE images (Fig. 4b), improved delineation of
subcortical GM regions (e.g., the transition between Globus Pallidus and Putamen,
boundaries between the caudate heads and the ventricles) and better definition of finer
structures (as indicated by red arrows) can be observed.

Figure 5 shows a set of representative R and susceptibility maps for three slices obtained
from both the GRE and SPICE data. The anatomical images (not shown here) from the two
scans exhibit slightly different 7; contrast due to the different TRs and flip angles used. The
R} and susceptibility maps show very similar iron-content dependent tissue contrast.
Although the GRE data have higher spatial resolution, the R and susceptibility maps
produced by the proposed method show better SNR (especially for the r} map), due to the
larger number of echoes collected and the lower resolution. Note the susceptibility maps
from both the GRE and SPICE scans are able to clearly resolve the major subcortical
structures, e.g., Globus Pallidus (GP), Caudate Nucleus (CN), Putamen (PU). Mean
susceptibility values for several representative subcortical GM regions are summarized in
Table S1 (in the Supporting Material). These values are consistent with those reported in the
literatures (32-34).

The susceptibility and metabolite maps, e.g., NAA, Creatine (Cr), and Glutamate +
Glutamine (GIx) at five different slices across the 3D volume, obtained from a 7-min SPICE
scan, are shown in Fig. 6. Spatially-resolved metabolite spectra with a spectral resolution of
0.038 ppm (or 4.68 Hz at 3T) from four representative voxels are shown in Fig. 7. The SNRs
defined as the ratio between the spectral peaks and the noise standard deviation in the
frequency domain for the NAA components at these voxels are 78.1, 78.4, 61.0 and 63.6
respectively. As can be seen, high-SNR metabolite spatiospectral distributions can be
produced. Another set of representative experimental results from a different subject
illustrating this capability is included in the Supporting Information (Fig. S2). Note again
that both the QSM and metabolite information is obtained from a single 1H-MRSI scan, as
opposed to two separate long scans in the current practice. Further validation of this
unprecedented capability will be reported in forthcoming papers.

DISCUSSION

This paper demonstrates the feasibility of SPICE for simultaneous mapping of brain tissue
susceptibility (directly related to iron deposition (35)) and metabolites using a single 1H-
MRSI scan. The r; map, another useful biomarker for iron deposition in the brain (7), can
also be derived from the proposed data acquisition as shown in Fig. 5. The unique data
acquisition features of SPICE (i.e.., long echo train for metabolite mapping) were exploited
for QSM (e.g., eliminating the need for phase unwrapping used in conventional QSM
methods). While fully analyzing the effect of the number of echoes used for susceptibility
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estimation is beyond the scope of the current paper, a simulation study was performed to
confirm our observation. Specifically, a set of parameter maps including po(r), T (r),
Afy(r), and y(r) were first estimated from a high-resolution GRE dataset, and used to
synthesize a 92-echo image series (for the same echo times used as in the SPICE
acquisition) using the physical dipole convolution model (fs = D) and the signal model in
Eqg. [2]. Complex Gaussian noise (with standard deviation being 1% the mean proton density
value) was added to the image series to mimic a similar noise level encountered in practical
GRE acquisitions. Figure S3 (in the Supporting Information) shows the tissue field and
corresponding relative errors generated by the proposed processing using different numbers
of echoes. As can be seen, more echoes helped reduce the errors in the estimated tissue field
significantly, thus reducing the potential error propagation from the estimated tissue field to
the final susceptibility reconstruction. Moreover, the acquisition of many echoes is also
expected to be beneficial when complex signal models are used to account for nonlinear
phase variations such as those described in Refs. (36, 37).

In order to generate a sufficient number of spectral encodings for metabolite mapping, the
SPICE acquisition uses longer TR than standard QSM thus covers a smaller region of k-
space given the same acquisition time. This issue was addressed in this work by a
combination of the dipole convolution physical model and the use of morphological
information from high-resolution anatomical images (e.g., MPRAGE scan). This allowed us
to improve the spatial resolution beyond what was offered by the nominal k-space coverage
(~1.8x1.8x2.4 mmd) of our SPICE data. Our preliminary results show a clear delineation of
iron-rich subcortical GM structures (e.g., GP, CN, and PU) that possess super-intensive bulk
susceptibility, which are consistent with the existing QSM data (25,26). It is worth noting
that our acquisition can also achieve higher resolution for QSM at the expense of longer
acquisition time. To illustrate this, a 15-min in vivo experiment with spatial resolution of
1.8x1x1 mm?3 was performed. In this scan, the sampling for the original k-space coverage
(1.8x1.8x2.4 mm3 voxel size) remained the same while the outer k-space was further
undersampled by a factor of 3 along ky and a factor of 2 along k,. The QSM maps and the
metabolite maps from this data were shown in the Supporting Information (Fig. S4). As can
be seen, QSM with comparable resolution to standard QSM can be obtained, along with
simultaneously obtained metabolite maps. Note that due to the multiple nonlinear processing
steps involved, a full characterization of the SNR and resolution of the final QSM maps is
challenging. This issue will be addressed in a subsequent paper.

Several aspects of the proposed acquisition and processing methods can be further improved.
For example, we can better integrate parallel imaging into our data acquisition and
processing schemes to enhance resolution and/or data acquisition speed. For example, a
better sparse sampling pattern design for the outer k-space region combined with more
advanced reconstruction methods can enable larger acceleration factors. Methods taking
advantage of the sparse and low-rank structures present in the desired spatiotemporal
distributions can be explored to improve the reconstruction of the SPICE images used for
QSM processing. The coil sensitivities are currently estimated from the EPSI data itself in
this work. However, the proposed method does not prevent the use of sensitivity determined
from auxiliary high-resolution anatomical scans as long as data registration is properly done.
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Our current method uses the MPRAGE data to extract the edge weights used in solving the
problem in Eq. [3]. Other high resolution scans or even a pre-determined high-resolution
atlas with different contrast (such as To* weighting) can also be used. Furthermore,
enforcing the edge prior through the weighted L, regularization has been shown to tolerate
edge mismatch between anatomical images and susceptibility maps (3). Sparsity-promoting
regularizations other than weighted L, or L, can also be used (38). The intra-volume flow
has been shown to have an effect on the QSM results. Flow-compensation using first-order
moment nulling gradients, as described in Ref. (37), can be included into the SPICE
acquisition to address this issue, i.e., before the spatiospectral encoding echo trains and
during the even echoes. This would lead to slightly longer echo times and reduce the number
of echoes available for spatiospectral reconstruction. These tradeoffs should be considered in
practical application context.

CONCLUSIONS

This paper demonstrates the feasibility of simultaneous QSM and metabolic imaging of the
brain using SPICE. The proposed data acquisition scheme is built on the SPICE sequence,
integrating ultrashort-TE/short-TR acquisitions with no water suppression and sparse
sampling. The proposed processing scheme uses model-based processing to obtain both the
susceptibility and metabolite maps. This new imaging capability, when fully developed, may
prove useful for a wide range of applications including the study of brain metabolism and
neurodegenerative diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Tissue field

Figurel.
Ilustration of the proposed approach for simultaneous QSM and metabolic imaging

using H-MRSI signals acquired without water suppression.
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Figure 2.

Pulse sequence for the proposed FID acquisitions with ultrashort-TE, short-TR, no water
suppression, bipolar acquisition, and ramp sampling (navigators acquired at every N TRs for
field drift and motion tracking).
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Tissue field Susceptibility Tissue field Susceptibility
N

Figure 3.
Total field inhomogeneity (left), tissue field (middle), and susceptibility maps (right)

obtained from SPICE data with 8 and 72 echoes using: (a) complex exponential fitting
without phase unwrapping, and (b) standard linear fitting with phase unwrapping. The
estimated susceptibility maps from more echoes show improved SNR, reduced ringing
artifacts and clearer delineation of gray matter and white matter (highlighted by white
arrows), for the complex exponential fitting method. The linear fitting method yielded poor
fitting in regions of large field inhomogeneity (highlighted by red arrows) when a large
number of echoes were used.
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(b)

Figure 4.
Tissue susceptibility estimated from the SPICE data for three consecutive slices using dipole

inversion with (a) edge weights derived from the magnitude images of the MRSI data itself,
and (b) edge weights derived from a high-resolution anatomical MPRAGE scan. Improved
delineation of the subcortical GM regions and finer structures (indicated by red arrows) can
be observed in the susceptibility maps generated by the proposed scheme (b).
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Susceptibility

Figure5.

R and susceptibility maps obtained from the GRE and SPICE data for three representative
slices. The results from both datasets clearly delineate iron rich subcortical GM regions
including Globus Pallidus, Caudate Nucleus and Putamen. The results from the SPICE data
have higher SNR (especially for the r% maps), due to a combination of more echoes and
lower resolution.
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QSM

Figure 6.
Quantitative susceptibility and metabolite maps for five representative slices across the brain

obtained from a single 7-min SPICE acquisition. From top to bottom they are: susceptibility
maps, NAA, Cr, and GIx maps, respectively. The metabolite maps are normalized
individually and shown in color overlaid on the anatomical images.
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Figure7.
Localized spectra from four representative voxels (marked by red dots on the NAA maps on

the left) obtained from the same data used to generate Fig. 6. The spectral SNR of the NAA
peaks are 78.1, 78.4, 61.0 and 63.6 respectively. Note that the spectral resolution is
determined by the spectral subspace other than the echo spacing in SPICE data.
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