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Abstract
Noninvasive magnetic resonance spectroscopy (MRS) with chemical shift imaging (CSI) provides
valuable metabolic information for research and clinical studies, but is often limited by long scan
times. Recently, spectroscopy with linear algebraic modeling (SLAM) was shown to provide
compartment-averaged spectra resolved in one spatial dimension with many-fold reductions in
scan-time. This was achieved using a small subset of the CSI phase-encoding steps from central
image k-space that maximized the signal-to-noise ratio. Here, SLAM is extended to two- and
three-dimensions (2D, 3D). In addition, SLAM is combined with sensitivity-encoded (SENSE)
parallel imaging techniques, enabling the replacement of even more CSI phase-encoding steps to
further accelerate scan-speed. A modified SLAM reconstruction algorithm is introduced that
significantly reduces the effects of signal nonuniformity within compartments. Finally, main-field
inhomogeneity corrections are provided, analogous to CSI. These methods are all tested on brain
proton MRS data from a total of 24 patients with brain tumors, and in a human cardiac phosphorus
3D SLAM study at 3T. Acceleration factors of up to 120-fold versus CSI are demonstrated,
including speed-up factors of 5-fold relative to already-accelerated SENSE CSI. Brain metabolites
are quantified in SLAM and SENSE SLAM spectra and found to be indistinguishable from CSI
measures from the same compartments. The modified reconstruction algorithm demonstrated
immunity to maladjusted segmentation and errors from signal heterogeneity in brain data. In
conclusion, SLAM demonstrates the potential to supplant CSI in studies requiring compartment-
average spectra or large volume coverage, by dramatically reducing scan-time while providing
essentially the same quantitative results.
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1. Introduction
Spatially localized magnetic resonance spectroscopy (MRS) has provided valuable insight
into many normal and diseased human conditions[1–11]. Compared to single voxel MRS
techniques, such as PRESS[12], STEAM[13] and ISIS[14], the standard multi-voxel
chemical shift imaging (CSI) method[15] has the advantages of accessing multiple regions
simultaneously with higher signal-to-noise ratio (SNR) per unit scan-time. However, the
clinical application of CSI is limited by the long scan time required to apply a complete set
of phase-encoded acquisitions before the individual voxel spectra can be reconstructed. In
addition, due to the way that SNR adds in magnetic resonance imaging (MRI) and MRS,
SNR lost by setting the voxel size smaller than needed during acquisition, cannot be entirely
restored post-acquisition[16, 17].

Many methods have been proposed to speed-up CSI acquisitions. These include methods
that combine spectral and spatial encoding[18, 19]; and those that actually reduce the
amount of image k-space sampled by gradient-encoding[17, 20–33]. In general, the latter
fall into three categories: (a) methods employing parallel imaging[20–23]; (b) those
incorporating prior knowledge based on scout MRI[17, 24–29]; and (c) those using
compressed sensing and sparse reconstruction[30–33]. Of these, only Category (a) methods
are currently in widespread use in clinical MRI/MRS scanners. Of Category (b), SLIM[24],
GSLIM[25] and SLOOP[26] are strictly speaking, non-CSI methods that in theory offer
superior resolution to CSI by eliminating Fourier bleeding. Indeed, this has been the focus of
their in vivo applications to date, which have been limited to retroactively acquired CSI
data[34–39]. Thus, although SLIM and SLOOP could provide faster scanning than CSI[24,
26, 29], to our knowledge no speed advantage has been demonstrated proactively in vivo or
in humans. Category (c) methods are relatively new, and have seen even less use, perhaps
reflecting the low SNR of most non-hyperpolarized MRS applications, which is not ideal for
compressed sensing.

Recently, we introduced another Category (b) MRS localization method, “spectroscopy with
linear algebraic modeling” or SLAM[17], wherein compartmental-average spectra are
acquired using a greatly reduced CSI phase-encoding gradient set selected from central k-
space where SNR is highest. The spectra are reconstructed from C compartments segmented
from scout MRI, which are incorporated into the standard CSI model using an auxiliary “b”
matrix[17]. SLAM was demonstrated on both retroactively and proactively acquired one-
dimensional (1D) phosphorus (31P) human cardiac CSI data, yielding either a 4 to 8-fold
acceleration in scan-time with the same quantitative results, or a ∼40% SNR improvement
for the same scan-time, as compared to our standard protocol[2, 4, 5].

In the present work, SLAM is extended to two- (2D) and three dimensions (3D), and in
addition, combined with parallel imaging techniques, specifically SENSE[20], to achieve
dramatic speedup factors of 5–120 compared to CSI and SENSE CSI[21]. A modified
SLAM reconstruction algorithm is introduced that improves accuracy by reducing the
method’s sensitivity to signal inhomogeneity within compartments. Additional
improvements are provided to incorporate spatial and temporal main (B0) and RF (B1) field
inhomogeneity terms, including eddy-current correction. These advances are implemented
on 2D and multi-slice proton (1H) MRS studies of the brains of healthy subjects and patients
with tumors, both retroactively and proactively. Brain compartmental average metabolite
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levels and ratios from CSI and SENSE CSI are determined and quantitatively compared with
those from corresponding high-speed SLAM spectra. Finally, 3D SLAM is applied to 31P
MRS in a phantom and in human heart, with speedup factors of 100 and 7, respectively.

2. Theory
The conventional CSI[15] reconstruction can be cast as a linear equation:

(1)

where s is the known vectorized signal matrix, PE is the phase-encoding operator, and ρ is
the unknown vectorized spectral matrix. For 1D CSI, PE is simply a discrete Fourier
transform (DFT) operator. For 2D or 3D CSI, PE is the Kronecker product[40] of double or
triple serial DFT operators, respectively. M is the total number of phase-encoding steps or
spatial voxels, and N is the number of chemical shift domain data points.

When sensitivity encoding[20, 21, 41] is used, Eq. (1) is rewritten as:

(2)

where E is the combined phase-encoding and sensitivity-encoding operator, and M’ denotes
the product of the number of coil elements, Nc, and the (reduced) number of phase-encoding
steps, MR (=M/R, where R as the SENSE acceleration factor). While defined in Ref. [41], E
can be constructed by stacking the product of PE with the sensitivity encoding matrix, SE,
of each coil element, as

(3)

where 1, 2, …, Nc index each coil element. Furthermore, as described in Ref. [41] for SNR
optimization, “pre-whitening” can be done to both sides of Eq. (2) by multiplying (L−1

⊗I)M'*M', where LNc*Ncis obtained from a Cholesky decomposition of the noise covariance
matrix[41]; IMR*MR is an identity matrix; and ⊗ is the Kronecker operator[40].

2.1. SLAM localization with prior knowledge
For simplicity, Eq. (2) is used throughout to represent both conventional CSI and the pre-
whitened SENSE CSI reconstruction, the latter differentiated by the “SENSE” label.
Introducing an auxiliary matrix, b, containing the spatial information defining the C
compartments segmented from MRI, results in:

(4)

As described in Ref. [17], b is composed by adding “−1” elements into C columns of an
identity matrix. Note that the first dimension of the ρ matrix carries ordered spatial
information for all of the voxels. Accordingly, the location of each of the C columns
corresponds to the first voxel of each of the C compartments. The “−1” elements are located
in each of the C columns after the first voxel, and correspond to all the rest of the voxels in
each compartment. These elements are used to eliminate hypothetically identical rows in the
ρ matrix in accordance with the compartment model[17].
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Assuming that the individual CSI spectra in each of the C compartments are identical,
dimensional reduction[17] of Eq. (4) then leads to:

(5)

where  is obtained from retaining the C non-eliminated rows in ρM*N, which correspond

to the spectra of the C first voxels in the C compartments, respectively.  is obtained by

retaining the C columns in  corresponding to the C non-eliminated rows.

2.2. Algorithms for SLAM and SENSE SLAM reconstruction
Two algorithms are used to reconstruct SLAM or SENSE SLAM spectra. The first is the
same one described in Ref. [17]:

(6)

where “+” denotes the Moore-Penrose pseudo-inverse when M’ > C, or the inverse when M’
=C. The second, slightly different, algorithm is denoted with asterisks as SLAM* or SENSE
SLAM*

(7)

Both algorithms require that M’ ≥C, which is easily fulfilled in practice, e.g. C =3 for
cardiac spectroscopy[17], or C =4 or 5 for SLAM MRS of brain, as exemplified later. With
conventional (Eq. 6) SLAM, M’ ≤M always, and typically M’ <<M, which means that
(EM'*M)+ is generally under-determined. Conversely, for SENSE SLAM* (Eq. 7), M’
=NcM/R could easily exceed M making (EM'*M)+ over-determined (eg, with a combination
of an Nc =32 element coil and an acceleration factor R = 16). In any case, numeric
regularization is recommended, especially where SENSE reconstruction is involved and
SNR is low. Here, a truncated singular value decomposition (TSVD)[42] method is utilized
wherein values below, for example 2% of the maximum, are discarded to ensure that the
condition number[43] is not greater than 50. In practice, the level of numeric regularization
may be optimized for non-ideal/low SNR data, by increasing the level of numeric
regularization until the results become stable.

2.3. The discrete spatial response function
The continuous spatial response function (SRF) has been used to analyze image-based
spectroscopic localization methods[17, 35]. While this assumes that the continuously
distributed spectra from the subject are “ground truth”, the spatially continuous spectra are
generally unknown for anything other than test phantoms. Here instead, and analogous to the
fractional SLAM leakage/error minimization approach used in Ref. [17], a discrete form of
the SRF (dSRF) is used which treats the spatially discrete CSI spectra as ground truth. The
CSI spectra are measurable in practice, and CSI’s widespread use for multi-voxel MRS
renders it a standard whose compartmental average SRF can reasonably approximate the
various compartments, albeit dependent on spatial resolution. The dSRF is especially suited
for analysis of the SLAM reconstruction because prior knowledge is incorporated into its
under-sampled CSI model. Note that unlike the continuous SRF, the dSRF is only defined at
the discrete CSI sample points. Also note that a discrete point spread function was used in a
similar way to characterize under-sampling interference between Fourier voxels in sparse
MRI[32].
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For (SENSE) SLAM,

(8)

and for (SENSE) SLAM*,

(9)

The calculation of contributions from any specific spatial region, to the reconstructed
(SENSE) SLAM spectrum from these dSRFs is shown in Appendix A.

2.4. Incorporating spatial and temporal inhomogeneity
In practice, the reconstructed CSI and SENSE CSI spectra are often further corrected for
spatial and temporal B0 and B1 field inhomogeneities, for example, due to the use of surface
coils[35] and/or gradient eddy currents that induce spatially- and/or time-dependent phase
variations[44]. These can be accommodated by modifying Eq. (4) to incorporate a diagonal
matrix A comprised of the spatially-dependent terms:

(10)

The diagonal elements in A are correction factors, such as reciprocals of the receiver coil
sensitivity profile, or conjugates of the phase variation at each voxel. The reconstruction for
(SENSE) SLAM and (SENSE) SLAM* are, respectively:

(11)

(12)

If temporal correction terms involving time-varying phases are required[44], the
reconstruction in Eqs. (10–12) must be repeated at each time point. The 1H brain MRS
examples shown later utilize both spatial and temporal eddy current corrections[44, 45].
Note that such corrections can alter the dSRF, especially when A varies abruptly. Appendix
B lists the dSRF formulae with A included.

2.5. Summary of (SENSE) SLAM implementation
The proactive SLAM and SENSE SLAM experimental protocols are as follows:

i. Acquire a scout MRI;

ii. Apply a subset-of M’ ≥C phase-encoding gradients selected from the central k-
space of a regular (SENSE) CSI sequence (or an alternative user-defined subset–
see Ref. [17]), and acquire the MRS data;

iii. Register the regular (SENSE) CSI grid onto the corresponding MRI;

iv. Segment the (SENSE) CSI voxels into the C desired anatomical compartments
based on the MRI;

v. Reconstruct the compartmental spectra using (SENSE) SLAM or the modified
(SENSE) SLAM* algorithms (Eqs. 6, 7).
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For retroactive validation, (SENSE) SLAM is simply applied to the central k-space signals
of previously acquired (SENSE) CSI data in Step (ii), and the resulting compartmental
average spectra compared to those obtained by co-adding CSI spectra from the constituent
voxels in the identical compartments. Acceleration factors (the value of M’) were chosen by
empirical testing of (SENSE) SLAM/SLAM* on conventional (SENSE) CSI data sets, to
achieve acceptable agreement for the intended application. Expressions for the relative SNR
of compartmental average (SENSE) CSI, (SENSE) SLAM and SLAM* spectra are
presented in Appendix C.

3. Methods
All phantom and human studies were performed on a 3T Philips Achieva MRI/MRS system.
All human studies were performed on consenting participants using protocols approved by
our Institutional Review Board. Reconstruction was performed off-line on a personal laptop
computer (quad-core, 1.87 GHz) using software developed in Matlab (Mathworks, Natick,
MA). (SENSE) CSI, (SENSE) SLAM and SLAM* spectra are displayed as true
compartmental averages, normalized to account for differences in compartmental volume,
and without time-domain filtering, unless otherwise stated. Vertical scaling is the same for
each subject, independent of method, but may vary between subjects depending on receiver
gain. Compartments in the brain were segmented on CSI grids to include any voxel with a
volume that intersected a region-of-interest on the corresponding 1H image by 50% or more.

3.1 31P MRS studies of phantoms
31P MRS studies were performed with a single loop 14-cm 31P transmit/receive surface coil,
with two disk phantoms filled with 300mM H3PO4 and H3PO2 placed on top in skewed
orientations. After multi-slice gradient refocused echo (GRE) scout 1H MRI, a 3D 31P
CSI[15] sequence was applied with adiabatic-half-passage (AHP) excitation (repetition time,
TR=717 ms; field-of-view, FOV, X=Z=160 mm, Y=100 mm with X, Y, and Z as the
horizontal, vertical, and longitudinal FOV extents in the magnet bore; spatial resolution per
voxel, ∆X=∆Z=16 mm, ∆Y=5 mm; number of phase-encoding steps, PE=10×10×20=2000;
total scan time =23.9 min). Proactive 3D SLAM was then performed with all parameters the
same, except that only the 2×2×5=20 central-most k-space PEs were applied, reducing the
scan time to 15.8 s (including two startup cycles). The CSI grid was co-registered with the
scout MRI, three compartments segmented, and proactive SLAM spectra reconstructed.
These were compared with the co-added, compartmental average CSI spectra from the
constituent voxels in the identical compartments, as noted above.

3.2 Proactive 1H MRS brain studies in healthy subjects
In vivo studies of the human brain in healthy volunteers first utilized a commercial 8-
channel receive-only head coil operating in quadrature mode to avoid the complications of
SENSE reconstruction. Scout MRI was provided by a spin-lattice relaxation (T1)-weighted
3D turbo-GRE sequence (flip-angle FA =80; echo-time TE=3.2 ms; TR=6.9 ms; FOV,
Y=256 mm, X=228 mm, Z=156 mm; resolution ∆X=∆Y=1 mm, ∆Z=1.2 mm; total scan
time =4.5 min). A spin-echo single-slice 2D 1H CSI sequence[11, 46, 47] was then applied
(TR=2 s; TE=144 ms; FA=900; FOV, Y=200 mm, X=180 mm; slice thickness, SL=∆Z=15
mm; resolution ∆X=∆Y=10 mm; number of PEs =360; scan-time =12 min) with eight outer
volume saturation (OVS) slabs[46] angled around the head to suppress the lipid signal from
the scalp, along with a “VAPOR”[48] pre-pulse for water suppression. This was followed by
a 2D SLAM sequence with identical parameters except that the number of PEs were reduced
to 49 from central-most k-space, reducing the scan-time to 1.7 min (including two startup
cycles). The CSI and MRI grids were co-registered and C=4 compartments segmented to: a
small user-defined region in the brain; the ‘rest of the brain’; the scalp; and a background
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compartment. Compartmental average CSI spectra were computed for these four
compartments for comparison with SLAM. SLAM was also implemented using just the
central 25 of the 49 PEs, for an effective acceleration factor of R=14.

3.3 Retroactive 1H MRS brain studies in cancer patients
MRI and 1H CSI MRS data were obtained from 16 consecutively recruited patients enrolled
in an ongoing clinical research study, who had brain tumors with discernible choline (Cho),
total creatine (CR, unphosphorylated creatine, Cr, plus phosphocreatine, PCr) or N-
acetylaspartate (NAA). These data were acquired with a commercial 32-element SENSE
head coil. The acquisition protocol involved: (a) a SENSE coil-sensitivity reference scan; (b)
a multi-slice FLAIR[49, 50] sequence (TE=120 ms; TR=11 s; Inversion recovery delay,
TI=2.8 s; FOV, Y=212 mm, X=189 mm, Z =132 mm; resolution, ∆Y=0.83 mm, ∆X=1.04
mm; ∆Z=2.2 mm; duration=3.85 min); and (c) a three-slice SENSE-accelerated 2D spin-
echo 1H CSI sequence (vertical and horizontal acceleration factors RY=3, RX=2; TR=2.5 s;
TE=144 ms; FA=900; FOV, Y=230 mm, X=188 mm, SL =∆Z=13.2 mm; slice gap SG=4.4
mm; ∆X=∆Y=7 mm)[11, 21, 46, 47]. The SENSE acceleration reduced the number of phase
encodes from 891 (=33×27) to 154 (=11×14). This was further reduced to 120 by omitting
the corners of k-space. Eight lipid-suppression OVS slabs and dual-band water-lipid-
suppression (HGDB) pre-pulses were used[51]. (d) An additional set of 27 CSI PEs were
acquired without HGDB pulses to provide eddy-current compensation[44]. The total scan-
time for (c) and (d) was 6.2 min. Eddy-current-corrected CSI spectra were reconstructed
using the scanner’s default settings.

Because the raw k-space data were not saved for these studies, retroactive SLAM and
SLAM* reconstruction were performed using 1/6th of the k-space data obtained by inverse
Fourier transforming the eddy-current-corrected CSI spectra. Five compartments were
assigned for SLAM and SLAM*. These were: tumor; contralateral brain (since clinical MRS
assessment is routinely based on differences between a suspected pathology and its
contralateral region); ‘rest of the brain’ compartment excluding the tumor and the
contralateral compartments; scalp; and background. Magnitudes of peaks in SLAM, SLAM*
and the compartmental average CSI spectra, were least-squares fitted to Gaussian models in
the frequency domain using software written in Matlab, and Cho, CR and NAA peak areas
calculated. The results were compared with the compartmental average CSI spectra obtained
by co-adding the CSI spectra from constituent voxels in the identical compartments.

3.4 SENSE and proactive 1H MRS brain studies
A further set of 8 in vivo brain tumor studies were acquired with the identical CSI protocol
except that the raw k-space data was separately saved. As in the scanner’s default
reconstruction, the 120 water-suppressed SENSE CSI signals (SENSE factors RY=3, RX=2)
with the corners of k-space omitted, were zero-filled back to the 11×14=154 rectangular
array. SENSE SLAM and SENSE SLAM* analysis was performed using the 25 central k-
space PEs, and, as an extreme example, using only 1 PE (zero gradient, but 32 channel
acquisition) to provide effective speed-up factors of 5 and 120, respectively. The 11×14
SENSE CSI k-space acquisition scheme with the corners omitted, and the k-space sampling
for SENSE SLAM* with a further 5-fold and 120-fold acceleration factors are illustrated in
Fig. 1.

In the last 5 of these patients, a proactive three-slice 2D SENSE SLAM sequence was also
implemented using 25 PEs for a total scan-time of 1.1 min, including two startup cycles but
no additional eddy-current acquisition. Excluding the latter, this corresponded to R=5
compared to the SENSE CSI protocol above. SENSE SLAM spectra were compared to
compartmental average SENSE CSI spectra both without and with eddy current corrections.
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For eddy current compensation, the 27 non-water-suppressed PEs from the CSI eddy-current
acquisition were reconstructed by SENSE CSI zero-filled to 154, from which the spatial and
time-dependent phases were estimated and interpolated across the sample volume[44] after
correcting for phase jumps[45]. The same spatial phases were then used for correcting
SENSE CSI, SLAM and SLAM* spectra.

Finally, a five-slice 2D SENSE SLAM sequence was implemented pro-actively by
extending TR to 3.4 s (duration =1.5 min including two startup cycles) to provide whole
brain coverage while maintaining all other parameters the same.

3.5 In vivo 3D 31P human heart MRS
In vivo cardiac 31P MRS studies were performed on healthy volunteers oriented prone on a
17cm/11cm diameter dual loop transmit and 8cm single loop receive coil[52]. Turbo-GRE
scout 1H MRI was performed (FA=300; TR=4.3 ms; TE=2.1 ms; FOV, Z=450 mm, X=450
mm, Y=160 mm; resolution ∆Z=2.34 mm, ∆X=4.69 mm, ∆Y=5 mm), followed by a
cardiac-gated pulse-and-acquire 3D 31P CSI sequence (AHP excitation; TR=2 s; FOV
Z=160 mm, X=180 mm, Y=160 mm; resolution ∆Z=∆X=20 mm, ∆Y=10 mm; PEs =1152;
duration =38.7 min including 8 startup cycles). Three compartments–chest, heart and
background–were segmented from the co-registered images. SLAM spectra were
reconstructed and compared to the compartmental average CSI spectra.

3.6 Effect of compartmental misregistration and sample heterogeneity
To investigate the robustness of the SENSE SLAM* and SENSE SLAM reconstruction to
mis-registration and signal heterogeneity, the segmented compartment maps from 8 different
MRS studies with 5 segmented compartments, were superimposed on a 9th data set,
resulting in gross misplacement of compartments relative to the anatomy. The resultant
SENSE SLAM* and SENSE SLAM spectra from the mis-registered compartments that
contain mixtures of various involved and uninvolved tissues, were compared with the
average SENSE CSI spectra from same compartments.

3.7 Localization analysis
To evaluate differences in the dSRF of (SENSE) SLAM and (SENSE) SLAM*, a
quantitative analysis was performed with 5 segmented compartments in a 1H MRS data set
acquired from a patient with a brain tumor, in accordance with Appendix A. For the dSRF
computation and analysis, the acceleration factor of SENSE SLAM and SENSE SLAM*
was 6 times faster than SENSE CSI (25 phase encodes vs. 154 phase encodes) without
omitting the corners of k-space. To compare SLAM and SLAM* two acceleration factors,
R=6 and 36 vs. CSI, were chosen.

To quantify the potential contamination of the tumor dSRF from extra-compartmental
signals, the integral of both the dSRF and its modulus, |dSRF| were calculated by summation
over each of the five segmented compartments for: (i) SENSE SLAM*, (ii) SENSE SLAM,
(iii) SLAM*, and (iv) SLAM*, both without (TSVD threshold =0%) and with numeric
regularization at a 2% TSVD threshold. Note that while the summed dSRF benefits from the
cancellation effects of an oscillating spatial response[17], the summed |dSRF| represents a
worst possible scenario with no cancellation whatsoever, requiring both positive and
negative MRS signals having the same sign as the dSRF. Because numeric regularization
has a broadening effect on the dSRF, we also computed the integrated dSRF and |dSRF| over
a region expanded by ∼20% in each direction about the tumor compartment, effectively
making it 40% larger, analogous to the effect of a cosine-apodized point spread
function[53].
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Finally we compute the dSRF for a brain compartment in the extreme case of the 120-fold
accelerated SENSE SLAM* spectrum acquired with only a single phase-encode.

4. Results
4.1 31P MRS studies of phantoms

Figure 2 shows the segmentation on a scout MRI of the disk phantom, and spectra
representing the compartmental average 3D CSI and 3D SLAM reconstructions. Minimal
difference is observed between the proactively acquired SLAM (red) and CSI spectra (blue),
despite the fact that the SLAM spectra was acquired 100 times faster than the CSI spectra,
excluding the 2 startup cycles. The H3PO4 phantom has a singlet at 2.9 ppm and the H3PO2
phantom has three peaks at 2.9 ppm, 13.5 ppm and 24.1 ppm. No spatial leakage from the
13.5 ppm and 24.1 ppm peaks of the H3PO2 phantom spectrum (Fig. 2b), into the H3PO4
spectrum (Fig. 2c) is discernible in either CSI or SLAM spectra, and spatial leakage into
background (Fig. 2d) is also negligible.

4.2 Proactive 1H MRS brain studies in healthy subjects
Figure 3 compares both proactive and retroactive implementation of 2D SLAM with 2D CSI
in a normal brain. The user-defined region inside the brain (Fig. 3a) was chosen to mimic a
potentially “abnormal” compartment. Both retroactive (green) and proactive SLAM spectra
(red) agree with the CSI spectrum from the compartment (blue), and are essentially
coincident in the brain and scalp compartments (Fig. 3c,d). Here, SLAM is 14 times faster
than CSI. The proactive SLAM spectrum from the “abnormal” compartment (Fig. 3b)
differs slightly more from the CSI spectrum than the retroactive SLAM spectrum, likely
reflecting scan-to-scan variations including SNR effects, fat/water suppression and/or
physiologic motion.

Reconstruction time (solving Eq. 6 or 7) for matrix sizes up to 800×5 was ≤2min on the
laptop computer for all studies.

4.3 Retroactive 1H MRS brain studies in cancer patients
Figure 4 is an example of retroactive implementation of SLAM (spectra b1–f1) and SLAM*
(spectra b2–f2) in a patient with a low-grade astrocytoma (Fig. 4a). The CSI spectra were
generated from 33×27 PEs while SLAM used only 1/6th (=13×11) of them. Both SLAM and
SLAM* spectra (red) basically coincide with the compartment average CSI spectra (blue)
over nearly the entire spectral range. SLAM* is slightly more consistent with CSI than
SLAM in this example (eg, Cho in b1 vs. b2, and NAA in d1 vs. d2). Importantly, the high
Cho/CR peak area ratio in the tumor compartment is faithfully preserved by SLAM and
SLAM* (spectra b1, b2), while the contralateral compartment does not show high Cho/CR
(spectra c1, c2). Elevated Cho levels are common in tumors[9], and the Cho/CR ratio may
be useful for grading them[54].

Figure 5 shows the Cho, CR, and NAA levels quantified from CSI, SLAM and SLAM*
spectra, reconstructed retroactively from tumor compartments in the 16 patient data sets. For
the tumor, contralateral brain, and ‘rest of the brain’ compartments, both SLAM and
SLAM* are quantitatively consistent with CSI, while the SLAM* reconstruction shows
slightly less deviation than SLAM. The same consistency of results compared to CSI was
observed for the Cho/Cr metabolite ratios (not shown), and Bland-Altman analysis for Cho,
CR (Fig. 6) and NAA from the tumor and contralateral brain compartments did not reveal
any significant systematic effects. The standard deviation (SD) of the ratio of SLAM to CSI
levels of NAA, Cho and CR, were respectively 15%, 5.9% and 6.7%, as compared to 6.2%,
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2.8% and 2.1% for SLAM*, reflecting perhaps the greater lipid contamination of NAA in
the SLAM spectra.

4.4 SENSE and proactive 1H MRS brain studies
Figure 7 demonstrates SENSE SLAM implementation on a patient with a large glioblastoma
whose raw k-space data had been saved. Here the SENSE SLAM and SENSE SLAM*
spectra (red) are effectively 5 times (spectra b1–f1 and b2–f2) and 120 times faster (spectra
b3–f3) than the SENSE CSI data (blue), respectively. With SENSE, the modified SLAM*
algorithm (spectra b2–f2) consistently outperforms the original SLAM algorithm (spectra
b1–f1), in the ∼1.7 ppm lipid region where strong, broad, lipid peaks tend to corrupt the
NAA peaks. The SENSE SLAM* spectra (b2–d2) are relatively unaffected by the lipid
peaks. Substantially less spatial leakage is also evident in the background compartment of
SENSE SLAM* compared to SENSE SLAM (spectra f2 vs. f1). In the extreme case where
only the central zero-gradient PE step was used and spatial-encoding depends entirely on
SENSE, SENSE SLAM* produces surprisingly good spectra (spectra b3-f3), while the
earlier SLAM algorithm performed poorly (not shown). Based on Appendix C, for the tumor
compartment (c3), SENSE SLAM* maintains 23% of the SNR of SENSE CSI. After
correcting for the over two-orders-of-magnitude difference in acquisition time, the SNR per
unit volume per unit time for SENSE SLAM* is about 3 times higher than SENSE CSI.
Importantly again, the high Cho/CR characteristic of the tumor is preserved in both SLAM*
and SLAM tumor spectra (spectra c1, c2, c3).

Figure 8 shows retroactive (green) and proactive (red) SENSE SLAM*, and SENSE CSI
results (blue), without (spectra b1–f1) and with (spectra b2–f2) corrections for eddy-current
induced time-varying spatial phases. Without eddy-current correction, the SENSE SLAM*
used 25 PEs, while SENSE CSI used 120 phase encodes. All three methods used the same
eddy-current CSI-based eddy-current acquisition to estimate the time/space-varying phase.
A high level of coincidence is evident among the three sets of spectra. Eddy current
correction noticeably improves spectral resolution (spectra d2 vs. d1) while reducing lipid
contamination (spectra e2 vs. e1).

Figure 9 shows quantitative Cho, CR and NAA levels for SENSE CSI and SENSE SLAM*
without and with eddy-current correction for tumor and contralateral brain compartments in
the 8 patients. SENSE SLAM* reliably generates quantitatively indistinguishable results as
SENSE CSI both without and with (b, d) eddy current correction, 5 times faster. Similar
results were found for measurements of metabolite ratios derived from tumor and contra-
lateral compartments (not shown), and Bland-Altman analysis for CR, Cho, and NAA
measurements with SENSE did not reveal any significant systematic effects (Fig. 6c,f shows
results for CR only).

Figure 10 demonstrates the feasibility of providing essentially whole-brain coverage for
brain tumor patients using proactive SENSE SLAM* in ∼1.5 min. In this case, the tumor
was too large to permit coverage by the regular SENSE CSI protocol and a whole-brain
SENSE CSI acquisition was precluded by scan-time, so no CSI data were available for
comparison. Elevated Cho/CR is evident in the tumor compartment in the three adjacent
slices (Fig. 10b–d).

4.5 In vivo 3D 31P human heart MRS
Figure 11 illustrates the application of 3D SLAM reconstruction to a conventional
thoracic 31P 3D CSI data set acquired in 38.7 min at 3T, which was reduced by SLAM to
5.5 min, representing an acceleration factor of 7.
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4.6 Compartmental misregistration and sample heterogeneity
Figure 12 shows the sensitivity of SENSE SLAM* (spectra a2-h2) and SENSE SLAM
(spectra a3-h3) to segmentation errors due to gross maladjustment in both size and location.
Despite gross intra-compartmental anatomical inhomogeneity, SENSE SLAM* spectra are
remarkably consistent with SENSE CSI from the same compartments in all cases, consistent
with manageable, if not negligible signal bleed. SENSE SLAM reconstructed with Eq. (6),
does show some discrepancies (eg, compare spectra c3 and e3), and inferior fitting to the
SENSE CSI spectra used as the standard, compared to SENSE SLAM*. Importantly, all
SLAM and SLAM* spectra were reconstructed from the same 25 PEs from central k-space,
with an acceleration factor of 5 vs. SENSE CSI.

4.7 Localization analyses
Figure 13 plots the dSRF’s for a tumor compartment reconstructed from the (SENSE)
SLAM and (SENSE) SLAM* strategies, applied to the same anatomic segmentation (Fig.
13a). The difference between the modified SENSE SLAM* algorithm, Eq. (7), and SENSE
SLAM employing Eq. (6) is best appreciated from parts (c) and (d). SENSE SLAM* has a
spatially restricted dSRF, whereas the dSRF of SENSE SLAM is expansive with both
positive and negative lobes.

The dSRF of SENSE SLAM* performed with Eq. (7) without numeric regularization, is in
theory perfect (Fig. 13b). This is because combining the 25 PEs with the 32 separate
acquisition channels creates M’=25×32=800 known k-space signals. Although there are
M=33×27=891 unknown image-space signals, application of the sensitivity mask during
SENSE reconstruction[20] effectively reduces the number of unknowns from 891 to less
than 800. Consequently, (EM'*M)+ in Eq. [9] is over-determined–hence the perfect dSRF.
With numeric regularization, which is typically needed to ensure a well-conditioned matrix
inversion when SNR is low, ‘the perfect dSRF’ of Fig. 13(b) degrades slightly to the dSRF
for SENSE SLAM* shown in Fig 13(c). The dSRF remains spatially well-constrained, with
edge definition improving as the TSVD threshold is reduced, or as more PEs are added. On
the other hand, as Fig. 13(d) shows, the dSRF of SENSE SLAM employing Eq. (6) does not
closely approximate the perfect case, even with all phase encodes (154 PEs in SENSE CSI)
included.

However, without SENSE reconstruction, the dSRF of SLAM* (Fig. 13e) and SLAM (Fig.
13f) using 1/6th of the CSI PEs, are very similar to each other. They are also similar to the
dSRF of numerically regularized SENSE SLAM* (Fig. 13c), which is 6 times faster than
SENSE CSI and 36 times faster than CSI. However, the similarity between SLAM* and
SLAM dSRFs disappears as the number of PEs is reduced further, as illustrated with only
1/36th of the CSI PEs in Figs. 13(g) and (h). Note that while numeric regularization affects
the dSRF of SENSE SLAM*, it barely alters that of SLAM, SENSE SLAM or SLAM*. We
found that numeric regularization with the 2% TSVD threshold was adequate for the data
sets analyzed herein.

To quantify the dSRF’s of the tumor compartment in Fig. 13, the summed dSRF and |dSRF|
were calculated over the five segmented compartments (tumor and contralateral brain, 20
CSI voxels each; ‘rest of the brain’ compartment #3, 288 voxels; scalp, and background).
Without numeric regularization, SENSE SLAM* achieved perfect reconstruction (Table 1,
row a) consistent with its dSRF (Fig. 13b). Numeric regularization broadened the dSRF of
SENSE SLAM*, resulting in non-zero sums of dSRF and |dSRF| from the surrounding
compartments (Table 1, row b). On the other hand, SENSE SLAM always forces the integral
of dSRF to zero over the other compartments. This is in part achieved by a spatially
oscillating dSRF (Fig. 13d), reflected in the non-zero |dSRF| sum in Table 1 (row c), which
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explains the strong lipid contamination in the SENSE SLAM spectra (Fig. 7, spectra b1–f1).
Unlike SLAM (Table 1, row e), SLAM* (row d) does not force the summed dSRF to zero,
but SLAM* does reduce the |dSRF| sum compared to SLAM. This is consistent with the
reduced lipid contamination noted in Fig. 7.

Both of the dSRF’s in Fig. 13(c,e) are broadened compared to the perfect case (Fig. 13b).
Table 1, rows f–h, show the effect of summing the dSRF and |dSRF| of the tumor
compartment over a region expanded by ∼20% in each direction (tumor extended from 20
to 28 voxels; same 20-voxel contralateral brain compartment; remaining brain region
decreased to 280 voxels). Without regularization SENSE SLAM* is unchanged (Table 1,
row f vs. row a). However, with numerical regularization the summed dSRF in the tumor
increases from 0.83 to 0.97, while that in the rest of the brain decreases from 0.17 to 0.03
(row g). A similar result obtains for SLAM* (Table 1, row h). This means that nearly all of
the contributions to the reconstructed SLAM* and SENSE SLAM* spectra derive from a
region localized around the tumor. Thus, it is reasonable to interpret the numerically
regularized dSRF of SLAM* or SENSE SLAM* as a broadening (∼20% in each direction
for the specific geometry shown in Fig. 13a) of the ideal case.

Finally, Fig. 14 depicts the dSRF in the extreme case of 120-fold accelerated SENSE
SLAM* for compartment 3 of Fig. 7. Here, with only a single PE, localization is essentially
entirely attributable to the SENSE coils in combination with the prior knowledge. This
results in some signal rise around the periphery, close to the coils. Note that such extreme
acceleration may not work well for other segmentation, data, or applications.

5. Discussion
Even though information about spatial heterogeneity may be lost, in human and animal
studies in practice, metrics derived from global or compartmentally-averaged spectra are
often used to index metabolic status for diagnostic or prognostic purposes. SLAM is an
MRS localization method that provides average spectra from segmented anatomical
compartments using a limited set of phase-encoded acquisitions. Because these spectra are
reconstructed by linear algebra for which any subset of the conventional CSI PE set can be
selected, choosing only those at central k-space where SNR is highest, generally results in
the best SNR by avoiding SNR losses associated with co-adding conventional CSI spectra,
post-acquisition[16, 17]. This means that SLAM can employ the same (central k-space) PE
set for any given study protocol without requiring additional scanner-side prescription. The
SNR gain compared to coadding CSI spectra then provides a substantial offset to the SNR
loss that results from cutting the scan-time by dropping the high-order phase-encodes of the
conventional CSI acquisition. Compared to 2D and 3D CSI whose PE sets typically require
102 to 103 acquisitions, the decimated PE acquisition sets possible with SLAM can produce
very large reductions in scan-time indeed. Such reductions can easily enable inclusion or
extension of MRS in a patient or animal MRI/MRS protocol that would otherwise be
precluded by time constraints, as was the case for the brain tumor patient in Fig. 10 for
whom conventional SENSE CSI could not otherwise be performed.

In prior work[17], we demonstrated up to an 8-fold acceleration for 1D SLAM limited to a
single receiver coil, when compared to an existing standard 16-PE 1D CSI protocol used for
human cardiac 31P MRS[49]. With a 4-fold speed-up, measurements of human cardiac
energy metabolism obtained from 1D SLAM and 1D CSI were indistinguishable. In the
present work we have expanded 1D single-coil SLAM in five major and novel ways.

First, we have extended the SLAM method to 2D and 3D CSI achieving acceleration factors
of up to 100-fold (Fig. 2) and 120-fold (Fig 7). Even the lower acceleration factors of 5- or
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7-fold reported for the human data (Figs 7–12) represent meaningful, enabling, scan-time
advantages. Importantly, these acceleration factors are measured relative to CSI acquisitions
that have already been truncated by dropping (22% of the) PEs from the corners of k-space.
The 7-fold reduction for 3D 31P cardiac CSI, for example (Fig. 11), slashes a barely tenable
39-min scan, which would be impractical for quantitative kinetic studies involving repeat
acquisitions[2, 4, 5], to just 5½ min. This is short enough to include with a whole functional
cardiac MRI study in a single patient exam. But even if the time-saving were not needed,
averaging 7 SLAM acquisitions, for example, could still deliver up to a √7-fold SNR benefit
compared to a compartmental-average CSI spectrum acquired in the same time: averaging
four 1D SLAM acquisitions was already shown to produce a ∼√4=2-fold SNR gain for
leg 31P MRS[17], and a ∼3-fold gain in SNR per unit volume and time was demonstrated in
Fig. 7.

Second, we have combined SLAM with multi-receiver SENSE. State-of-the-art brain 1H
CSI often employs SENSE parallel imaging techniques to dramatically reduce the CSI PE
set and hence scan-time. This raises questions of whether SLAM can do better than SENSE
CSI, or even if, or how, SLAM could be combined with SENSE. The analysis and results
from a 32-channel head-coil presented here show that, with conventional SENSE
calibration, the signals from the individual receiver channels can actually be used in lieu of
PEs in SLAM, for spatial encoding. Consequently, SENSE SLAM can provide significant
additional scan-time acceleration on top of that provided by SENSE CSI. This was
demonstrated with 5 to 6-fold acceleration factors in Figs. 7–10 and 12. The example of a
120-fold acceleration compared to SENSE CSI illustrates the extreme case of replacing all
but a single central k-space PE with the SENSE inputs from the 32-channel coil (Figs. 7,
14). Indeed, in many cases adding SENSE results in a reconstruction that is many-fold over-
determined for the number of compartments being solved. Note that while the choice of
gradient PEs to be used in conjunction with the SENSE reconstruction is arbitrary,
deteriorating error and SNR away from central k-space argue for always choosing the
centermost k-space steps first.

Third, we introduced a modification to the SLAM algorithm–SLAM* (Eq. 7) that reduces
errors due to the effects of signal heterogeneity within compartments[17]. Although the
integral of the SRF computed with the prior SLAM reconstruction (Eq. 6) is forced to zero
outside a desired segmented compartment, non-zero integrals can result when signal
variations are large. While the summed dSRF magnitudes in Table 1 represent highly
unlikely worst-case scenarios in which nothing at all cancels, the experimental studies
suggest that in practice, incomplete cancellation primarily arises from the superficial scalp
compartment. Here, variations in intense lipid signals are exacerbated by the OVS pulses, as
well as by the field inhomogeneity at the scalp which is furthest from the magnet iso-center,
resulting in lipid signals bleeding into the brain SLAM spectra. We showed that the spatially
limited dSRF of the SLAM* reconstruction (Fig. 13) greatly ameliorates this affect. For this
reason it is preferred, especially with SENSE. The cost of SLAM* is some broadening of the
dSRF. The broadening decreases as the number of PEs or the compartment size increases,
and also as the threshold for numeric regularization is reduced. The upshot, is that SLAM*
and especially SENSE SLAM*, are relatively insensitive to inhomogeneity or gross
maladjustment of the segmentation (Fig. 12), such that lipid contamination of SLAM*
spectra differs little from the CSI standard (Figs. 4, 7, 8, 12). Even so, the dSRF is a function
of the acceleration factor, the SENSE coil geometry, as well as the sample distribution and
compartment segmentation, and will therefore likely require some tailoring to optimize
results for a given study protocol.

Fourth, all of these techniques–2D, 3D, SLAM and SLAM*, with and without SENSE–
have been reduced to practice in vivo, in human studies. Moreover, as the data in Figs. 5 and
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9 attest, when these techniques are applied to 1H MRS studies of patients with brain tumors
and key 1H MRS metabolites–Cho, CR, and NAA–are quantified and compared with the
average CSI spectra from the same compartments, the same results obtain. This, 5 times
faster than SENSE CSI, which is already accelerated.

Fifth, we have shown that existing tools commonly applied to compensate CSI spectra for
field inhomogeneities and eddy-currents, can conveniently be incorporated into SLAM on a
voxel or compartment-by-compartment basis similar to CSI, without affecting the
quantitative agreement between SLAM and CSI (Figs. 8, 9). As usual, the treatment of
spatial and temporal field inhomogeneities (Sec. 2.4), does require quantification of their
behavior.

We previously reviewed SLAM in the context of earlier SLIM[24], GSLIM[25] and
SLOOP[26] approaches noting their differences, as well as single voxel approaches which
are limited to rectangular voxels that can’t be altered post-acquisition[17]. SLIM, GSLIM
and SLOOP could in principle offer ultra-high resolution and eliminate artifacts from signal
bleed. However, this would require perfectly accurate compartmental segmentation and
uniform compartments that may be difficult to realize in practice. Ultra-high resolution
MRS, which would at least be needed to establish a standard for error quantification, may
also be problematic. In contrast, SLAM accepts conventional CSI as the standard. It is
therefore easily validated with existing CSI data sets, retro- or pro-actively acquired (Fig. 8,
10), and does not need ultra-high resolution MRS and accurate segmentation is not critical
(Fig. 12).

In conclusion, SLAM is a new CSI-based MRS localization technique that offers huge
reductions in scan-time and potentially large increases in volume coverage, while preserving
SNR. The method does not even require scanner-side prescription of anatomic
compartments. In our opinion, its reduction-to-practice in 2D, in 3D, with SENSE, with
eddy-current compensation, and with quantitative validation in 1H MRS studies of 24
patients with brain tumors, should suffice to demonstrate that the technique is now ready for
prime time.
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Appndix A: Localization analysis for (SENSE) SLAM
The reconstructed (SENSE) SLAM spectrum for the ith compartment of a set of C
compartments

can be determined from the dSRF as:

(A1)

where  denotes that only the ith (1 ≤ i ≤ C) row corresponding to the ith

compartment is selected from the (SENSE) SLAM spectral matrix, ; dSRFC*M(i, j) is
the element at the ith row and jth column of dSRFC*M; j (1 ≤ j ≤ M) is an index for each of
all M spatial voxels; and ρM*N(j,:) is the jth spectrum in the (SENSE) CSI spectral matrix,
ρM*N.

If the spatial voxels of ρM*N in a specific region are grouped to form a user-defined region k,

their contribution to the ith SLAM spectrum from the compartment of interest, , is:

(A2)

where ρ̄k is the average (SENSE) CSI spectrum for region k; and

 is the deviation of each individual CSI voxel spectrum in the
kth region from its regional mean.

A further examination of Eq. (A2) leads to:
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(A3)

Eq. [A3] relates the SLAM spectrum reconstructed for the ith compartment, to the
contributions from the mean signal of each region and the inhomogeneities, modulated by
the dSRF over the specified regions. The inequality in |dSRF| sets an upper bound on
contributions due to regional inhomogeneity.

Appendix B: The dSRF for (SENSE) SLAM incorporating inhomogeneity
effects

The dSRF for (SENSE) SLAM reconstruction (Eq. 11), after incorporating spatial
alternation terms, is:

(B1)

Similarly, for (SENSE) SLAM* (Eq. 12):

(B2)

For time-varying spatial corrections, the dSRF should be computed separately for each time
point.

Appendix c: The SNR of (SENSE) SLAM

The compartmental average (SENSE) CSI spectrum for the ith compartment, , obtained
from the “pre-whitened” Eq. (2) is:

(C1)

where L is the number of voxels in the ith compartment, j is a voxel index in the ith

compartment,  is the (SENSE) CSI unfolding matrix, and Mcsi is the number of
acquired (SENSE) CSI signals from all coil elements. Assuming the SD of the noise in the
pre-whitened signal matrix, sMcsi*N is σ, the noise in the ith compartmental average (SENSE)
CSI spectrum is,

(C2)

where k (1 ≤ k ≤ M csi) is an index for each acquired signal.

Similarly, the noise for the ith compartmental (SENSE) SLAM spectrum is,
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(C3)

and

(C4)

for (SENSE) SLAM*. Here M’ is the total number of k-space signals used in (SENSE)
SLAM/SLAM*, and (i, k) denotes the corresponding matrix element.

The relative SNRs for a given total scan-time obtain by comparing Eqs. C2–C4, assuming
the compartment signal is constant.

Zhang et al. Page 19

J Magn Reson. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Highlights

• 2D and 3D SLAM provide compartment-average spectra up to 120-fold faster
than CSI.

• SLAM can use phase-encoding gradients and/or parallel imaging detectors
(SENSE).

• SENSE SLAM 5-fold faster than already-accelerated brain 2D SENSE CSI, is
shown.

• A modified SLAM reconstruction algorithm improves spatial response and
reduces error.

• SLAM 31P heart and 1H brain tumor measures are the same as CSI, 5–7 times
faster.
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Figure 1.
The k-space acquisition schemes for: (a) 11×14 SENSE CSI with corners omitted (120
steps); and SENSE SLAM/SLAM* acquisitions with further (b) 5-fold (25 steps total) and
(c) 120-fold (1-step) acceleration factors, respectively. For simplicity, the 6-fold k-space
undersampling afforded by SENSE, is omitted. Each filled circle denotes a k-space sample
in the kY (or Y) and kx (or X) directions.
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Figure 2.
Comparison of 3D proactive 31P SLAM spectra in a phantom. (a) Segmentation based on a
co-registered phantom image. The CSI voxels are segmented into three compartments: 1,
H3PO2; 2, H3PO4; 3, background. (b–d) Red SLAM spectra reconstructed from 20 phase
encodes compared to the blue CSI compartmental average spectra reconstructed from 2000
phase encodes. The SLAM acceleration factor is R=100.
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Figure 3.
Retroactive and proactive SLAM in normal brain. (a) MRI of normal brain, overlaid with
the CSI grid and segmented into four compartments post MRS acquisition: (1) user-defined
area; (2) ‘rest of the brain’; (3) scalp; and (4) background. (b–d) 2D CSI (blue) and 2D
SLAM spectra (red and green) acquired from the four compartments. The red SLAM spectra
were acquired in a proactive scan using data 14 times faster than CSI. The green SLAM
spectra were reconstructed retroactively from a subset of 1/14th of the CSI data.
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Figure 4.
Comparison of SLAM and SLAM* brain spectra with CSI. (a) Image with co-registered CSI
grid and segmented into five compartments: (1) tumor (low-grade astrocytoma); (2)
contralateral brain; (3) ‘rest of the brain’; (4) scalp; and (5) background. Spectra (b1–f2)
show the CSI spectra (blue) from the corresponding compartments, along with SLAM (b1–
f1) and SLAM* (b2–f2) spectra (red) reconstructed from 1/6th the CSI data for an
acceleration factor R=6.
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Figure 5.
Quantitative comparison of SLAM and SLAM* with CSI data from the 16 patients. Cho,
CR, and NAA levels (arbitrary units) as quantified in SLAM (a–c), and in SLAM* (d–f)
spectra in tumor, contralateral brain and ‘rest of the brain’ compartments, as a function of
those levels measured in the CSI spectra from the same compartments. The SLAM and
SLAM* spectra were reconstructed from 1/6 of the 2D CSI data for an effective R=6. The
correlation coefficients are R ≥ 0.98 for all cases.

Zhang et al. Page 25

J Magn Reson. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Bland-Altman plots for Cho (a, c) and CR (b, e) measured by SLAM (a, b) and SLAM*
(d,e), as compared to CSI. Parts (c) and (e) show Bland-Altman plots for CR measured by
SENSE SLAM* as compared to SENSE CSI, without (c), and with (f) B0 corrections.
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Figure 7.
2D retroactive SENSE SLAM and SENSE SLAM* results. (a) MRI showing segmentation
of five compartments: (1) ‘rest of the brain’; (2) tumor (a glioblastoma); (3) contralateral
brain; (4) scalp; and (5) background. Spectra (b1–f3) are from the corresponding
compartments with SENSE CSI spectra in blue for comparison. SENSE SLAM spectra (b1–
f1) and SENSE SLAM* spectra (b2–f2) in red, were reconstructed with 1/5th of the SENSE
CSI data, for an acceleration factor R=5. Spectra (b3-f3) were reconstructed with R=120
using SENSE SLAM*.
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Figure 8.
SENSE CSI and SLAM* spectra without and with eddy current corrections. (a) MRI
depicting segmentation: (1) brain tumor; (2) contralateral brain; (3) ‘rest of the brain’; (4)
scalp; and (5) background. Spectra (b1–f2) are from the corresponding compartments
without (b1–f1) and with (b2–f2) eddy current correction. Blue spectra are SENSE CSI. The
SENSE SLAM* spectra are reconstructed from 1/5th of the CSI data set (green), or
proactively in a separate scan with R=5 (red).

Zhang et al. Page 28

J Magn Reson. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
Quantitative comparison of SENSE SLAM* measures of Cho, CR, and NAA levels
(arbitrary units) in tumor and contralateral brain with SENSE CSI measures from the same
compartments, without (a–c) and with (d–f) eddy current corrections. The SENSE SLAM*
spectra were reconstructed with 1/5th of the CSI data for R = 5. Correlation coefficients are
R ≥ 0.98 for all cases.
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Figure 10.
(a) Proactive SENSE SLAM* from the top three sections (separation, 17.6 mm) of a 5-slice
data set, annotated to show: (1) tumor; (2) contralateral brain; (3) ‘rest of the brain’; (4)
scalp; and (5) background compartments. (b–d) SENSE SLAM* spectra of the
corresponding compartments in each of the three slices.
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Figure 11.
3D SLAM in a human 31P cardiac study. (a) Cardiac MRI showing segmented
compartments: (1) chest; (2) heart; and (3) background. SLAM (red) and CSI (blue) spectra
from (b) the chest and (c) the heart, with R = 7 and a 15 Hz exponential filter.
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Figure 12.
The effects of incorrect segmentation and inhomogeneity. (a1–h1) Brain MRI showing eight
grossly maladjusted segmentations (Fig. 8a shows the correct segmentation). The
corresponding SENSE SLAM* (a2–h2, red) and SENSE SLAM spectra (a3–h3, red)
reconstructed from the maladjusted compartments are compared with the average SENSE
CSI cspectra (blue) from the same compartments. For SENSE SLAM* and SENSE SLAM,
R = 5 compared to SENSE CSI.

Zhang et al. Page 32

J Magn Reson. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 13.
The computed tumor dSRF. (a) Brain MRI showing tumor segmentation(1, in red). The real
part of dSRF is shown for the following reconstructions: (b) SENSE SLAM* (R=6 vs.
SENSE CSI, without numeric regularization); (c) SENSE SLAM* (R = 6 vs. SENSE CSI,
with numeric regularization and TSVD threshold ≤2% of the maximum); (d) SENSE SLAM
(R=6 vs. SENSE CSI); (e) SLAM* (R=6 vs. CSI); (f) SLAM (R=6 vs. CSI); (g) SLAM*
(R=36 vs. CSI); (h) SLAM (R=36 vs. CSI). Note that the dSRF is essentially not changed
with or without the 2% TSVD in (d–h).
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Figure 14.
The computed dSRF for compartment #3 of Fig. 7 in the extreme case of a single phase-
encode (intensity scale is arbitrary).
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