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Synopsis
J-resolved H-MRSI o�ers improved molecular speci�city by encoding the J-coupling evolution of di�erent molecules at multiple TEs. The addition of
another encoding dimension poses both challenges and �exibility for optimizations in data acquisition and reconstruction. This work presents further
optimized J-resolved MRSI acquisition and reconstruction strategies for high-resolution, 3D metabolite, and neurotransmitter mapping. Speci�cally,
estimation-theoretic TE selection within a union-of-subspaces (UoSS) framework was analyzed for optimized separation of metabolite and
neurotransmitter signals. Both simulation and in vivo studies have been conducted. Promising results in terms of simultaneously high-resolution
mapping of major metabolites, Glx, and GABA are provided.

Introduction
J-resolved H-MRSI can improve quanti�cation of metabolite and neurotransmitter signals by encoding their J-coupling evolutions at multiple TEs .
Meanwhile, the addition of another encoding dimension to the high-dimensional MRSI problems poses signi�cant technical challenges as well as more
�exibility for optimizations in data acquisition and reconstruction. Recently, subspace imaging has been shown as an e�ective approach to accelerate J-
resolved MRSI by exploring the spatial-temporal-TE correlations within multiple dimensions . It has also been recognized that choosing an optimized
set of arbitrarily spaced TEs instead of the conventional uniform-TE distribution o�ers improved estimation of speci�c molecules of interest  . Highly
accelerated J-resolved MRSI has been demonstrated using sparse sampling in a (k,t,t )-space with limited TE sampling . This work presents a new
optimized J-resolved MRSI acquisition and reconstruction method for fast, high-resolution, 3D metabolite, and neurotransmitter mapping of the brain.
Speci�cally, we performed estimation-theoretic TE selection within a union-of-subspaces (UoSS) framework for optimized separation of metabolite and
neurotransmitter signals, and described a joint subspace and spatially constrained reconstruction for high-resolution noisy J-resolved data acquired at
the optimized TEs. Simulation and in vivo studies were performed to evaluate our method, which produced promising results in terms of fast, high-
resolution mapping of major metabolites, Glx, and GABA simultaneously.

Theory and methods
To optimize the separation and estimation of metabolite and neurotransmitter components in the J-resolved MRSI data, we use a di�erent adaptation of
the general UoSS model . Speci�cally, assuming the removal of water/lipid signals, we represent the image function of interest as 

where  denotes the chemical shift dimension,  the J-evolution (or TE) dimension. The basis , , and  span
the multi-TE subspaces for the major metabolites(e.g., NAA, Cr, Cho, mI etc), Glx (glutamate+glutamine) and GABA, respectively (can be learned from
training data), with  the spatial coe�cient to determine. Compared to the individual-molecule subspace expansion , this model allows further
reduction of dimensionality and enables TE optimization speci�c to the task of separating metabolites, Glx, and GABA.
More speci�cally, Eq. [1] can be rewritten in a discretized form as :

where  contains the TE-concatenated data,  are matrix representations of the component-speci�c subspaces (with dimensionality ),  the
spatial coe�cients for respective components, and  the white Gaussian measurement noise with standard deviation . Eq. [2] a�ords an easier
estimation-theoretic analysis, i.e., denoting  as coe�cient estimates, the Cramer-Rao lower bound (CRLB) for  can be derived as
:

where  is inverse Fisher Information Matrix (iFIM). The CRLB for individual component estimates can then be obtained by summing up the
diagonal elements in the iFIM that match the indices of metabolite, Glx, and GABA basis, respectively. Then, we can choose TEs by minimizing the CRLBs.
More speci�cally, we use a greedy algorithm to gradually add TE to our selected subset until the minimum CRLB does not decrease further (under an
equivalent-time comparison as in 8-10). This e�cient scheme yielded very similar minimum CRLB by exhausting arbitrary combinations, and the same
results for a 2-TE case (Fig. 1). Note that in contrast to the CRLB analysis using the spectral quanti�cation model , our optimization is done directly for
the UoSS model used for reconstruction and targeted speci�cally for the problem of metabolite/neurotransmitter separation. The e�ects of other
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molecular parameters, e.g., T2, are embedded in the learned subspaces. The reconstruction was done using a subspace constrained and joint-sparsity
regularized formulation, similarly described in 7(algorithmic details omitted here)

Results
We evaluated the proposed method using both simulations and experimental data. A computational J-resolved MRSI phantom was constructed by
extending the design in Ref. 8. Monte-Carlo simulations with independent noisy data realizations were performed to validate our optimized TE choices.
Simulation results demonstrate the feasibility of selecting optimal TEs using greedy-search in the 2-TE case (Fig. 1). The comparison of normalized
standard deviation maps of the coe�cient estimates coe�cient for metabolite, Glx, and GABA components under di�erent alternative TE choices
con�rm the improvement (reduction in estimation variances) o�ered by the optimized TEs.
High-resolution, 3D brain data were acquired on a Prisma 3T (IRB approved) scanner using a fast MRSI sequence previously described , with di�erent
TEs realized by changing the delays between the pair of adiabatic refocusing pulses. The sequence also enables interleaved water navigators for B  drift
correction, B  mapping, and sensitivity estimation, allowing the generation of 3D J-resolved MRSI data at optimized TE of 65+80ms in about 13.8mins.
Figures 4-5 show reconstruction from the in vivo data, demonstrating high-quality TE-dependent spectra and high-resolution, high-SNR maps of both
metabolites, Glx and GABA.

Conclusion
We proposed a new method to further optimize J-resolved MRSI using estimation-theoretic analysis of a union-of-subspaces model. TE combinations are
optimized by minimizing CRLB using a greedy search. Monte-Carlo analysis validated the optimized TE selection. High-SNR, 3D metabolite, and
neurotransmitter maps with a nominal voxel size of 3.4×3.4×5.3 mm  can be simultaneously produced within 14mins using the optimized TEs.
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Figure 1. CRLB analysis for Glx (Row 1) and GABA (Row 2) components. Column 1 shows the optimal CRLB using a greedy search w.r.t the number of TEs
used. Column 2 shows the CRLB map with all 2-TE combinations. The optimal 2-TE combination (65+80ms) with the lowest CRLB is marked with the blue
arrow, which was obtained by our greedy search for 2 TEs. A 2-TE acquisition is necessary to minimize the CRLB of GABA while the di�erence of CRLB
between 1 and 2 TEs for Glx is small. Therefore, we select a 2-TE case for further analysis.

Figure 2. Monte-Carlo analysis showing the normalized standard deviation (std) of the coe�cient estimates for di�erent components from the UoSS
�tting (Row 1: metabolite, Row 2: Glx, and Row 3: GABA). Several alternative TE choices with an equivalent acquisition time are considered for a 2-TE
case. Speci�cally, columns 1-4 display the std maps for the case of single-TE (35ms, 2 average), �rst 2 TEs (35 and 50ms), random 2 TEs (50 and 110ms),
and optimized 2 TEs (65 and 80ms), respectively, The best std maps were achieved by the optimized 2 TEs, consistent with the CRLB prediction.

Figure 3. A sketch of sequence used for in vivo J-resolved MRSI acquisition. The image on the left illustrates the volume of interest (blue box) with two
saturation bands (red box) to minimize z-direction aliasing. A pair of slab-selective adiabatic refocusing pulses are used for minimized chemical shift
displacement error and several interleaved navigators are incorporated for �eld-drift correction, B  mapping, and the water reference images . MRSI
data are acquired via an EPSI-based trajectory with k-space undersampling capability.

Figure 4. Reconstructed voxel spectra from the in vivo data acquired at the optimized TEs. The images on the left are T1-weighted anatomical images
from the 3D imaging volume with locations of representative voxels marked. Columns 2 to 4 show reconstructed spectra from the marked spatial
locations. High-quality spatial-resolved 2-TE spectra were produced by our reconstruction method.
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Figure 5. High-resolution and high-SNR metabolite and neurotransmitter maps estimated from the in vivo data (a 3.4×3.4×5.3mm  nominal resolution).
Anatomical images (T1w) across di�erent slices from the 3D imaging volume are shown in the top row, and maps of di�erent metabolites, as well as the
Glx and GABA components, are shown in subsequent rows.
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