
Figure 1. Localized dPFG MRS sequence incorporating a spectrally selective excitation, 
a dPFG module encompassing two diffusion sensitizing gradient pairs G1 and G2, 
localization by 3D LASER, and a FID acquisition. No water-suppression is used. 

Figure 2. Raw data and fittings from an in vivo control rat. Each
spectrum was acquired in only 4 min. Metabolites clearly reveal the
hallmark dPFG amplitude modulation upon varying the relative angle
between G1 and G2 (ψ), indicating restricted diffusion in randomly
oriented, eccentric compartments.  

Figure 3. Spectra from a stroked brain (left) show that metabolites still 
experience restricted diffusion. An apparent ε increase is observed in 
stroked rats (N=5) compared to control (N=4). Lac diffuses in less 
eccentric spaces compared with NAA and Cho (*p<0.05)  
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Target Audience. Researchers and clinicians interested in CNS 
microstructure and metabolism. 
Introduction. Diffusion MRI has played a key role in early detection of 
stroke1, yet the microstructural determinants underlying water diffusivity 
variations remain elusive2. This derives from water’s non-specificity, 
and from lack of signatures for microstructural changes as opposed to 
intrinsic D0 variations. By contrast, metabolic signals in the CNS can 
impart specificity towards CNS compartments3. Changes in metabolic 
diffusivities upon stroke are well-documented4, even if their 
interpretation remains ambiguous.  
Double-Pulsed-Field-Gradient (dPFG) MR is emerging as a novel tool 
capable of directly reporting on CNS microstructure5,6. Here, we develop 
and apply a localized dPFG MRS sequence designed to measure key 
micro-architectural features of CNS metabolites in vivo. We show that 
certain metabolites are unambiguously confined to restricted, randomly 
oriented eccentric structures in the normal rat brain. We furthermore 
show that metabolic eccentricities vary with stroke differentially and 
irrespective of their inherent ADCs. These findings are highly promising 
for novel microstructural characterizations of the CNS in general and diseases in particular.   
Purpose. To measure in vivo metabolic confinements in normal and stroked brain.  
Methods. The experiments in this study were performed at 21.1 T on the MRI system at the 
National High Magnetic Field Laboratory (NHMFL), operating at a 1H frequency of 900 
MHz and equipped with a Bruker Avance III console. The localized dPFG MRS sequence 
here introduced is shown in Figure 1. It is based on the recently introduced Longitudinal-
Relaxation-Enhancement (LRE) concept for selectively targeting brain metabolites7, which 
completely avoids water excitation and obviates any active water suppression along with its 
associated baseline distortions. The ensuing spectra further benefit from favorable LRE8 and 
long T2 effects. The initial spectrally-selective excitation encompassed an 8 ms 
polychromatic pulse selectively targeting Lac, NAA, Cre and Cho. Subsequently, a dPFG 
module encompassing two bipolar gradient pairs G of duration δ and separation Δ separated 
by a mixing time (tm) is applied (Figure 1). The sequence concludes with a 3D LASER9 
module designed to localize the signal in space, followed by the spectral acquisition. 
Experiments in the normal rat brains were performed on a 6x6x6 (mm)3 voxel localized in 
the center of the rat brain, with Δ/δ = 52/2.5 ms, tm = 24 ms, G=36 or 48 G/cm, and TR/TE = 
1500/187 ms; the same parameters were used for the stroked rats, but with a 5x5x5 (mm)3 
voxel that was centered within the stroked area as identified from a preceding T2 weighted 
image. The measurements were performed ~24 h post stroke, which was induced by 
occluding the middle cerebral artery. Importantly, it can be shown that at long tm, dPFG 
amplitude modulation will be solely dependent on the structural apparent eccentricity10, 
whereas all other contributions (e.g., those arising from intrinsic changes in diffusivity11) 
will merely shift the modulated curves. In this study, we utilized this hallmark property to 
extract the apparent eccentricity, ε = L/R where L is the compartment length and R its radius. 
Results and Discussion. Localized dPFG MRS spectra from a representative naïve rat brain 
in vivo are shown in Figure 2. Notice the high fidelity of the spectra arising from the spectral 
selectivity of the pulses, and the absence of any water-related phase or baseline distortions. 
The dPFG telltale6,12 amplitude modulation at long (24 ms) tm is clearly evidenced for all 
these metabolites, demonstrating that they undergo restricted diffusion and are furthermore 
confined to randomly-oriented eccentric pores. Interestingly, we do not find statistically 
significant differences in apparent eccentricities for the different metabolites. By contrast, 
localized dPFG MRS experiments performed in stroked rats 24 h post-ischemia clearly 
evidence different restrictions (Figure 3). When quantified, we find statistically significant 
(p<0.05) increases in apparent eccentricity between control and stroked rats for NAA, Cre and Cho. Lac was not measured in control rats due to its inherently low basal 
signal. Interestingly, we find that Lac diffuses in compartments that have a consistently lower eccentricity compared with NAA and Cho (p<0.05). This finding may 
indicate Lac accumulation within cell bodies, which are presumably less eccentric compared to extracellular space. Previous literature demonstrated decreases in ADCs 
of metabolites upon stroke4; this study shows that these ADC decreases likely involve an increase in apparent eccentricity of randomly oriented compartments. These 
increases could arise from cellular expansions in a preferential (axial) dimension, from structural changes in the extracellular space, or from expulsion of metabolites 
into the extracellular space, which according to a recent model12, may exhibit a high apparent eccentricity.   
Conclusions. Metabolic confinements were measured for the first time via a novel localized dPFG MRS methodology. Metabolites undergo restricted diffusion in 
randomly oriented compartments that exhibit variations in eccentricity between stroke and control. The methodology introduced herein provides a facile and robust 
means of investigating compartmentation in the CNS with the specificity imparted by the metabolic signals. These are expected to become important especially for 
studying brain diseases.   
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