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Figure 1: Trace/3 ADC, FA 
and RA maps of Cho, Cr, 
NAA and water in subject 1. 
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TARGET AUDIENCE: Clinicians and clinical researchers in the fields of neurology, psychiatry and spectroscopy. 
PURPOSE: Mapping the diffusion of metabolites provides a new approach for characterizing intracellular microstructural changes of the human brain1 and, in turn, this 
characterization may be used to investigate intracellular developmental processes as a function of normal aging. The measurement of metabolite diffusion could 
specifically characterize the intracellular component of brain diffusion as a function of aging and in patients with autism, ischemia2 and other disorders. This approach is 
complementary to previous studies of water diffusion that demonstrated considerable changes in mean ADC as a function of age using diffusion weighted imaging 
(DWI)3 and diffusion tensor imaging (DTI)4. The measurement of metabolite diffusion would further characterize intracellular components of the change in brain 
development as people age.   In this study we use high-speed proton-echo-planar-spectroscopic-imaging (PEPSI) with ECG gating to perform diffusion tensor 
spectroscopic imaging (DTSI) in subjects of different age ranges in order to characterize the age dependence of metabolite diffusion. To further improve the correction 
of movement-related signal instability, which in our previous study relied on phase error correction5, we introduce a correction of head rotation-induced amplitude 
fluctuations of the acquired signal. 
METHOD: The PEPSI-based DTSI pulse sequence employed PRESS volume pre-localization and diffusion gradients with 25 ms duration and 23 mT/m maximum 
amplitude. Spatial localization along the edges of the PRESS box and suppression of regions with subcutaneous fat was enhanced using 8 outer volume suppression 
slices. Cardiac gating with a time delay of 250 msec between systole and the beginning of the pulse sequence was used to compensate for cardiac-related brain and 
cerebrospinal fluid pulsations. Correction of movement-related phase instability in individual acquisitions was performed on a coil-by-coil basis following the approach 
described in6, using up to 4 navigator acquisitions during the water suppression modules, after excitation and immediately before the phase encoding gradients and the 
echo-planar readout train. Relaxation correction was applied on a TR-by-TR basis to account for differences in scan time between individual data sets as a result of heart 
rate related variability in TR. In addition, we investigated a coil-by-coil normalization of amplitude fluctuations based on the amplitude 
of the 4th navigator in reference to the phase encoding step with the strongest signal. Furthermore, k-space data from phase encoding steps 
with excessive standard deviation in the ratio between the amplitudes of the 3rd and the 4th navigator across coils were discarded using a 
selected threshold. The navigator acquisition was spatially localized using a pair of echo-planar gradients oriented perpendicular to the 
PEPSI slice and employed automatic detection of the center of the PEPSI slice across the multi-coil data by enforcing consistency 
between multi-coil data. Navigator correction, spatial-spectral reconstruction with multi-coil combination and phase correction based on 
the residual water signal was performed online on the scanner as described in7.     Six healthy subjects with an age range from 3 months 
to 56 years participated after giving institutionally reviewed informed consent.  Data were collected on clinical 3T TIM Trio scanners 
(Siemens Medical Solutions, Inc) equipped with a 32-channel head array coil. 2D DTSI data were collected from a supraventricular 20 
mm thick slice in AC/PC orientation using: TE: 90 ms, TR: 2 s, b-values: 0 and 1734 s/mm2, 6 gradient directions, FOV: 226x226 mm2 or 
480x480 mm2, spatial matrix: 32x32 voxels, nominal voxel size: 1 using 2 averages or 4.5 cm3 using single average, resulting in  nominal 
scan times of 2:16 and 1:12 min, respectively. The total scan time to collect 7 water-suppressed and 7 non-water-suppressed data sets 
using 2 averages was approximately 30 minutes. A single 3D DTSI data set with b-value: 1734 s/mm2 was acquired in one subject using 
TR: 1.75 s, spatial matrix: 32x32x8 with elliptical sampling, voxel size: 0.6 cc and nominal scan time of 4:07 min. Spectral quantification 
of Choline (Cho), Creatine (Cr) and NAA was performed using LCModel fitting8 with an analytically modeled basis set. Non-water-
suppressed data were quantified in using spectral integration of the water resonance. The diffusion tensor, the apparent diffusion 
coefficient (ADC), the Trace/3 ADC (mean diffusivity), the fractional anisotropy (FA) and relative anisotropy (RA) were computed using 
MedINRIA software. Thresholds were used to remove outliers at the edges of the PRESS box. 
RESULTS: Water Trace/3 ADC, FA and RA maps show distinction between gray and white matter. Metabolite Trace/3 ADC, FA and RA maps were less spatially 
distinct in gray and white matter, in part due to limitations in SNR and phase correction using the small residual water signal (Fig. 1). Slice averaged Trace/3 ADC and 
FA values of Cho, Cr, NAA and tissue water measured in subjects 
1-5 were in the ranges reported in previous studies using single 
voxel methods9-11 and using diffusion tensor MRI (Fig.2, Table 1). 
The trend of the data (with the exception of the 27 year-old 
female) shows that younger subjects tended to have a higher mean 
Trace/3 ADC, which is consistent with previous findings that used 
diffusion weighted imaging of water3. In addition, FA values of Cr 
and Cho showed a trend of increasing with increasing age, 
consistent with studies of water diffusion across age ranges4,12. 
Data collection in a larger number of subjects across this age 
range is in progress to support these preliminary findings. 
Preliminary results show that the addition of the supervised 
amplitude correction further reduces ghosting. 
DISCUSSION AND CONCLUSION: This study demonstrates 
that high-speed DTSI can detect age-related changes in metabolite diffusion 
between infancy and later adulthood. It also lays the foundation for a more 
comprehensive analysis of the relationship between metabolite diffusion and age in 
healthy human brain in different brain regions, as well as abnormalities in diffusion 
in neurological disorders. The methodology combines phase and amplitude 
correction based on spatially localized navigators, which is a new technique that 
may reduce the effects of head rotation to improve the intra- and inter-subject 
reproducibility of diffusion tensor measurements. Current method development is 
focused on the analysis of amplitude instability and its effect on diffusion tensor 
calculations, and further optimization of correction strategies. Future studies will 
include developing a mathematical model for relating diffusion tensor properties 
and age, and comparing the metabolite diffusion tensor during brain development in 
healthy subjects with that of subjects with autism spectrum disorders.  
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Figure 2: Trace/3 ADC and fractional anisotropy (FA) values of NAA, Cr, and Cho for all six 
subjects in the order of increasing age. 

0.25 y.o. M
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

NAA ADC *10e0.28 0.04 0.17 0.04 0.18 0.05 0.23 0.04 0.17 0.05 0.15 0.04
FA 0.55 0.14 0.65 0.16 0.66 0.13 0.58 0.13 0.55 0.15 0.63 0.13
RA 0.36 0.13 0.35 0.12 0.36 0.08 0.34 0.09 0.27 0.09 0.30 0.07

Cr ADC *10e0.31 0.05 0.20 0.05 0.22 0.05 0.26 0.04 0.19 0.05 0.17 0.03
FA 0.51 0.15 0.56 0.16 0.61 0.14 0.53 0.15 0.58 0.15 0.58 0.15
RA 0.34 0.11 0.31 0.10 0.35 0.10 0.32 0.10 0.31 0.11 0.30 0.10

Cho ADC *10e0.26 0.04 0.19 0.04 0.17 0.05 0.24 0.04 0.17 0.05 0.14 0.02
FA 0.61 0.13 0.57 0.14 0.62 0.12 0.59 0.16 0.60 0.13 0.71 0.10
RA 0.39 0.09 0.31 0.10 0.32 0.06 0.36 0.11 0.31 0.09 0.35 0.07

24 y.o. F 26 y.o. F 27 y.o. F 54 y.o. M 56 y.o. M

Table 1: Mean and standard deviation of Trace/3 ADC, FA, and RA across the 
slice for the six subjects. 
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