
Figure 1 (a) MEDITATE diffusion tensor acquisition technique. Four RF pulses
generate 17 echoes, each of which encodes a diffusion weighting and direction in three
dimensions. (b) Effective diffusion sensitizing directions of the 17 echoes. 
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Figure 2 (a) Plot of the relative amplitude of water (all 17 echoes) vs. the full diffusion
weighting argument. (b) λaxial, λrad and FA-values from ROI DTI analysis and (c) MD and
directivity maps obtained from DTI analysis of 22, 7 and 4 MEDITATE datasets of an
asparagus phantom (asparagus stalks horizontal and diagonal in the image plane and in the
through-plane direction, 8 available echoes per dataset). 
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Introduction 
Diffusion tensor imaging (DTI) provides biomarkers of tissue anisotropy and microstructure (principal diffusivities (λ1, λ2 and λ3), mean diffusivity (MD) and fractional 
anisotropy (FA)), which have many applications in oriented biological tissue (e.g. neural fibers [1], renal tubules [2], muscle fibers [3-5]). One route of acceleration of 
the multidirectional sampling required for DTI is multiple echoes [6,7]. This work studies the feasibility of implementing a 3D multiple echo diffusion tensor acquisition 
technique (MEDITATE) on a clinical system for muscle DTI [6]. In the MEDITATE-sequence, a pattern of diffusion gradients between the multiple RF-pulses encodes a 
train of echoes with each a different diffusion weighting and direction sufficient to estimate the 3D diffusion tensor (Figure 1). When combined with appropriate k-space 
trajectories, this accelerated encoding approach may allow time-resolved DTI. Previous work on pre-clinical scanners demonstrated accurate estimation of DTI-
parameters of fibrous phantoms with MEDITATE [8-10]. The present work extends this sequence to the clinical scanner platform. 
Materials and Methods 
The four RF-pulses in MEDITATE generate 17 echo producing coherence 
pathways (Figure 1) with separate echo times. Each of these echoes is 
differently diffusion weighted in magnitude and direction by 60 diffusion 
gradient lobes distributed over three gradient axes. The gradient direction set 
was optimized to minimize the error on the diffusion tensor estimates, 
giving a condition number [11] of 3.9. Besides diffusion weighting, the echo 
amplitudes are also weighted by the RF flip angles and spin relaxation [8,9]. 
To isolate diffusion contrast, DTI-analysis is performed on the ratio of equal 
timing acquisitions with different diffusion weighting strength. 
Subsequently, the ratio of the signal intensities is analyzed by the difference 
in B-matrices, computed in the standard way [9,10,12]. Theoretically, the 
diffusion encoding of the 17 echoes suffices to estimate the diffusion tensor 
using only two datasets. However, within the clinical scanner platform and 
considering in vivo relaxation characteristics, all 17 echoes are not always 
available. Hence, in this study we included more datasets, with a variation of 
diffusion weighting magnitude and direction, to estimate the DTI tensor.  
The MEDITATE sequence was implemented on the Siemens IDEA-platform with a Cartesian spin-warp acquisition scheme in this phase of optimization. MEDITATE 
datasets of water samples and an asparagus phantom were collected in a wide-bore Siemens 3T Verio scanner with an 8-channel knee coil (TR = 1000 ms, 64 x 64-
matrix, 1.6 x 1.6 x 8 mm resolution). The timing parameter τ [8-10] was 10.8 ms, giving rise to echo times for the first 8 echoes in the range 54 – 280.8 ms. Flip angles 
α1/α2/α3/α4 of  55°/71°/71°/110° were chosen in order to maximally equalize the magnitudes of the unweighted echoes [8]. Isotropic B-values of the 8 echoes measurable 
in the asparagus phantom (i.e. sum of the diagonal b-matrix elements [12]) ranged from 39 to 800 s/mm2, with a median of 246 s/mm2, in the diffusion weighted datasets 
while those in the reference scans were one-tenth as large, a finite value required to suppress unwanted FID signals. The resulting datasets were processed offline 
(Matlab, Mathworks) using a cylindrical tensor model [7,13] to generate maps of diffusion eigenvalues (λaxial and λrad), MD, FA and FA-weighted directivity color maps.  

Results and Discussion 
Figure 2a shows the water signal 
amplitude (17 echoes) as a 
function of the full diffusion 
weighting argument, 
demonstrating the quality of the 
fit estimating the tensor elements 
Dij. MD and directivity maps of 
an asparagus phantom are shown 
in figure 2c (8 available echoes 
per dataset). As the number of 
datasets included in the fitting 
process decreases, the noise in 
the diffusion tensor estimates 
increases. Despite the different 
diffusion time, relaxation and 
diffusion weighting of each of 
the echoes, the asparagus 

samples exhibit MD, λaxial, λrad and FA values (Figure 2b) in approximate agreement with earlier work [8]. Additionally, the asparagus stalk directivity (horizontal, 
diagonal, or throughplane) is correctly identified in all segments, despite the stronger T2 weighting for in-plane stalks perpendicular to the field. Homogeneously high 
MD and low FA is observed in the water in between the asparagus stalks. These values are relatively robust for all combinations of encoding sets tested (22, 7 and 4 
datasets). Hence, it is conjectured that the MEDITATE sequence can be used for approximate imaging of DTI parameters in in vivo applications, such as muscle DTI. 
This is the first implementation of the MEDITATE sequence scheme on a clinical scanner. It was found that, due to gradient strength restrictions and in vivo relaxation 
characteristics, not all 17 echoes were available. Further pulse sequence and analysis optimization will focus on the diffusion encoding of the available echoes in order 
to decrease the number of datasets needed whilst limiting the noise in diffusion tensor estimates.  
In conclusion, we demonstrated the feasibility of using a 3D multiple echo diffusion tensor acquisition technique (MEDITATE) on a clinical MRI scanner. When 
combined with an appropriate k-space trajectory employing self-navigation [14,15] and view-sharing [16,17], this sequence may potentially allow time-resolved DTI 
acquisition in mobile organs like skeletal muscle. 
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