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Purpose We have recently extended conventional single-pulsed-field-gradient (s-PFG) diffusional kurtosis imaging (DKI) to double-PFG (d-PFG) 
diffusion MRI sequences, with a method known as double-pulsed DKI (DP-DKI)1. By virtue of a 6D formulation for q-space, many of the results and 
insights of s-PFG DKI are generalized to d-PFG. Owing to the fact that DKI isolates the second order contributions to the d-PFG signal (i.e. second order 
in b-value), 6D diffusional kurtosis encodes unique information beyond that available from s-PFG sequences1,2. We have previously demonstrated DP-
DKI of mouse brain at 7T, and it is the objective of this study to demonstrate the feasibility of in vivo human DP-DKI at 3T.  

Methods Theory A detailed description of DP-DKI is given by Ref. 1. Briefly, a typical d-PFG sequence consists of 2 s-PFG blocks, one between the 90o 
and 180o pulses, and the other after the 180o pulse. The pulse duration ߜ and the diffusion time Δ are assumed to be identical for both blocks, and the 
interval between the end of the first and the beginning of the second s-PFG is characterized by a mixing time ߬. The b-values for the 2 s-PFG blocks are ܾ ≡ ሺ݃ߜߛሻଶሺΔ െ δ/3ሻ and ܾ′ ≡ ሺ݃ߜߛ′ሻଶሺΔ െ δ/3ሻ, respectively, and the corresponding 3D diffusion wave vectors are ܙ ′ܙ and ߨ2/ܖ݃ߜߛ≡ ≡ ෥ܙ ሻ can be regarded as a 6D diffusion wave vector′ܙ,ܙThe pair of diffusion wave vectors ሺ .ߨ2/′ܖ′݃ߜߛ ≡ ሺܙ,  The 6D .′ܙ ෥ corresponds toܙ and the last 3 components of ܙ ෥ corresponds toܙ ሻ, whereby the first 3 components of′ܙ

unit vector associated with ܙ෥ is ܖ෥ ≡ ෤ݍ ෤, whereݍ/෥ܙ ≡ ෥|. The 6D b-value of a d-PFG sequence is then: ෨ܾܙ| ≡ ሺ2ݍߨ෤ሻଶሺΔ െδ/3ሻ ൌ ܾ ൅ ܾ′. The logarithm of d-PFG signal ሚܵ൫ ෨ܾ, 	෥൯ can then be expanded in powers of ෨ܾ: lnܖ ሚܵ൫ ෨ܾ, /෥൯ܖ ሚܵሺ0, ෥ሻܖ ൌ െ෨ܾܦ෩ሺܖ෥ሻ ൅෨ܾଶܦ෩ሺܖ෥ሻଶܭ෩ሺܖ෥ሻ/6 ൅ ܱ൫෨ܾଷ൯, where ܦ෩ሺܖ෥ሻ and ܭ෩ሺܖ෥ሻ are the 6D directional diffusivity and diffusional kurtosis, respectively. The 
directional dependence of ܦ෩ሺܖ෥ሻ and ܭ෩ሺܖ෥ሻ may by fully described by 6D diffusion and kurtosis tensors, which have 12 and 
66 independent components, respectively.  The means of the 6D tensors are estimated in lieu of the full tensors to minimize 
image acquisition time. These metrics can be found by first calculating ෨߰൫ ෨ܾ൯ ൌ ∑ ln ሚܵ൫ ෨ܾ, ෥௠൯ܖ /12ଵହ௠ୀସ ൅ ∑ ln ሚܵ൫ ෨ܾ, ෥௠൯ଶଵ௠ୀଵ଺ܖ /24 െ ∑ ln ሚܵ൫ ෨ܾ, ෥௠൯/12ଷ௠ୀଵܖ , where ܖ෥௠ is the set of 21 6D diffusion-encoding directions in Table 1 of Ref. (1). The means of 

the 6D diffusion tensor (ܦഥ෩) and kurtosis tensor ( ഥܹ෩ ) can then be estimated from a quadratic fit to ෨߰൫ ෨ܾ൯ ൌ ln ሚܵ଴ െ ෨ܾܦഥ෩ ൅෨ܾଶܦഥ෩ଶ ഥܹ෩ /6 ൅ ܱ൫෨ܾଷ൯. An analogous method has also been proposed for estimating the means of the standard 3D diffusion 
tensor (ܦഥ) and kurtosis tensor ( ഥܹ )3. MRI n = 4 healthy volunteers were scanned using 3T MRI scanner (Achieva, Philips) 
with an in-house d-PFG SE-EPI sequence. DWIs were acquired with 5 6D b-values (0, 500, 1000, 1500, 2000 s/mm2) along 
21 diffusion-encoding directions (Table 1 of Ref. (1)) with ߜ/Δ/τ = 14.9/21.4/34.1 ms, TR/TE = 5500/112 ms, FOV = 230 x 
230 mm2, acquisition matrix = 76 x 76, SENSE factor = 2, TH = 5 mm, BW = 3657 Hz/pixel, NEX = 2, acquisition time = 19 
minutes. Post-processing Linear least square estimation of ܦഥ෩  and ഥܹ෩ , as well as of ܦഥ  and ഥܹ , was performed. The 
conventional fractional anisotropy (FA) was also estimated from the same dataset. ROIs of the splenium of the corpus 
callosum (CC), putamen (PU) and thalamus (THA) were manually selected. All measurements were obtained by taking the 
average of all voxels in the corresponding ROIs. All computations were performed using MATLAB. 

Results and Discussion Representative parametric maps are illustrated in Fig. 1. White matter (WM) and deep gray 
matter (GM) regions have higher ഥܹ െ ഥܹ෩  than cortical regions and ventricles. ഥܹ െ ഥܹ෩  is largely complementary to FA 
throughout most brain regions. Notably, ഥܹ െ ഥܹ෩  carries different information in complex WM regions, such as fanning or 
crossing fibers. In particular, observed ഥܹ െ ഥܹ෩  values are consistent with these brain regions having a high degree of 
microscopic anisotropy amid the relatively low macroscopic anisotropy as revealed by FA, and that cortical GM regions 
have substantially lower microscopic anisotropy. The ROI measurements for all subjects are shown in Fig. 2. The absolute 
difference between ܦഥ  and ܦഥ෩  is very small 
(maximum difference of 0.03 ± 0.02 μm2/ms), 
which is expected1. The mean and standard 
deviation of the ഥܹ െ ഥܹ෩  of all subjects for CC, 

THA and PU are 0.22 ± 0.03, 0.15 ± 0.03 and 0.12 ± 0.01, respectively. Apart 
from mapping microscopic anisotropy, another potential application of the 
additional information provided by DP-DKI pertains to biophysical modeling of 
brain microstructure, which will be performed in future study. It is worth noting 
that there are other methods that allow the estimation of the microscopic 
anisotropy of brain tissue, including those proposed by Lawrenz and 
Finsterbusch4, Jespersen et al5, and Szczepankiewicz6. These are closely 
related to the framework of DP-DKI, and that the contrast of the microscopic 
anisotropy metric estimated by these methods are qualitatively similar to that 
of ഥܹ െ ഥܹ෩ . 

Conclusion A clinically feasible DP-DKI method has been successfully 
demonstrated for the in vivo assessment of the microscopic anisotropy of 
human brain. Microscopic anisotropy, as estimated by the rotationally invariant 
DP-DKI metric ഥܹ െ ഥܹ෩ , reveals microstructural information that is not 
obtainable with conventional s-PFG diffusion MRI.  
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Fig. 1. ܦഥ෩, ܦഥ෩, ܦഥ െ ഥ෩, ഥܹ෩ܦ , ഥܹ෩ , ഥܹ െ ഥܹ෩  and FA maps. 
Scale for MD maps: 0 – 
1.4 μm2/ms; MD differ-
ence: 0 – 0.3 μm2/ms; kur-
tosis: 0 – 1.4; kurtosis dif-
ference: 0 – 0.3; and FA: 
0 – 0.6.  

 
Fig. 2. ܦഥ ഥ෩ܦ , , หܦഥ െ ഥ෩หܦ  (upper row), ഥܹ , ഥܹ෩  and ഥܹ െ ഥܹ෩  (lower row) 
measurements which are expressed as mean and standard deviation 
of all values in the corresponding ROI for each subject.  
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