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Introduction: Diffusion Kurtosis Imaging maps both the Gaussian and non-Gaussian diffusion property in tissue microstructure and has gained great interest lately1. 
Other than the standard diffusion kurtosis related measures (e.g. mean kurtosis-MK, axial kurtosis-AK, radial kurtosis-RK) that provide indirect measurement of the 
tissue microstructure, Fieremans et al. showed that DKI can also provide more direct white matter characterization through parameters such as axonal water fraction 
(AWF), the tortuosity of the extra-axonal space (α), intrinsic axonal diffusivity (Daxon) and radial/axial extra-axonal water diffusivity (De,//, De,┴)2. AWF and De,┴ were 
shown to be sensitive to demyelination and axonal loss, and Daxon and De,// are specifically sensitive to structural changes along the axon bundles3. However very little is 
known regarding the underlying tissue property and their association with the DKI WM parameters . The purpose of this study was to use Monte Carlo simulation to 
investigate the effect of a few biophysical properties of the axonal structure (e.g. axonal packing density, axon radius and axonal permeability) to the DKI WM 
parameters.  

Methods: Monte Carlo simulation was carried out using UCL Camino Diffusion MRI Toolkit4,5 with cylindrical axons that simulate the white matter structure in the 
brain. 100,000 walkers were distributed uniformly to start the random walker process with a diffusivity of 2×10-3mm2/s.  The simulation tracked the signal generated by 
the particles over 500 time steps up to 50ms. Three types of axonal packing substrates were examined: 1) regularly packed axons with fixed axon separation of 6μm and 
varied axonal radius from 1.5 to 2.4μm (VAR Radius), corresponding an intra-axonal volume fraction (IAF) of 0.23 to 0.58; 2) regularly packed axons with fixed axon 
radius of 2μm and variable axon separation of 4.5 to 7μm (VAR Separation) (IAF of 0.29 to 0.72); 3) irregularly packed axons with Gamma distribution (VAR Gamma) 
with 60 to 100 cylinders within a cross-section region of 35× 35μm (IVF of 0.42 to 0.72). Axonal membrane permeability was varied from 0, 0.2, 0.4 to 0.6. Diffusion 
weighted signal was simulated with one b0 and 30 diffusion directions using six  b-values of 500, 1000, 1500, 2000, 2500, 3000 s/mm2, δ/Δ=4/20ms, TE = 49.8ms. 100 
voxels were simulated with an SNR level of 40, which is the typical SNR in the clinic. DKI reconstruction was performed using in-house Matlab program8 and all 
parameters related to the diffusion and kurtosis tensors, as well as the 
above mentioned white matter microenvironment parameters2.  

Results: At zero permeability, different axonal packing substrates 
resulted in little difference in all diffusion tensor related parameters 
(FA, MD, RD, AD) and AK, as long as the IAF was kept the same. 
The VAR Gamma distribution however resulted in lower estimated 
values than the other two regularly packed axons for MK, RK, as well 
as De,//, Daxon De,┴, AWF, and higher estimated values for α, especially 
toward higher IAF, where axons are more densely packed (Figure 1). 
Interestingly, although the varied axonal packing density should not 
affect water diffusion along the axial direction and we indeed did not 
observe AD and AK changes over different IAF, the axial diffusivity 
in both the intra- and extra- axonal space (Daxon and De,//) increased 
with increased IAF. Estimated AWF accurately depicted simulated 
IAF with a slight underestimation (e.g. an IAF of 0.49 was estimated 
as an AWF of 0.43). De,┴ and α reduced with increased IAF as 
expected when the extra-cellular space reduces.  
When analyzing the effect of axon permeability, only the two 
regularly packed substrates were used for simplicity and the two sets 
of data were pooled together for displaying (Figure 2). At a 
permeability level of 0.6 all parameters stayed constant over different 
IAFs as the axonal membrane did not act as reflector anymore so 
diffusion was essentially free. A comparison between permeability of 
0 and 0.4 showed a big reduction in estimated Daxon and AWF by 
more than 40% over varied IVFs. Smaller changes were observed for 
De,┴ and α over the permeability change, where for De,┴ there appeared 
to be only a simple value shift over different IAFs.  

Discussion: In this Monte Carlo simulation study, we observe that 
axonal packing had little effect on the estimated DKI parameters for 
the same IAF. We observed a good correspondence of the AWF with 
the underlying IAF at zero axonal permeability, despite a small 
underestimation. AWF is indeed sensitive to axonal permeability, 
which is directly linked to demyelination. However De,┴ only appears 
to be sensitive to IAF, which is directly linked to axonal loss, much 
more than axonal permeability. Instead, Daxon is sensitive to both IAF 
and permeability. Interestingly though is the unexpected finding of increasing Daxon and De,// with IAF even though the varied axonal pathology tested in this study only 
involves radial component and no changes in AD and AK were observed. This may be due to the estimation bias in the DKI model, which will require further 
investigation.  
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Fig.1. Changes of DKI WM 
parameters with varied Intra-
axonal volume fraction (IAF), 
zero axonal permeability, at 
three different axonal packing 
conditions. Error bar indicated 
standard deviation from 
measurements of 100 voxels.  

Fig.2. Changes of DKI WM 
parameters with varied Intra-
axonal volume fraction (IAF) 
at three axonal permeability 
levels. Error bar indicated 
standard deviation from 
measurements of 100 voxels.   
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