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Supporting Information Figure S1: Signal attenuation and fitted QDI signal decay curves for 

representative gray matter and white matter voxels shown in each diffusion gradient direction. The 

anatomical location of the gray (red arrow) and white matter (blue arrow) voxels are shown on axial 

slices of mean 𝐷1,2 and mean 𝛼 maps.    



Supporting Information Figure S2: Voxelwise Bland-Altman plots showing quantitative differences 

between QDTI measures and the MbR for a 𝑏𝑚𝑎𝑥 of 5000 s mm-2 for optimal 2, 3 and 4 b-value shell 

combinations. Plots are shown for (A) mean 𝐷1,2, (B) mean α, (C) 𝐷1,2 anisotropy, and (D) α anisotropy 

for voxels from a single representative subject. Solid horizontal lines indicate the mean difference 



(accuracy) and dashed horizontal lines indicate the 95% lower and upper confidence limits (precision). 

Gray matter voxels = red, white matter voxels = blue. 



 

Supporting Information Figure S3: Plot showing the cohort average tissue contrast (tc) between gray 

and white matter for QDTI measures with respect to 𝑏𝑚𝑎𝑥 for MbR (solid), and 2 (dotted), 3 (short 

dashes) and 4 b-value shells (long dashes). Mean 𝐷1,2 = blue, mean  α = green, 𝐷1,2 anisotropy = gray 

and α anisotropy = orange.  

 

   

 

 



S1. Region of interest segmentation of gray and white matter and brain tissue  

T1-weighted images were segmented into gray matter, white matter and cerebrospinal fluid (CSF) using 

New Segment (SPM version 12, https://www.fil.ion.ucl.ac.uk/spm/) 1. The b = 0 s mm-2 were co-

registered to the T1-weighted images using ‘epi_reg’ in FSL (version 5.0.11, 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/).2 These transformations were inverted and applied to the gray 

matter, white matter, and CSF tissue segmentations to align them with the dMRI data. To minimize 

partial volume effects, low tissue probabilities (< 0.95) were excluded. Gray matter, white matter and 

whole brain tissue (gray and white matter) regions of interest (ROIs) were constructed. 

 

S2. Investigation of the effect of Rician noise on quasi-diffusion model fitting  

Background noise was estimated from ventricular cerebrospinal fluid (CSF) regions at the highest 

acquired b-value (b = 5000 s mm-2) for which we assumed there was no tissue signal. A central axial 

slice of the b = 0 s mm-2 images of each subject was manually thresholded in ImageJ 

(https://imagej.nih.gov/ij/)3 at a sufficiently high signal level to give CSF regions of interest (ROIs) of 

typically 350 voxels that had a boundary that was not immediately adjacent to brain tissue. The ROIs 

were used as a CSF mask which was applied to the b = 5000 s mm-2 dMRIs along each diffusion gradient 

direction, and the average noise level was determined. We then estimated the standard deviation of 

Gaussian noise, σ, from the relationship that the average Rician noise, 𝜇𝑅, is given by4  

𝜇𝑅 = 𝜎√𝜋 2⁄ .          [S.1]  

The effect of noise on QDI parameter estimation was investigated by creating noise free signal decay 

curves with 𝐷1,2 and  parameters appropriate for CSF, gray matter and callosal white matter to which 

Gaussian noise was added. Noise was added separately to the real (the MLF signal decay curve) and 

imaginary (set equal to zero) signals at each b-value that was obtained in our dMRI acquisition (see 

Section 2.2) before calculating the magnitude signal decay curve to simulate a signal with a Rician noise 

distribution.5 𝐷1,2 and  were then estimated by application of our quasi-diffusion fitting algorithm (see 

Section 2.3.2) to the simulated noisy dMRI data across a range of b-values with different maximum 

𝑏𝑚𝑎𝑥 in the range 1980 ≤ 𝑏𝑚𝑎𝑥 ≤ 5000 s mm-2 in steps of approximately 500 s mm-2. Noise 

simulations were performed 1000 times for each noise level. The noise levels were representative of 

potential noise within the normalized signal decay curves (𝑆𝑏 𝑆0⁄ ) in CSF (σ =

{0.002, 0.004, 0.006, 0.008, 0.01}) and gray and white matter (𝜎 = {0.01, 0.02, 0.03, 0.04, 0.05}). The 

means and standard deviations of estimated 𝐷1,2 and  values from the simulated noisy decay curves 

were then calculated for each noise level.  

 

https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
https://imagej.nih.gov/ij/


S3. Effect of Rician noise on quasi-diffusion model fitting 

Histogram analysis of the b = 5000 s mm-2 CSF ROIs revealed a skewed distribution indicative of Rician 

noise with an average value (in arbitrary units) of 15.5 (range 14.4 to 16.8). After signal normalization 

based on the typical b = 0 s mm-2 signal intensity in the central slice of CSF, gray matter and white 

matter regions the Gaussian noise standard deviation was calculated as σ = 0.007 in CSF, σ = 0.022 in 

gray matter, and σ = 0.031 in white matter. These σ values were used for inference of the effect of 

Rician noise within CSF, gray matter and white matter. Figure 2 (top row) shows noise free quasi-

diffusion signal decay curves for the expected 𝐷1,2 and α within CSF (𝐷1,2 = 3.0 × 10−3 mm2 s-1 and 

α = 1), and for average 𝐷1,2 and α values obtained from manually defined ROIs in the gray matter of 

the anterior cingulate cortex (mean 𝐷1,2 = 0.8 × 10−3 mm2 s-1 and mean α = 0.92), and white matter 

of the corpus callosum (axial 𝐷1,2 = 1.9 × 10−3 mm2 s-1 and axial α = 0.91; radial 𝐷1,2 = 0.4 × 10−3 

mm2s-1 and radial α = 0.76). The dotted line indicates the Rician noise floor for the normalized signal 

decay curve for each tissue type. Gaussian noise within the range 0.002 ≤ σ ≤ 0.01 for CSF, and 

within 0.01 ≤ σ ≤ 0.05 for gray and white matter, was then applied to the tissue quasi-diffusion decay 

curves and estimates of 𝐷1,2 and α were calculated from the noisy data for b-values in the range 1980 ≤

𝑏𝑚𝑎𝑥 ≤ 5000 s mm-2 as shown in Figure 2 (middle and bottom rows).  

 

S4. Tissue Contrast 

We have previously defined a tissue contrast parameter, tc 
6, that we have used as a measure of image 

clarity in delineation of gray and white matter, 

𝑡𝑐 =
|𝜇𝑤ℎ𝑖𝑡𝑒−𝜇𝑔𝑟𝑒𝑦|

√𝜎𝑤ℎ𝑖𝑡𝑒 
2 + 𝜎𝑔𝑟𝑒𝑦

2
,       [S.2] 

where μ and σ are the mean and standard deviation of a measure determined across segmented white 

and gray matter of the whole brain. Note, the value of σ will comprise biological variability as well as 

noise variance. Higher tc indicates greater tissue contrast and clearer separation of gray and white matter 

values. Supporting Information Figure S3 shows tissue contrast between gray and white matter for each 

QDTI measure as a function of 𝑏𝑚𝑎𝑥 for the MbR data, and for the optimal 2, 3 and 4 b-value shell 

combinations. There is a trend for modest increases in contrast with 𝑏𝑚𝑎𝑥 for 𝐷1,2 and α anisotropy, 

which is independent of the number of b-shells used in the acquisition. Contrast for mean 𝐷1,2 remains 

constant and for mean α shows large increases of a factor of approximately 4, as 𝑏𝑚𝑎𝑥 increases from 

2000 to 5000 s mm-2. Contrast for mean α is highly dependent on the number of b-shells. For the optimal 

3 and 4 b-value shell combinations the tissue contrast initially increases with 𝑏𝑚𝑎𝑥 before reducing to 

converge to the MbR value at 𝑏𝑚𝑎𝑥 5000 s mm-2. The optimal 2-shell acquisition shows the highest 

tissue contrast in α for all 𝑏𝑚𝑎𝑥, and shows a strong increase with 𝑏𝑚𝑎𝑥 before stabilising between b-



values of 4000 to 5000 s mm-2. This is reflected in increased image quality of gray and white matter 

delineation in Figure 1g. 
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