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TARGET AUDIENCE: This work demonstrates a weighted linear least squares algorithm for tensor estimation in diffusional kurtosis imaging (DKI) that substantially 
reduces the noise bias. It is relevant for those using DKI data having a low signal-to-noise ratio (SNR), as may occur in high resolution acquisitions. 
PURPOSE: For diffusion MRI (dMRI), low SNR often leads to a positive signal bias in the magnitude images that are typically analyzed. This is evident in high 
resolution DKI and diffusion tensor imaging (DTI) datasets, which have inherently noisy signals, or when imaging anatomical regions with short T2 values, such as the 
globus pallidus. This study investigates the effects of noise on DKI parameters for noisy phantom data. A simple noise correction scheme is presented and applied to the 
images, and the calculated DKI parameters are compared to reference results obtained with high SNR.  
METHODS: A previously validated dairy cream phantom1 was imaged with a protocol adapted to increase the effects of noise. The phantom was scanned using a 3T 
Siemens MAGNETOM Tim Trio system (Siemens Medical Solutions, Erlangen, Germany) with a transmit/receive head coil. Diffusion weighted images were acquired 
for b = 0, 1000, and 2000 s/mm2 diffusion weighting along 30 different gradient directions using an echo planar imaging sequence with repetition time (TR) = 2 s, echo 
time (TE) = 143 ms, field of view = 256 x 256 mm2, acquisition matrix = 128 x 128, and bandwidth = 2298 Hz/voxel. Parallel imaging, fat suppression, and partial 
Fourier imaging were all turned off, and the sequence was modified for both magnitude and phase reconstruction. Slice thicknesses were varied from 2 to 10 mm to 
alter SNR. Scans were repeated 3 times at each slice thickness, and 16 scans were acquired at 2, 4, and 10 mm slice thicknesses for complex averaging. DKI parameters 
were calculated in a region-of-interest (ROI) drawn in the intersection of the fat and water signals in the 
phantom (composite region) in which a significant kurtosis is expected.1 The noise was assumed to obey a 
Rician distribution2 with a second order moment of η2 in air, found in the image background. The true, 
unbiased signal was estimated by ܵ ൌ ሺܯଶ െ ଶሻଵߟ ଶ⁄ , where M is the measured signal.3 A weighted linear 
least squares fit was employed, where the weights account for the effects of noise as well as log-signal 
transformation on measurement error. The cost function minimized was:  

ܥ                                ≡ ∑ ൫ெ೔మିఎమ൯మଶெ೔మିఎమ௜ ∙ ሾlnሺܯ௜ଶ െ ଶሻߟ െ lnሺܯ଴ଶሻ ൅ ࢏ࢻ2 ∙ ௜ଶܯሿଶΘሺ࢞ െ  ଶሻ,                               (1)ߟ

where Mi is the ith measured signal, αi is a known vector defined by the experiment, xi is a vector of 
parameters to be estimated, and Θ is the Heaviside step function to zero out terms where ܯ௜ଶ ൑  ଶ. Eq. (1)ߟ
was applied to the composite region ROI with acquisitions across all gradient directions being averaged over 
each b-value. As a reference, uncorrected diffusion parameters were also calculated from the magnitude 
images by minimizing Eq. (1) with ߟ ൌ 0. For complex averaging, magnitude and phase images were used 
to calculate real and imaginary images and an average real and imaginary image was obtained. The magnitude image was obtained from the average real and imaginary 
images, and the DKI parameters were then estimated from Eq. (1) with ߟ ൌ 0. Sample images are shown in Fig. 1. The ground truth DKI parameters were estimated in 
the dataset with the highest SNR (defined here to be the ratio of b = 0 signal magnitude in phantom to background signal mean), which was that with 10 mm slice 
thickness after complex averaging.  
RESULTS: By increasing the slice thickness from 2.0 to 10.0 mm, SNR improved from 3.6 in to 20.6. Complex averaging improved SNR to 73.3 in the 10.0 mm 
dataset. The effects of varying the SNR on the diffusional kurtosis are demonstrated in Fig. 2, which shows the kurtosis values for different slice thicknesses as obtained 
from the uncorrected and corrected magnitude images, as well as from the complex averaged data. Decreasing slice thickness increased mean kurtosis estimates for the 
uncorrected analysis from 0.972(±0.003) to 1.261(±0.043) in the 10.0 mm and 2.0 mm datasets, respectively. Ground truth for the mean kurtosis was found to be 0.949, 
which differed from the 2.0 mm estimate by 33%. The mean kurtosis estimates following noise correction differed by no more than 2.7% from the ground truth.  
DISCUSSION: The noise correction technique demonstrated provides a convenient and straightforward method for removing the majority of noise bias in  
DKI. It may be particularly useful for datasets when high resolution images are acquired. The consistency of the results obtained from application of Eq. (1) with the 
background noise parameter η with those obtained from complex averaging supports the accuracy of this technique. The corrected signal of ܵ ൌ ሺܯଶ െ ଶሻଵߟ ଶ⁄  has been 
previously described for magnitude MR images3 but not, to our knowledge, the corresponding weighting factors in Eq. (1). In this experiment, parallel imaging was not 

employed allowing η to be estimated from the background signal in air. With parallel 
imaging, Eq. (1) may still be used even if the noise follows a non-central χ rather than a 
Rician distribution.2 However, η would then no longer be spatially uniform and should 
be calculated from a noise map. Eq. (1) is also applicable to diffusion parameter 
estimates obtained with DTI and other dMRI techniques.  
CONCLUSION: The noise correction scheme based on minimizing the cost function of 
Eq. (1) can substantially reduce the noise bias in DKI parameter estimates due to the use 
of magnitude images. This method may find application to high resolution and 
accelerated DKI for which SNR is inherently poor. 
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Figure 1: Effects of averaging on b = 0 image, for (A) the original, 
(B) after arithmetic average of 10 independent b = 0 images, and 
(C) after complex averaging of 16 real and imaginary images. Only 
complex averaging reduces the mean background noise. 
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Figure 2: Effects of noise on mean kurtosis (K) estimates in phantom data from a ROI 
analysis. Error bars represent the 95% confidence interval for the mean K estimates with n = 3. 
Ground truth was defined as the mean K estimate in the dataset with the highest SNR, which 
was the 10 mm slice thickness after complex averaging. 
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