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INTRODUCTION: The Intravoxel Incoherent Motion (IVIM) method of diffusion imaging presents a noninvasive technique for capturing information about
the structure and flow characteristics of the microcirculation in vivo [1]. While modeling the motions of blood through the capillary bed as a
pseudodiffusive process leads to a straightforward parameter estimation problem, in reality, Rician noise present in magnitude images [2] impedes
reliable estimation of the spatial distribution of IVIM parameters. IVIM parameters have been shown to change pre and post-treatment in clinical
glioblastoma cases [3], but determining the spatial distribution of the changes remains an open challenge. However, while the presence of noise poses
challenges, use of a maximum penalized likelihood estimate (MPLE) [4] to incorporate the noise model and spatial regularization can improve the quality
of the estimation of the IVIM parameters relative to the conventional assumption of Gaussian noise as in the commonly used least-squares (LSQ)
estimation.

THEORY: The IVIM method models both the signal decay due to MPLE
microcirculatory flow and diffusion in tissue as: S, =S,fexp(—bD*) + Y —
So(1 — f) exp(—bD) [1]. In the model, D* is the psuedodiffusion coefficient, D is ’
the passive diffusion coefficient, fis the blood perfusion fraction, and Sy is the {
estimated image intensity at a b-value of zero. Most of the challenge in SO
obtaining spatially resolved IVIM estimates lies in estimating f and D*, with D*
being particularly difficult to estimate [2]. Given the low perfusion fraction (less
than 10% in human white matter) the influence of the pseudodiffusive signal
relative to the Rician noise is extremely small. From the Rician PDF [5], M,, the
noisy magnitude pixel value, o the noise level and S, the pixel value according
to the IVIM model, a log-likelihood function, £(M,|S, o), can be formed using
the PDF, the data, and the IVIM model. A MPLE is found by solving &
argming 8(M,|S, (0),0) + ¥+, R(6;) , where R(6;)are roughness penalties D ¢
over the parameter estimates, for the IVIM parameters, 6, for each pixel. o
must be estimated in this formulation either jointly with the IVIM parameters or
separately.
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METHODS: Data was acquired on a Siemens Trio 3T magnet with 32 channel
head coil using a 3D multi-shot motion corrected spiral acquisition [6] with field
corrected SENSE reconstruction using the NUFFT [7]. Experimental
parameters were: a resolution of 1.04 mm by 1.04 mm x 1.3 mm, TE/TR of f
60/10000ms, &/A of 14.91/28.71 ms, and a TA of 28 min. One repetition of the
data was acquired with 14 b-values between 1.2 and 700 s/mm?. The KNITRO
v7.0.0 nonlinear optimizer through a MATLAB interface was used to minimize
the resulting MPLE objective function for 1000 iterations. Rician noise levels
were estimated following the procedure in [8]. LSQ estimates used the trust
region nonlinear fitting method in the MATLAB Curve Fitting Toolbox. Gray
matter and white matter was segmented using FSL FAST [9] from a T2- D*":
weighted overlay image for comparing white and gray matter.
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RESULTS: Estimates for f, D*, D, Sy, for each pixel were obtained using the
method above and are shown in Figure 1. The MPLE maps in Figure 1 show
good correlation between the structure of the underlying SO image and the Figure 1: Comparison between least squares fitting and the MPLE
boundaries between CSF and tissue. Structure is readily apparent in the estimate for IVIM parameter estimation.

MPLE estimates of D* where as the
structure in the LSQ estimates of D* is
difficult to find. As shown in Table 1, the
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Table 1: Mean and 25" and 75" percentile levels for the voxel by voxel IVIM parameter estimates over
the slice for white matter and gray matter after segmentation using MPLE and least squares (LSQ).
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d bet 25" and 75" tiles of D (10-4 mm®/s) f (%) D* (10-2 mm/s)
tsr?ezeva:)xeleb‘;\/“\a/ir)](el esfilrr'r11ates 0??;?":/: I\E;IS © (25", 75") Percentile (25", 75") Percentile (25", 75™) Percentile
parameters is tighter for the MPLE ] MPLE LSQ MPLE LSQ MPLE LSQ
estimates for f and D* suggesting higher White 7.52 7.03 6.33 8.29 272 6.68

based on the assumption that tissue types Matter (672,1661) (630,160) (012,1763) (7X1 0-4, 21 44) (1 .82, 333) (1 49,1 OO)
should exhibit some amount of spatial

homogeneity within the microvasculature.

For D, the MPLE and least squares method returns similar estimates for both the average D value and the 25" and 75" percentile estimates.

CONCLUSIONS: MPLE estimation shows improved resolution and reliability of IVIM parameter estimates at high spatial resolution as compared to LSQ
estimates of the IVIM parameters. For D* and f, use of the MPLE based estimator enhances the quality of spatially resolved IVIM parameter estimates.
Future work will explore the variations in the microvasculature across the brain across different cortical and subcortical structures.
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