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Target Audience Biophysicists and radiologists interested in quantifying tissue microstructure in prostate.  
 
Purpose 
To provide the first report of the in vivo observation of time-dependence of the diffusion 
coefficient in prostate tissue. Diffusion in prostate has been shown to be non-gaussian, as a result of highly heterogeneous tissue properties related to at least three distinct diffusion compartments: glandular lumen, stroma, and epithelium, as confirmed through ultra high-resolution diffusion1. Higher-order metrics (such as kurtosis) and biexponential models have been applied to quantify this heterogeneity2,3,4,5. Here we present a complementary non-
gaussian metric, the time dependent diffusion coefficient. Time dependence is a different facet of the non-gaussian behavior, arising due to structural complexity6,7.  
Methods 
MRI: Patients aged 53-78 years underwent prostate MRI in a MAGNETOM Trio 3T Tim system (Siemens AG, Erlangen, Germany) with a 6-channel pelvic surface array coil. DWI was acquired for b = 0, and along 12 non-collinear gradient directions for b = 500 s/mm2 using a STEAM EPI diffusion preparation [Fig. 1B] for 4-6 diffusion times between 43.4 ms and 500 ms. Other imaging parameters included: 1 average, TR>5 s, TE=43.2 ms, matrix=62x80x18, 3.5 mm isotropic voxels, FOV=217x280x63 mm3. Scan time ranged from 4.5-7 minutes. 14 benign peripheral zones (PZ) region-of-interests (ROIs) and 15 benign transition zones (TZ) ROIs were outlined across all patients to determine the average mean diffusivity per diffusion time MD(t) in the population.  
Theory: Signal from MD(t) was then modeled using effective medium theory (EMT) of diffusion in random media7. The model assumes weakly heterogeneous local diffusivity D(r) varying on a single pronounced length scale, the correlation length lc. This leads to the time dependence ( ) = 1 − ℎ ( ) ,      =      (1),                                ℎ ( ) = − 1 +      (2) The model (1) has three parameters , , and .  = 〈 ( )〉 is the voxel-averaged diffusion coefficient (also corresponding to D(t) extrapolated to diffusion time t=0),  is the relative heterogeneity (standard deviation of D(r) divided by ), which determines the overall magnitude of the time dependence,  and  is the correlation time which is the time to diffuse across the disorder correlation length. These parameters give an approximation for the typical size of heterogeneities as Size ≈  4.4  .  
Results  Averaging over all benign PZ and TZ ROIs in all subjects provides the average time dependencies presented in Fig. 2A. The parameters of the fit for individual subjects as function of their age are shown in Fig. 2B-D. Table 1 shows the population parameters from the fit from Fig 2A .  
Discussion As the time-dependence is a hallmark of structural complexity, it is perhaps not surprising that this phenomenon is observable in benign prostate. Furthermore, it is reassuring that the length scales we obtain from the EMT model are of the same order as the shortest dimension of a glandular lumen of about 50 μm8. This observation may imply that the local variation of D(r) is indeed provided by pockets of high ADC (glandular lumen) surrounded by low ADC background (stroma and epithelium)3. Further histological validation is needed to investigate the relation between the observed D(t) and microstructure. We also believe that the time dependence can serve as a novel biophysical contrast mechanism for prostate tumor evaluation, given that the glandular lumen sizes are known to shrink with increasing Gleason score9.  
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Figure 1: T2w image (A) used for 
delineating PZ (red) and TZ (blue) ROIs 
on the STEAM b=0 (b) DWI image.  

Table 1: Fitted EMT Parameters from 
averaged MD(t) 

Figure 2: (A) EMT model fit to MD(t) 
averaged over 14 PZ (Red) and 15 TZ 
(Blue) ROIs and fit parameters D0 (B), 
Size (C), and  (D). The horizontal lines 
represent average fitted parameters 
from (A).   
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