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The effect of diffusion in the extracellular space on double-PFG measurements of axon size: Insights from Monte-Carlo
simulations
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Introduction Multiple pulsed field gradient (PFG) measurements can be employed to probe restricted diffusion of water molecules within the tissue. The double pulsed
field gradient (double-PFG) technique employs two pairs of diffusion sensitizing gradients, and is simple enough to be included in a standard imaging sequence. Such
techniques have attracted considerable interest in recent years due to their potential to enable the estimation of microstructural parameters such as cell size and shape.
Accurately estimating the microstructural parameters demands models for extra- as well as intra-cellular spaces. Although there are analytical models [1,2] for diffusion
within simple pore shapes, no such model exists for the extra-cellular medium. Therefore, bicompartmental models [3] have
typically assumed diffusion in the interstitial medium to be Gaussian. Here, we present Monte-Carlo simulations of diffusion
within hexagonally packed arrays of cylinders mimicking the white-matter, and report the signal behavior for double-PFG
experiments with zero mixing times (see Figure 1). We investigate the accuracy of the axonal diameter estimates when a bicompartmental model that assumes Gaussian diffusion outside the cells is employed.
Simulations We used the recently developed DiffSim simulation environment [4] to compute the signal intensities
associated with the pulse sequence depicted in Figure 1 for the geometry shown in Figure 2. Periodic boundary conditions
were imposed at the boundaries of the box. The geometry was specified by the inner diameter (ID) and spacing (s). In the Fig 1. The double-PFG pulse sequence
simulations we took ID=8 μm, and investigated the signal response for s=0, 2, 4, 6, and 8 μm. The diffusion coefficient was with zero mixing time.
taken to be D0=2.0×10-3 mm2/s. Simulated experimental protocol involved the following timing parameters: Δ = 40 ms, δ =
2 ms. We ran simulations with 7 values of q ranging from 15 to 105 mm-1, and 12 values of the angle between the two
gradients of the double-PFG sequence ranging from 0˚ to 330˚.
Model Fitting The bicompartmental model used to fit to the simulated data is given by the expression E(q)= ffreeEfree(q)+
frestErest(q), where ffree=Sfree/(Sfree + Srest) and frest=Srest/(Sfree + Srest) satisfy the relationship ffree+ frest=1. Here, Sfree and Srest are,
respectively, the free and restricted diffusion contributions to the signal at q=0. The component of the signal due to restricted
diffusion was computed using the generalized framework [2], which is an extension of the multiple correlation function
(MCF) method [5] to arbitrary angular variations between the gradients. The Gaussian (free) diffusion component was
estimated using the approach in [6], which is consistent with the MCF method.
Results and Discussion Figure 3 illustrates the simulation results for the cases s=0 and s=2 μm. Each line includes seven
Fig 2. Hexagonally packed array of
angular modulations, each of which corresponds to a particular q-value. Clearly, for tightly-packed geometries and at larger cylinders. Inner diameter (ID),
q-values, diffusion in the extracellular space leads to angular variations similar to those for intracellular space. However,
distance between cylinder boundaries
those effects quickly disappear as the spacing is increased. In Figure 4, we show the fitting results for the tightly-packed (S).
geometry. The model accurately describes the simulated values for all spacings. In fact, the fits are more satisfactory at
larger values of s. The parameters estimated from the fit are tabulated in Table 1. The ground truth values are: ID=8 μm, D0
= 2.0×10-3 mm2/s, S0 = 1, and frest={0.91,0.58,0.40,0.30,0.23}, for increasing values of s. It is clear that the estimated frest and ID values are very accurate. For the
tightly-packed configuration, diffusion in the interstitial space is also restricted. Hence, the estimated ID represents a weighted average of two pore sizes, which
explains why the estimate is about 1 μm below the ground truth ID value. D0 values are substantially lower than its ground truth value for all geometries presumably
due to tortuosity of the extracellular space, and weak dependence of the signal on D0 in the intracellular space.
Conclusion We investigated the effects of diffusion in the extracellular space for a periodic array of cylinders featuring hexagonal packing on the double-PFG
measurements of cell size. A bicompartmental model that assumes a Gaussian compartment for the extracellular space yields accurate estimates of the cylinder diameter
when there is some spacing between the compartments. For tightly-packed geometries, some underestimation of ID should be expected. Despite the substantially
underestimated bulk diffusivity values, volume fraction estimates are also adequately captured by the bicompartmental model.
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