
 FA MD Dax Drad

PMI 0.074 0.020 0.021 0.019
SI 0.133 0.423 0.451 0.368

Table 1. Significance (p-value) of multiple regression of 
diffusion indices onto PMI and SI in white matter regions. 
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INTRODUCTION. Diffusion-weighted MRI is exquisitely sensitive to the presence of membranes and other tissue microstructure, and has potential to serve 
as a probe of white matter integrity. However, the relationship between diffusion properties, such as mean diffusivity (MD) and fractional anisotropy (FA), 
and the microstructural properties of interest is complicated, making interpretation difficult [1]. Several groups have performed diffusion-weighted MRI on 
animal brains, reporting that diffusion anisotropy is largely preserved in fixed tissue, despite a 5-10 fold reduction in overall diffusivity [2-3]. This suggests 
that comparison of ex-vivo scans to histological measures of microstructure in the same tissue could be used to interpret diffusion parameters. Scanning 
whole human brains would be particularly useful because the link to clinical scans of a given pathology would be more direct. However, immersion 
fixation of whole human brains is less well controlled. Studies of animals with similar brain size [4] or fixation delays [5] suggest that FA could be reduced 
in human brains. We present measurements of diffusion parameters in ex-vivo human brains and their relationship to tissue fixation and preparation. 

METHODS. Eleven human brains were imaged in proton-free fluid (Fomblin). Diffusion data at 0.94×0.94×0.94mm3 and b=4500 s/mm2 was acquired with 
3D segmented EPI (TE/TR=122/530 ms, α=75º, 789 Hz/pixel, EPI factor 32, 168x192x120, 5/8 PFF, 54 directions, 6 b=0, 3 averages, 18 hours). FA, 
MD, axial and radial diffusivity (Dax and Drad) were calculated in ROIs in the corpus callosum (CC), superior longitudinal fasciculus (SLF), cingulum (cing), 
optic radiations (opt), internal capsule (PLIC), thalamus (thal), caudate (caud) and putamen (put). Diffusion indices were regressed against post-mortem 
interval (PMI, time from death to fixation) and scan interval (SI, time from death to imaging) to test for dependence on tissue preparation. 
RESULTS. Our data have reduced FA in white matter compared typical FA of 0.5-0.7 (Fig. 1). Regression indicates a significant effect of PMI on MD, Dax 
and Drad and a nearly-significant effect on FA (Table 1). No significant effect of SI on diffusion parameters was observed. We observe differential effects 
of fixation and/or death on gray and white matter: MD maps exhibit more gray-white 
contrast than in vivo, while FA maps have less contrast (Fig. 2). Despite low MD and 
FA, anisotropic structure is still sufficient for tractography of major tracts (Fig. 2). 
DISCUSSION. Anisotropic diffusion of water is thought to reflect salient properties of 
tissue microstructure: membranes, axon diameter/packing, fibre coherence, etc [1]. 
For this reason, previous reports of preserved anisotropy [2-3] suggested that ex-
vivo measurements might be equivalent to in-vivo data, enabling direct 
comparison with histological staining techniques. Our data suggest that PMI has 
a significant effect in immersion-fixed human brains and should be minimized. 
These results are consistent with tissue degradation between death and fixation. 
It is possible that the reduced FA is driven in part by low signal levels or 
effectively low b-value (given the 10-fold reduction in ADC) [6]. However, the 
correlation of FA with PMI indicates that fixation also plays a role. Interestingly, 
prior work in animal tissue found the opposite trend in ADC (negative correlation 
with PMI) [5]. The lack of significant correlation with SI suggest that diffusion 
properties are stable over a range of 2-40 months post mortem, consistent with 
prior work [4]. Overall, these results indicate that caution must be taken in 
interpreting diffusion parameters in ex vivo human brains, but that anisotropic 
structure is at least partially preserved in white matter tracts. 
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Figure 2. Example post-mortem results in a brain with no known 
pathology. The FA map has noticeably less gray-white contrast than 
typically found in vivo. This reflects low FA in white matter (0.3) and 
relatively high FA in gray matter (0.1). Nevertheless, the principal 
diffusion direction (PDD) has good SNR, enabling tractography. The 
bottom row demonstrates tractography of forceps major/minor (left), 
corticospinal tract (middle) and cingulum/fornix (right). Tractography 
used global seeding and local inclusion masks (indicated by lines). 

Figure 1. (a,b) Regressions of FA and MD onto PMI in 4 white matter regions. 
Dependences of Dax and Drad are similar to MD (not shown). Regressions onto SI 
are not significant. See Table 1 for p-values. (c,d) FA and MD values for 5 white 
matter and 3 gray matter regions. All region pairs are significantly different 
(p<0.05) except the following. For FA: CC-PLIC, SLF-opt, opt-cing, cing-PLIC, 
caud-put. For MD: CC-SLF, CC-cing, CC-PLIC, SLF-cing, cing-PLIC, caud-put.
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