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Abstract

High-resolution imaging of human autopsy tissues may improve our understanding of in vivo MRI
findings, but interpretation is complicated because samples are obtained by immersion fixation
following a postmortem interval (PMI). This study tested the hypotheses that immersion fixation and
PMI's from 0 - 24 hours would alter the water relaxation and diffusion properties in rat cortical slice
and spinal cord models of human nervous tissue. Diffusion data collected from rat cortical slices at
multiple diffusion times (10 - 60 ms) and b-values (7 - 15,000 s/fmm?) were analyzed using a two-
compartment model with exchange. Rat spinal cords were characterized with standard diffusion
tensor imaging (21 directions, b = 1250 s/mm?). Switching from perfusion- to immersion-fixation
at 0-hrs PMI altered most MRI properties of rat cortical slices and spinal cords, including a 22%
decrease in fractional anisotropy (P < 0.001). After 4 hrs PMI, cortical slice T; and T, increased 22%
and 65% respectively (P < 0.001), transmembrane water exchange decreased 23% (P < 0.001) and
intracellular proton fraction increased 25% (P = 0.002). After 6 hrs PMI, spinal cord white matter
fractional anisotropy had decreased 38% (P < 0.001). MRI property changes were observed for PMIs
up to 24 hours. The MRI changes correlated with protease activity and histopathological signs of
autolysis. Thus, immersion fixation and/or even short PMIs (4-6 hours) altered the MRI properties
of rat nervous tissue. This suggests comparisons between in vivo clinical MRI and MRI data from
human autopsy tissues should be interpreted with caution.
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Introduction

High-resolution MRI datasets that require high signal-to-noise can be obtained from
chemically-fixed human autopsy tissues (Shepherd et al., 2007) to facilitate the interpretation
of in vivo imaging studies and help validate MRI characterizations in animal models of disease
(Benveniste and Blackband, 2006). It is not possible to collect this data in vivo due to
restrictions on the imaging time tolerated by patients, and due to current clinical magnet
gradient and field strength limitations. Autopsy tissues for these MRI studies, however, are
obtained via immersion-fixation at variable times following the patient's somatic death and the
cessation of tissue perfusion; this time period is defined as the postmortem interval (PMI).

The rapid removal, refrigeration and chemical fixation of human autopsy tissues is invariably
delayed because the patient's death is unwitnessed, or family grieving, logistics and inadequate
staffing delay the tissue procurement process. Hence, most autopsy tissues begin immersion-
fixation in formalin solutions many hours after the patient's demise such that a PMI less than
4 hours is rare. Further, autopsy samples may not complete chemical fixation for many
additional hours because aldehyde fixatives penetrate tissue slowly (Hayat, 1981). Previous
studies have described significant early molecular and morphological changes to nervous
tissues that occur during the PMI (Oehmichen and Gencic, 1980; Schulz et al., 1980; Seaman,
1987). Also, human autopsy tissues are immersion-fixed, whereas animal tissues for MRI
experiments are typically acquired via exsanguination and the intracardiac perfusion of fixative
solutions. Because these differences are largely unavoidable, it becomes important to
understand how PMI and immersion-fixation affect the MRI properties of human autopsy
tissues.

Damadian, in fact, suggested that an overnight PMI had no impact on Ty in his original report
(1971). Other studies, however, suggested that increasing PMI reduced the T1 and T, (Blamire
etal., 1999; Moseley et al., 1984; Nagara et al., 1987; Pfefferbaum et al., 2004), or reduced
the diffusivity and fractional anisotropy of nervous tissue (D'Arceuil and de Crespigny,
2007; Kim et al., 2007; Schmierer et al., 2007). The external validity of these studies was
limited by the use of long PMIs (20 hours or longer), acquiring data from only a limited number
of human samples and/or the confounding MRI effects of formaldehyde solutions (Shepherd
et al., 2008). Further, potential differences between the MRI properties of tissue after
immersion or perfusion fixation have not been explored. To address these concerns, this study
tested the hypotheses that the MRI1 water relaxation and diffusion properties of rat cortical slice
and spinal cord models of human autopsy tissue would differ with 1) increasing PMI during
the first 24 hours and 2) between tissues chemically-fixed by perfusion or immersion in
formaldehyde solutions.

Materials and Methods

Simulation of Postmortem Interval

Laboratory animal use was approved by the Institutional Animal Care and Use Committee.
Male, 250-g Long-Evans rats were euthanized and 3 x 4 mm, 500-um thick coronal rat cortical
slices procured using previous methods (Conners and Gluck, 1984). Some rat cortical slices
were immediately immersion-fixed in a >50:1 volume excess of 4% formaldehyde in phosphate
buffered saline (PBS)(pH 7.4). These slices represented the immersion-fixation or “0-hours”
postmortem interval in the subsequent analysis. The remaining cortical slices were placed on
microscope slides inside sealed, humidified chambers to prevent tissue desiccation. Slices then
were left undisturbed at room temperature and removed for immersion-fixation in
formaldehyde (as above) at postmortem intervals of 2, 4, 8, 12, 24 or 36 hours (7 or 8 slices
per timepoint). Simultaneously, 3-cm segments of rat cervical spinal cord were removed by
dorsal laminectomy. The treatment of rat spinal cords then paralleled the treatment of rat
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cortical slices described above, but samples were only chemically-fixed at postmortem
intervals of 0, 6, 12 or 24 hours (3 cords per timepoint). Less timepoints were employed in the
spinal cord arm of the study to minimize the number of rats sacrificed. Additional rat cortical
slices and spinal cords were obtained from 3 transaortic perfusion-fixed rats (Shibutani,
2000). Thus prepared, all samples were stored in 4% formaldehyde for 10-12 days at 4°C prior
to the MRI measurements. Additional rat cortical slices were frozen, then used to characterize
autolytic enzyme cascade activation with increasing PMI using semi-quantitative Western
immunoblot analysis of non-erythroid all-spectrin and its calpain-specific cleavage fragments
(Pike et al., 2001).

MRI of Rat Cortical Slices

After immersion fixation, cortical slices were equilibrated to room temperature, washed
overnight in PBS, then imaged in a 10-mm birdcage coil interfaced to a 14.1-T vertical magnet
(Oxford Instruments, Abingdon, England) and console with 3000 mT/m imaging gradients
(Bruker, Billerica, MA) using previous methods (Shepherd et al., 2002). Water diffusion
measurements employed a pulsed-gradient spin-echo multislice sequence with diffusion times
of 10, 20, 30, 45 and 60 ms (gradient duration = 3 ms) and 12 diffusion-weighted images with
b-values between 7 and 15,000 s/mm2. These measurements had 2 averages with a 1.5-s
repetition time, while echo time was minimized with respect to diffusion time (23.3 - 72.3 ms).
The mean signal-to-noise ratio (SNR) of the diffusion-weighted images for cortical slices was
16.1 + 1.1 at 15005 s/mm? using the longest diffusion and echo times (60 ms and 72.3 ms
respectively). Slice T1 values were determined with a saturation recovery experiment using 10
logarithmically-spaced repetition times (150 ms - 10 s) and T, values were determined with a
multi-echo sequence using 30 consecutive 10-ms echoes. Complete MRI data acquisition took
4 hours. All images had modest in-plane resolution (128 x 64 matrix, 1.5 cm x 1.5 cm FOV)
to improve SNR for robust model analysis. Regions-of-interest (ROI) were drawn over the
cortical slices to exclude PBS, the molecular cortical layer and white matter from the corpus
callosum or external capsule (Fig. 1). The relative proton density of cortical slices was
determined based on SNR in images with echo and repetition times of 10 ms and 10 s
respectively. After the MRI measurements, cortical slices from different postmortem intervals
were processed for histology sections, then stained with hematoxylin and eosin. Slice MRI
data were analyzed using a two-compartment diffusion model with transmembrane water
exchange that assumes restricted diffusion in the intracellular space and extracellular water
diffusion mediated by tortuosity (Stanisz, 2003). The model estimates the extracellular
apparent diffusion coefficient (ADCgy), mean restriction size (a), transmembrane exchange
rate (k) and intracellular magnetization fraction (Mip).

Diffusion Tensor Imaging of Rat Spinal Cord

After fixation, rat spinal cords were equilibrated to room temperature and washed overnight
in PBS. Spinal cords then were placed into an NMR tube and imaged in the same 10-mm
radiofrequency coil and system. Diffusion tensor data were collected using a pulsed-gradient
spin-echo pulse sequence (TR/TE = 1500/28.3 ms). For each cord, images were obtained
without diffusion-weighting and from 21 unique diffusion gradient orientations. Diffusion
gradient strength was 415 mT/m, gradient separation and duration were 17.8 and 2.4 ms
respectively (diffusion time = 17 ms and b = 1250 s/mm?). Continuous 300-um thick axial
slices were obtained through the spinal cord segment with a 9.6-mm square field-of-view and
a 64 x 64 matrix (150-um in-plane resolution). Each dataset required 10.8 hours. The mean
SNR for individual diffusion-weighted images (b = 1250 s/mm?2) of spinal cord gray and white
matter was 43.6 + 11.7 and 31.3 + 14.2 respectively. A rank-2 diffusion tensor model was fitted
to the data to derive separate images of mean diffusivity, fractional anisotropy (FA) and color
fiber orientation (Basser and Jones, 2002). ROI's were segmented manually over ventral gray
matter, anterolateral and dorsal white matter regions to extract mean diffusivity and FA values.
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All quantitative data from different postmortem intervals were compared statistically with
Sigmastat 2.03 (Systat Software, San Rafael, CA) using a 1-way ANOVA with posthoc Tukey
multiple comparisons tests.

Simply switching from perfusion to immersion fixation methods increased rat cortical slice
relative proton density by 30%, T; by 8% and T, by 21% (all, P < 0.01) (Fig. 2). Slice relative
proton density increased by 45% after 4 hours PMI (P < 0.001), did not change further up to
24 hours PMI, but was 66% higher by 36 hours PMI (data not shown, P < 0.001). In contrast,
cortical slice Tq and T values increased significantly throughout the first 24 hours PMI (all
comparisons, P < 0.001)(Fig. 2B & C). At 4 hours PMI, slice Tq and T increased 22% and
62% respectively compared with perfusion-fixed slices, or increased 13% and 34%
respectively compared with slices immersion-fixed at 0 hours PMI. After 24 hours, slice Ty
and T had increased 20 and 52% respectively compared with slices prepared by immediate
immersion fixation.

The biophysical changes to rat cortical slices with immersion fixation or increasing PMI were
further characterized using a two compartment analytical model of water diffusion (Stanisz,
2003). This analytical model fitted the diffusion data well (Fig. 3). Chemically-fixed cortical
slices again demonstrated increased transmembrane exchange compared with in vitro cortical
slice data due to formaldehyde fixation (Shepherd et al., 2008). Comparisons between
perfusion and immersion fixation at 0 hours PMI, and with further increasing PMI
demonstrated significant changes to the biophysical parameters of the analytical model (Fig.
4). Switching from perfusion to immersion fixation without a PMI decreased mean restriction
size 16% (P < 0.001), transmembrane water exchange 35% (P < 0.001) and the intracellular
magnetization fraction 20% (P = 0.002). Cortical slice transmembrane water exchange
continued to decrease significantly with increasing PMI and was reduced 52% compared with
perfusion-fixed samples at 24 hours PMI (P < 0.001). The extracellular apparent diffusion
coefficient decreased 16% after switching from perfusion to immersion fixation (P = 0.064),
but subsequently increased from 0 to 24 hours immersion fixation by 38% (P < 0.001). After
initial decreases with immersion fixation at 0 hours PMI (above), the intracellular
magnetization fraction increased 25% and 36% after 4 or 24 hours PMI respectively (P <0.002).

Correlative immunoblot studies of rat cortical slice MRI changes during the first 8 hours of
the PMI demonstrated 49% and 82% relative increases in calpain-specific spectrin cleavage
products at 1 and 4 hours PMI respectively (Fig. 5). These changes were consistent with
autolytic molecular changes associated with oncotic cell death (Zhao et al., 1999). It was not
possible to study calpain activity differences between immersion and perfusion-fixed cortical
slices because formaldehyde alters the binding affinity of the immunoblot antibodies. However,
no significant morphological differences were noted between perfusion and immersion fixation
samples. During the first 12 hours PMI, histology of cortical slices demonstrated increasing
neuronal retraction artifact, neuropil staining pallor and perinuclear vacuolization (Fig. 6).
Early changes noted in the superficial layers subsequently spread to the large pyramidal
neurons in cortical layers IV and V. From 12 to 24 hours PMI, cortical slices demonstrated
more prominent perinuclear vacuolization and nuclear pyknosis. After 24 to 36 hours PMI,
frank autolytic changes became much more obvious with cellular ghosts and pronounced glial
pyknosis. At 36 hours PMI, the superficial cortical layers of some slices separated from the
deeper layers. The observed morphologic changes in cortical slices were similar to previous
descriptions of PMI's impact on in situ rat cortex (Seaman, 1987).

Cortical slices have minimal diffusion fractional anisotropy (FA ~ 0.05), so the PMI effects
on white matter were studied using rat spinal cords (Fig. 7). There were significant reductions
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to mean diffusivity and FA in the rat spinal cord with immersion fixation or increasing PMIs
(Fig. 8). Changing from perfusion to immersion fixation decreased mean diffusivity 20-25%
in gray and white matter (P < 0.001). Immersion fixation also reduced FA in spinal cord white
matter 22% (P < 0.001). In spinal cords prepared by immersion fixation, there was a further
25% and 54% decrease in mean diffusivity of the gray and white matter respectively between
0 and 24 hrs PMI (P < 0.001). Also, compared to immersion fixation at 0 hours PMI, spinal
cord white matter FA decreased 21% and 39% at 6 and 24 hours PMI respectively (P < 0.001).
MRI data comparisons were similar for both the anterolateral and dorsal column white matter
regions of the rat spinal cord. Further, the mean diffusivity and FA of perfusion-fixed rat spinal
cord were similar to previous reports (Berens et al., 2005), but white matter anisotropy appeared
slightly lower than in vivo values due to chemical fixation (Madi et al., 2005). Despite the
significant decreases to white matter FA and mean diffusivity with increasing PMI, the fiber
orientation of the anterolateral and dorsal spinal cord white matter remained cranio-caudal

(Fig. 7).

Discussion

In rat cortical slices, relative proton density, T1 and T, values increased significantly with
increasing PMI (Fig. 2). In contrast, previous studies attributed Tq or T, reductions in nervous
tissue to increasing PMI (Blamire et al., 1999;Moseley et al., 1984;Nagara et al.,
1987;Pfefferbaum et al., 2004). These reductions, however, were confounded by excess tissue
dehydration that should not occur in human samples (Finkbeiner et al., 2004), or by
formaldehyde-induced T, and T, shortening (Thickman et al., 1983). In this study, tissues were
stored in chambers to prevent dehydration and washed overnight prior to MRI to remove T,-
shortening effects from free formaldehyde solution (Shepherd et al., 2008). The observed
progressive increases in nervous tissue proton density, T1 and T, correlated with histology
changes consistent with cytotoxic edema (Fig. 6). These changes are comparable to the MRI
changes observed with irreversible ischemia in vivo (Provenzale et al., 2003), but may have
different molecular and morphologic etiologies.

PMI-induced early progressive decreases to rat nervous tissue mean diffusivity and fractional
anisotropy (FA) also demonstrated some qualitative similarities to the MRI changes observed
during irreversible ischemia. Mean diffusivity in rat spinal cord gray and white matter
decreased 20% and 39% in the first 6 hours of PMI respectively. Diffusivity decreased
progressively within the first 24 hours of PMI (Fig. 8). Only reductions to mean diffusivity
after PMI's of 20 hours or greater have been reported previously (D'Arceuil and de Crespigny,
2007;Pattany et al., 1997;Schmierer et al., 2007). The two-compartment analytical model fits
suggested that alterations in membrane permeability, redistribution of magnetization between
compartments and increased diffusivity within the remaining extracellular space (Fig. 4) may
underlie the mean diffusivity changes observed with clinical DTI contrast techniques.
Membrane changes also may explain the observed 38% decrease in FA of rat spinal cord white
matter in the first 6 hours and 52% decrease in FA by 24 hours PMI (Fig. 8). Diffusion
anisotropy also decreased 33% in normal-appearing white matter from multiple sclerosis
human brain samples after a 20-hour room-temperature PMI (Schmierer et al., 2007). In
contrast, other reports may not have detected early diffusion anisotropy changes during the
first 24 hrs of the PMI (D'Arceuil and de Crespigny, 2007;Kim et al., 2007;Pattany et al.,
1997) due to immediate sample refrigeration to 4°C or customizing MRI acquisitions to
different treatment groups. Although its anisotropy decreased, spinal cord white matter fiber
orientation appeared preserved during the first 24 hrs (Fig. 7). Cerebral white matter fiber
propagation also did not change significantly after a 24-hour PMI using liberal deterministic
tractography criteria (stopping fractional anisotropy of 0.05) when samples were immediately
refrigerated (D'Arceuil and de Crespigny, 2007).
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Several studies have demonstrated that 4% formaldehyde alters the MRI properties of nervous
tissues (Madi et al., 2005; Shepherd et al., 2008; Thickman et al., 1983). However, it is not
practical to image human autopsy tissues immediately, so dissected samples are inevitably
immersed in formaldehyde solutions for storage prior to MRI experiments. In contrast, animal
models of human disease are perfusion-fixed with formaldehyde. Switching from perfusion to
immersion fixation increased rat cortical slice relative proton density, T, and T, and caused
significant diffusion model changes (Figs. 2 & 4). Further, this switch decreased white matter
fractional anisotropy 22% in rat spinal cords (Fig. 8). During immersion, the fixative must
diffuse from the tissue surface, whereas perfusion allows fixative to diffuse directly from
capillary beds within the tissue microstructure. Immersion thus delays complete fixative
penetration and allows for further tissue autolysis; a previous report suggests these MRI
differences should be more pronounced in whole human brain samples compared with rat
cortical slices or spinal cords (Yong-Hing et al., 2005). Possible tissue injury from autopsy
dissection (Finkbeiner etal., 2004) also may contribute to the MRI differences between samples
prepared by immersion or perfusion fixation.

It is impractical to study PMI in human samples systematically, so it is important to examine
the validity of the experimental models used. In contrast to human autopsies, rat cortical slice
and spinal cord dissections occurred at the start of the postmortem interval. This controlled for
the expected increased impact of dissection at later PMIs due to the deteriorating condition of
the tissues. However, to minimize potential additional deleterious effects of early dissection,
the cut edges of slices and spinal cords were excluded from analysis. Human cadavers usually
are refrigerated within 6-12 hours such that PMls at room temperature beyond 12 hours should
be less common. However, other differences suggest the rat tissue models may underestimate
how PMI affects human autopsy tissues. Unlike human autopsies, tissues were procured from
healthy, young adult rats without an agonal state and after exsanguination. Further, the small
tissue dimensions facilitated early complete fixative penetration compared with typical human
samples (Hayat, 1981) and accelerated tissue equilibration with room temperature. In contrast,
human cadavers equilibrate to room temperature 20 hours after death (Knight and Nokes,
2002). These differences may have improved relative preservation of rat tissues compared to
human autopsy samples at the same PMI.

Practical Applications

High-resolution MRI of human autopsy tissues may improve our understanding of in vivo MRI
and MRI from animal models of disease, but these samples are obtained following a PMI that
is typically 4 hours or greater. Even during this short interval, PMI significantly increased rat
nervous tissue T, T and relative proton density while significantly reducing fractional
anisotropy and diffusivity. These MRI property changes correlated with cell death enzyme
cascade activity and oncotic neuronal morphology changes. The observed changes with
increasing PMI were comparable to the MRI changes observed during irreversible ischemic
injury, but occurred without tissue reperfusion (White et al., 2000) and at ambient temperatures
that are more neuroprotective (Newman et al., 1992). It will be difficult to further reduce the
time to human autopsy tissue dissection and fixation in most clinical settings, however previous
studies suggest prompt refrigeration may delay PMI changes to nervous tissue water relaxivity
and diffusion (D'Arceuil and de Crespigny, 2007; Moseley et al., 1984). Further, the immersion
fixation methods used for autopsies (or surgical biopsies) also altered the MRI properties of
rat nervous tissue. Wide-scale application of perfusion fixation during autopsy remains
unlikely. Given these limitations, it is important that human autopsy samples used for MRI
research should be clearly described (and/or matched) in terms of their overall PMI, pre-
refrigeration PMI and agonal state.
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Figure 1.

Representative diffusion-weighted image of a coronal rat cortical slice used for this study (117
x 234 um in-plane resolution, TR/TE = 1500/43.3 ms, diffusion time = 30 ms, b-value = 2005
s/mm?). The region-of-interest (yellow) used for MRI data analysis excluded the acellular
molecular layer (ml) and the anisotropic white matter (wm) of the external capsule.
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Immersion fixation and postmortem interval alter the MRI relaxation properties of rat cortical
slices [Mean £ SD, 7-8 slices per timepoint]. Relative proton density (A)(TR/TE = 10,000/10
ms) in the perfusion fixation treatment was lower than all other groups (P < 0.001). There were
trends towards increasing proton density with immersion fixation from 0 to 4 hours (P =0.111)
or from 0 to 24 hours PMI (P = 0.104). PMI progressively increased cortical slice T1 (B) and
To (C) (all groups statistically different, P < 0.001). Further individual comparisons between

different PMIs are discussed in the results.
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Figure 3.

Log-semilog plots of diffusion-weighted signal attenuation curves from representative rat
cortical slices at different diffusion times (10-60 ms) after perfusion fixation (A), and
immersion fixation at 0 hrs (B), 4 hrs (C) or 24 hrs (D) postmortem interval (PMI). Points
represent the MRI data while lines represent fits from the two-compartment analytical model
of water diffusion. Note, the data were not normalized such that signal decreases with
increasing diffusion time at b = 0 ms/um? reflect T, relaxation effects.
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Figure 4.

Immersion fixation and PMI altered the extracellular apparent diffusion coefficient

(“ADCgy)(A), mean restriction size (“a”)(B), transmembrane exchange rate (“k”)(C) and
intracellular magnetization fraction (“M;,”)(D) of rat cortical slices [Mean + SD, 7-8 slices per
timepoint]. Switching from perfusion to immersion fixation at 0-hours PMI significantly

reduced mean restriction size, transmembrane exchange and the intracellular magnetization
fraction (all comparisons, P <0.002). Longer PMIs further decreased transmembrane exchange
while significantly increasing extracellular ADC and intracellular magnetization fraction
(individual comparisons discussed in the results).
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Figure 5.

Semi-quantitative densitometry of Western immunoblots demonstrated accumulation of
calpain-specific non-erythroid all-spectrin cleavage products in rat cortical slices from cellular
autolysis as the PMI increases [Mean + SD, 3 slices per timepoint]. Compared with baseline
(0 hrs PMI), calpain-specific spectrin cleavage products increased 49% in the first 1-2 hrs (P
< 0.001) and 82% after 4-8 hrs PMI (P < 0.001). There were no differences between 1 and 2
hrs PMI (P = 0.917), or between 4 and 8 hrs PMI (P = 0.615).
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Figure 6.

Histology demonstrated progressive neuronal morphology changes with increasing PMI
(Hematoxylin and eosin stain, 10-um sections, 400x original magnification). Nervous tissue
morphology was well-preserved with immediate immersion fixation (A). By 4 hrs PMI, cortical
slices developed some perinuclear vacuolization and staining pallor to the neuropil, but nuclear
morphology remained preserved (B). Perinuclear vacuolization involved all neuronal layers of
the cortical slice by 12 hrs PMI and the nuclear chromatin appeared less distinct (C). After 24
hrs PMI, slices demonstrated retraction artifacts for all neurons with increased numbers of
pyknatic nuclei (D). Autolytic changes became more prominent by 36 hrs PMI, with cellular
ghosts containing fluid instead of debris as well as interval development of glial pyknosis (E).
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Figure 7.

Axial color fiber orientation maps of rat cervical spinal cords with increasing PMI (fiber
orientation: red = through-plane, green = left-right, and blue = up-down, color intensity
determined by fractional anisotropy). Anisotropy in the spinal cord white matter decreased
when switching from perfusion to immersion fixation techniques, and then progressively
decreased with longer PMI's (see Fig. 8). White matter fiber orientation, however, appeared
relatively preserved.
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Figure 8.

Immersion fixation and postmortem interval alter the mean diffusivity (A) and fractional
anisotropy (B) of gray and white matter in the rat spinal cord [Mean = SD, 3 spinal cords per
timepoint]. The anterolateral white matter of the spinal cord showed progressive decreases in
mean diffusivity with immersion fixation and increasing PMI (all comparisons, P < 0.001).
Mean diffusivity in gray matter also significantly decreased (P < 0.001), except between the 0
and 6 hrs PMI (P = 0.127). Fractional anisotropy in white matter decreased significantly with
immersion fixation and increasing PMI (all comparisons, P < 0.007), but did not demonstrate
biologically significant changes in gray matter.
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