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Diffusion Tensor Microscopy Indicates the
Cytoarchitectural Basis for Diffusion Anisotropy in
the Human Hippocampus

BACKGROUND AND PURPOSE: Observing changes to water diffusivity and fractional anisotropy (FA) for
particular hippocampal regions may improve the sensitivity and specificity of diffusion tensor MR
imaging for hippocampal pathologies like Alzheimer disease and mesial temporal sclerosis. As a first
step toward this goal, this study characterized the cytoarchitectural features underlying diffusion
anisotropy in human hippocampus autopsy specimens at 60-um in-plane resolution.

MATERIALS AND METHODS: Eight-millimeter coronal segments of the hippocampal body were dis-
sected from 5 autopsy specimens (mean = 55.6 * 6.2 years of age) with short postmortem intervals
to fixation (21.2 + 5.7 hours) and no histologic evidence of neuropathology. Diffusion tensor micros-
copy data were collected from hippocampal specimens by using a 14.1T magnet with a protocol that
included 21 unique diffusion gradient orientations (diffusion time = 17 ms, b = 1250 s/mm?). The
resulting images were used to determine the mean diffusivity, FA, and principal fiber orientation for
manually segmented hippocampal regions that included the stratum oriens, stratum radiatum, stratum
pyramidale (CA1 and CA3), stratum lacunosum-moleculare, hilus, molecular layer, granule cell layer,
fimbria, and subiculum.

RESULTS: Diffusion-weighted images had high signal-to-noise ratios (31.17 * 13.0) and delineated
hippocampal anatomy well. Water diffusivity ranged from 1.21 + 0.22 X 10~* mm?/s in the fimbria to
3.48 + 0.72 X 10~* mm?/s in granule cells (analysis of variance, P< .001). Color fiber-orientation maps
indicated the underlying microstructures responsible for diffusion anisotropy in the hippocampal
lamina.

CONCLUSION: Diffusion tensor microscopy provided novel microstructural information about the dif-
ferent lamina of the human hippocampus. These ex vivo data obtained at high-magnetic-field strengths
can be used to study injury-specific diffusion changes to susceptible hippocampal regions and may

he hippocampus, a critical structure for learning and se-

mantic memory formation,’ is susceptible to a wide variety
of neurologic diseases, including hypoxia-ischemia, epilepsy,
Alzheimer disease, or schizophrenia.”> The consequences of
hippocampal disease can be devastating.” MR imaging is com-
monly used for the diagnosis, prognosis, and monitoring of
hippocampal disease processes. Yet, the hippocampus is a
small complicated multilaminar structure, which is challeng-
ing to image in detail with current clinical MR imaging scan-
ners. Thus, for example, clinical studies have often described
MR imaging—defined volume changes to the whole hip-
pocampus; however, these findings can be seen in many dis-
eases.”® Without adequate image resolution or more specific
tissue-contrast methods, MR imaging studies are unable to
discriminate the pathologic changes to anatomic regions of
the hippocampus that are known to be selectively vulnerable
to particular diseases (eg, granule cell dispersion and mossy
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lead to more specific MR imaging surrogate markers for Alzheimer disease or epilepsy.

fiber sprouting in hippocampal sclerosis)’; this shortcoming
limits the sensitivity and specificity of MR imaging methods as
surrogate markers of hippocampal injury.

Recent studies have shown that the laminar anatomy of
the hippocampus is resolved well in MR imaging by using
high-magnetic-field strengths that may become practical
for in vivo imaging in a few years.>”® For example, this ap-
proach can be used to characterize specific changes to CA1
and subicular components of the hippocampus that may
correlate with the severity of Alzheimer disease.'” Along
with higher resolutions, diffusion tensor MR imaging,''""?
which characterizes how water diffusion in nervous tissue is
influenced by the 3D coherent orientation of microstruc-
tures,'”> may improve imaging of the hippocampus in dis-
eases like epilepsy or schizophrenia.'*'® This study pre-
sents a combination of diffusion tensor methods with
microscopy acquisitions capable of distinguishing particu-
lar hippocampal lamina that are selectively vulnerable to
different disease processes. This combination is referred to
as diffusion tensor microscopy (DTM). To first increase
our understanding of the relationship between tissue cyto-
architecture and water diffusion anisotropy in the different
laminar regions of the unaffected hippocampus, we charac-
terized healthy human hippocampus autopsy specimens
with DTM at 60-um in-plane resolution by using a 14.1T
magnet. Although such images are impractical to acquire
with current clinical MR imaging scanners, the results of
this ex vivo study may help interpret diffusion changes that
accompany injury to this important structure.



Fig 1. Histology demonstrates the laminar anatomy of the human hippocampus. This
section was taken adjacent to one of the autopsy samples imaged in this study—no
evidence of pathology was seen in any of the tissue samples. 1 indicates hilus; 2, granule
cell layer; 3, molecular layer; 4, fimbria; 5, CA3 stratum pyramidale; 6, stratum lacunosum-
moleculare; 7, stratum radiatum; 8, CA1 stratum pyramidale; 9, stratum oriens; 10, alveus;
11, subiculum (hematoxylin-eosin, original magnification <4).

Methods

Hippocampal Tissue Procurement

The use of tissue from human brain autopsy specimens was approved
by the University of Florida Institutional Review Board. During au-
topsy, the brain was carefully removed and suspended in 20% forma-
lin (pH 7.4). After 7-10 days of immersion fixation, the brain was
washed in distilled water for 12 hours, then sliced into 1-cm-thick
coronal sections per standard practice. Following gross pathologic
assessment, samples of the hippocampal body at the level of the lateral
geniculate nucleus were dissected carefully from the coronal brain
section to include the hippocampus proper, dentate gyrus, fimbria,
and subiculum. Samples were re-immersed in 4% formaldehyde in
phosphate-buffered saline (300 mOsm/kg, pH 7.4) for storage at 4°C
until needed for the DTM experiments. Hippocampal autopsy sam-
ples with postmortem intervals greater than 24 hours, significant clin-
ical history of neurologic disease, or obvious hippocampal pathology
during gross examination were not collected for further study. Sec-
tions adjacent to the MR imaging samples were sent for standard
histologic examination (Fig 1). A neuropathologist (A.T.Y.) analyzed
these sections for evidence of pathology—samples with documented
neuropathology in the final autopsy report (eg, agonal hypoxic-isch-
emic changes to the CA1 region) were excluded from the study.

DTM of Human Hippocampus Samples

Before DTM data collection, the hippocampal samples were warmed
gradually to room temperature, then washed in phosphate-buffered
saline 5—6 times during 24 hours to remove free formaldehyde, which
causes significant T2 shortening effects in nervous tissue.'” The coro-
nally oriented hippocampal samples then were pushed into the bot-
tom of a 10-mm-diameter nuclear magnetic resonance tube with a
polished glass rod such that the in vivo medial-to-lateral axis of the
hippocampus was collinear with the long axis of the tube. Typically,
the hippocampi were approximately 18 X 8 X 8 mm so that the
samples fit snugly inside the tube (inner diameter ~ 9 mm). The
samples were immersed in Fluorinert (3M, St Paul, Minn) to elimi-
nate extraneous signal intensity from protons outside the tissue. The

samples were placed into a 10-mm Helmbholtz pair coil inside a 14.1T
magnet with 3000 mT/m gradients. Multisection sagittal, coronal,
and axial pilot T1-weighted images were used to define MR imaging
sections through the hippocampal samples that mimicked coronally
oriented images of the in vivo hippocampus.

DTM data were obtained at room temperature with a multisection
pulsed gradient spin-echo sequence (TR/TE = 1500/34 ms, band-
width = 35 kHz). First, an image without diffusion-weighting was col-
lected, then 21 diffusion-weighted images were collected with a 415
mT/m diffusion gradient (T4 = 17 ms, 6 = 2.4 ms, b = 1250 s/mm?). To
extract the anisotropy of water diffusion, each of these images used a
diffusion gradient applied along a different direction. Gradient orienta-
tions were obtained from the 1st-order tessellations of an icosahedron on
the unit hemisphere. The image-acquisition geometry typically had
15-25 contiguous 300- wm-thick sections. The field-of-view was 9.6-mm
wide and 16—21 mm in length (depending on the particular sample)—
matrix size in the frequency axis then varied by sample length, but the
phase-encoding axis always had 160 steps to generate 60-um in-plane
image resolution. The image without diffusion-weighting had 36 signal-
intensity averages (time = 2.4 hours), and the diffusion-weighted images
each had 12 averages (time = 0.8 hours) to give a total imaging time of
19.2 hours per sample.

Diffusion Tensor Microscopy Data Analysis

The apparent diffusion tensor at each image voxel was fitted to the
resulting MR imaging data and used to calculate an image without
diffusion-weighting (S0) as well as maps of mean diffusivity (MD),
fractional anisotropy (FA), and color fiber orientation for the hip-
pocampi.' "2 Different regions of interest in the hippocampus were
manually segmented by using the non-diffusion-weighted images
(S,) with custom-built computer software (Fig 2). These regions of
interest were identified on the basis of anatomic literature' and his-
tology of the hippocampus (Fig 1) and included the stratum oriens,
the stratum pyramidale (CA1 and CA3), the stratum radiatum, and
the stratum lacunosum-moleculare in the hippocampus proper; the
hilus, molecular, and granule cell layers of the dentate gyrus; as well as
the fimbria and subiculum. Quantitative data from the FA and MD
maps were obtained by using these regions of interest.

Both FA and MD values for different cytoarchitectural regions of the
hippocampi were compared with a 1-way analysis of variance (ANOVA)
and a Tukey multiple comparisons test (SigmaStat for Windows, version
2.03, SPSS, San Rafael, Calif). Significance for all statistical tests was pre-
determined at P < .05. Signal-to-noise ratios (SNR) were calculated for
several diffusion-weighted images from each sample as the mean signal
intensity in the hippocampus (minus the mean noise signal intensity)
divided by the SD of the noise signal intensity.

Results

Before DTM data acquisition, tissue sections adjacent to the hip-
pocampal samples were examined by a neuropathologist (Fig 1)
for signs of pathology such as hypoxic-ischemic changes. The
laminar anatomy of the hippocampus evident in Fig 1 was well
demonstrated in the subsequent DTM data obtained, and the
stained histology sections confirmed the image segmentations.
Samples were excluded from the study for postmortem intervals
greater than 24 hours (n = 4), inability to determine the postmor-
tem interval (n = 2), or histopathologic evidence of hypoxic-
ischemic changes in the hippocampus (n = 5). Ultimately, 5 of
the original 16 autopsy samples collected at gross dissection dur-
ing a 6-month period in 2004 were included for this study. These
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Fig 2. Manually segmented regions of interest on a non-diffusion-weighted image of a
human hippocampus. These regions include the subiculum (1), the parahippocampal white
matter (2), the presubiculum (3), the fimbria (4), the molecular layer (5), the stratum
lacunosum-moleculare (6), the CA1 stratum pyramidale (7), the alveus (8), the CA3 stratum
pyramidale (9), the stratum oriens (10), the stratum radiatum (11), the granule cell layer (12),
and the hilus (13). The asterisk indicates a hippocampal area that could not be assigned
unambiguously. The arrowhead indicates some water on the free surface of this particular
sample that was not removed by immersion in Fluorinert.

samples were obtained from 3 male and 2 female patients who
had a mean age of 55.6 = 6.2 years, a mean postmortem interval
of 21.2 = 5.7 hours, and various non-neurologic causes of death.
No signs of pathology or autolytic changes secondary to the post-
mortem interval were evident in any of the histologic sections
obtained (Fig 1). Although not recorded, the portion of the post-
mortem interval before cadaver refrigeration was estimated to be
less than 4 hours for all samples. No obvious differences for the
sample with a shorter postmortem interval of 11 hours were
noted in the histology or subsequent DTM analysis—again,
probably because tissue samples spent most of the postmortem
interval in refrigeration, thus retarding any autolytic processes
that may alter the MR imaging properties of the sample.

Simple diffusion-weighted images resolved the internal
layers of the hippocampus (Fig 3). There was no evidence of
gross morphologic damage or distortion to any of the samples
in the diffusion MR imaging data. Although all 5 samples were
coronal sections from the hippocampal body, the cytoarchi-
tectural regions of the hippocampi varied slightly in size and
shape in the different samples (Fig 3). SNRs for the hip-
pocampi in the diffusion-weighted images were 31.0 = 13.0 at
b = 1250 s/mm? (n = 5). Diffusion tensor datasets were cal-
culated from these images (Fig 4), then used to generate pa-
rameter maps of no diffusion-weighting (S,), MD, and FA (Fig
5). Non-diffusion-weighted images demonstrated enough de-
tail for region-of-interest segmentation of the different re-
gions (Fig 2). Contrast in these non-diffusion-weighted im-
ages suggested that there were some T2 and proton density
differences between the hippocampal regions (Figs 2 and 5).

Mean diffusivity images (Fig 5) demonstrated similar con-
trast relationships to the simple diffusion-weighted images
(Fig 3) but also accounted for the potentially confounding
effects of diffusion anisotropy, proton density, and T2 differ-
ences. For example, diffusion appeared slow for CA1 and CA3
in the diffusion-weighted images (Fig 3) because of the partic-
ular gradient orientations, yet the mean diffusivities for these
regions were actually high (Fig 5). Mean water diffusivities
were lowest in regions of white matter or predominately ax-
onal architectures (fimbria, alveus, and stratum oriens) and
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highest in layers composed of neuronal cell bodies (stratum
granulosum, CA3 stratum pyramidale, and subiculum). A 3rd
group with mixed architecture composed of neuronal cell
bodies and neuropil (hilus, molecular layer, and stratum ra-
diatum) appeared to have intermediate diffusivities. MDs for
some of the different laminar regions of the rat hippocampus
were statistically different despite the limited number of sam-
ples (Fig 6) (ANOVA, P < .05).

FA maps also demonstrated several fine anatomic details
and laminar divisions of the rat hippocampus (Fig 5). Similar
to diffusivity, the FA values reflected differences between sub-
regions dominated by particular cytoarchitectural features
(Fig6) (ANOVA, P < .05). FA was highest in regions of known
white matter or densely packed coherent axonal projections
(fimbria, stratum oriens, alveus, parahippocampal gyrus, and
stratum lacunosum-moleculare), whereas lower FA was noted
where neuronal perikarya were concentrated (stratum pyra-
midale of CA1 and CA3, stratum granulosum, and subicu-
lum). Intermediate FA values were noted in the stratum radia-
tum, hilus, and presubiculum. There appeared to be an inverse
relationship between FA and diffusivity in the hippocampus
(Fig 5), such that regions with high diffusivity correlated with
regions of low anisotropy and vice versa, but there were excep-
tions (parahippocampal gyrus white matter and CA1). What is
most interesting, the FA map suggested that the molecular
layer could be divided into inner and outer layers, with the
former having higher FA. Color fiber-orientation maps (Fig 7)
based on the principal eigenvector from the diffusion tensor
data provided exceptional anatomic contrast for the different
hippocampal layers. The interpretation of these findings will
be discussed in much detail below.

Discussion

Diffusivity and FA of the Hippocampus
The laminar anatomy of the hippocampus found within con-
ventional postmortem histologic preparations of the hip-
pocampus (Fig 1) was well demonstrated in simple diffusion-
weighted images (Fig 3) and in MD and FA images derived
from the diffusion tensor analysis (Fig 5). To improve the
value of MR imaging as a surrogate marker of hippocampal
injury, one should note that high spatial resolution is not alone
sufficient, but adequate contrast is also required to observe
changes to specific hippocampal lamina. Diffusivity and FA
provided adequate contrasts between hippocampal layers for
this purpose. This work demonstrated some statistically sig-
nificant differences in water diffusion for various regions of
human nervous tissue (Figs 5 and 6). Similar diffusion differ-
ences were reported in viable unfixed rat hippocampal sec-
tions by using both diffusion MR imaging'® and tetramethyl
ammonium iontophoresis.'® This suggests that the observed
relative differences in water diffusion for different hippocam-
pal lamina are likely valid for unfixed hippocampus in vivo.
Differences in water diffusivity may best be explained by the
improved spatial resolution of hippocampal layers in this DTM
study. Unlike the isocortex, the phylogenetically older hippocam-
pus contains segregated cytoarchitectural regions where volumes
are dominated by large neuronal somata (eg, stratum pyrami-
dale), neuropil (eg, stratum lacunosum-moleculare), or a mix-
ture of the 2 (eg, hilus). The MD of water in nervous tissue ap-



Fig 3. Representative 60-um in-plane resolution diffusion-weighted images (b ~ 1250
s/mm?) from each of the 5 human hippocampus autopsy specimens. Random diffusion
gradient orientations (from the 21 directions acquired for each sample) are shown. The
laminar anatomy of the hippocampal body is well resolved.

pears to decrease significantly as the tissue cytoarchitecture
becomes volume-dominated by microscopic tubular structures
such as axons and dendrites. The diffusion of water is most re-
stricted in regions with relatively homogeneous collections of co-
herent, myelinated axon bundles such as the fimbria. Conversely,

regions of large densely packed pyramidal or spheric-shaped neu-
ronal soma (ie, stratum granulosum) have high mean water dif-
fusivities. Intermediate values occur in neuropil, where there are
complex microscopic interdigitations of axons, dendrites, and
dendritic spines, such as the stratum radiatum.

The values observed for diffusion anisotropy in the human
hippocampus are lower than those reported for white matter
tracts like the corpus callosum.? Specific interpretations of the
structures underlying FA in the different hippocampal lamina are
discussed in the context of fiber orientation. At the image resolu-
tions obtained, the fiber architecture in the hippocampus is more
complex than that in traditional white matter so that many re-
gions may contain an intravoxel volume averaging of multiple
orientations. For example, the stratum lucidum contains mossy
fibers from granule cells in the dentate gyrus crossing the orthog-
onally oriented apical dendrites of CA3 pyramidal neurons.>'
These 2 “fibers” in fact synapse to one another en passage and
represent part of the trisynaptic pathway. Although there is sig-
nificant coherence to these 2 underlying fiber architectures
within the stratum lucidum, the diffusion tensor may underesti-
mate the FA of nonmonopolar coherences because the tensor
model gives rise to excessive smoothing in regions of orientation
heterogeneity.”>** The divergence of axonal projections and den-
dritic arbors also may reduce coherence variably. Similar effects
may be observed in other regions that contain 2 or more crossing-
fiber coherences, such as the hilus, stratum radiatum, stratum
lacunosum-moleculare, and stratum oriens so that FA values will
be reduced. In this study, the protocol for measuring diffusion
anisotropy was kept similar to methods currently used clinically.
However, in future studies, alternative more data-intensive
methods of measuring diffusion anisotropy,**** which may indi-
cate crossing-fiber coherences, could improve the characteriza-
tion of these regions. The FA of the hippocampus also may appear
lower than that of the anisotropic brain structures like the corpus
callosum because of higher SNR in the present data®® and/or the
effects of chemical fixation on the tissue.'” Preliminary studies in
rat spinal cord white matter also suggest that FA decreases 30%
during a 24-hour postmortem interval when prefixed tissue was
kept at room temperature,”” though autopsy samples here were
refrigerated before fixation to mitigate this effect.

Hippocampal Cytoarchitecture as the Basis for Fiber
Orientation

The orientation of cytoarchitecture indicated in the color fi-
ber-orientation maps for different hippocampal lamina (see
selected example in Fig 7) can best be interpreted on the basis
of components of the trisynaptic intrahippocampal pathway
involved in semantic memory formation.' For instance, high
anisotropy in the fimbria can be attributed to efferent axons
from CA3, CAl, and the subiculum, along with afferent axons
from the septal regions of the brain—these fibers run parallel
to the septal-temporal axis of the hippocampus. Similarly, the
thin alveus contains the efferent hippocampal axon fibers as
they exit from the CA1 and subicular regions to wrap around
the surface of the hippocampus in an oblique septal direction
toward the fimbria and subsequently the fornix. The stratum
oriens first contains these axons after they exit the CA1 and
CA3 neuronal layers and bend into the alveus. It also contains
basal dendrite arborizations from pyramidal neurons that will
be oriented orthogonal to the exiting axons and apical den-
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Fig 4. Images of the components of the diffusion tensor visualized on a section from one of the human hippocampus autopsy specimens. The diagonal elements of the tensor (D, Dy,
D,,) depict the water mobility along the 3 orthogonal directions, X, y, and z, respectively. The apparent differences between the images obtained from these diagonal elements are due
to the anisotropy of water diffusion inside the sample, where the higher intensity voxels correspond to regions with higher (or less restricted) diffusion. These images are scaled between

the values of zero and 8 X 10~* mm?/s. The off-diagonal elements (D,,, D,

. D,,) indicate the correlations of diffusional motion along 2 orthogonal directions. Because the off-diagonal

elements can take negative values, these images are scaled between —2 X 10~* and 2 X 10~* mm?/s—hence the gray background.

drites of pyramidal neurons. These 2 features may explain the
blue transverse fiber orientation of this lamina in Fig 7.

In the stratum pyramidale underlying the stratum oriens,
CA3 tends to have slightly higher FA and appears thinner than
the CA1 pyramidal neuron layer. The latter can be predicted
on the basis of neuronal packing density differences observed
in routine histology of the hippocampus (Fig 1). In the fiber-
orientation map (Fig 7), it is difficult to distinguish a clear
border between the stratum pyramidale and the stratum ra-
diatum. The radial fiber orientations observed for the stratum
pyramidale and radiatum can best be attributed to the large
apical dendrites of CA1 and CA3 pyramidal neurons project-
ing through these layers toward their termination in the stra-
tum lacunosum-moleculare. The region of the stratum pyra-
midale adjacent to the stratum radiatum will already contain
many of these apical dendrites projecting from more basally
located pyramidal neurons, thus explaining the blending of
these 2 layers as well as the increasing FA as one moves away
from the relatively isotropic border with the stratum oriens.
This thin band of isotropy may reflect the basal portion of the
stratum pyramidale (the stratum profundum), where the rel-
atively isotropic pyramidal neuron cell bodies are packed with
minimal intravoxel contributions from apical dendrites. The
stratum lacunosum-moleculare may be less anisotropic than
the stratum radiatum because the apical dendrites diverge or-
thogonally into terminal arborizations that tend to run paral-
lel to the hippocampal sulcus rather than along the apical axis.
Fiber orientation here also appears affected by Schaffer collat-
erals from CA3 and perforant fibers that project into these
layers orthogonal to the pyramidal neuron apical dendrites.
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A thin isotropic line representing the residual hippocampal
sulcus separates the hippocampus proper from the dentate
gyrus. The fiber orientation of the molecular layer in the den-
tate gyrus appears dominated by the radial extensions of gran-
ule cell dendrites into the molecular layer (Fig 7). Of note, FA
divided the molecular layer—higher FA was observed for the
inner half, and lower FA, for the outer half (Figs 5 and 7). This
division may relate to the magnitude and orientation of intra-
voxel contributions from commissural/septal fibers in the in-
ner molecular layer and the perforant pathway fibers in the
outer molecular layer versus the dominant granule cell den-
drite orientation. Anisotropy in the stratum granulosum can
be explained similarly to that in the CA1 and CA3 neuron
layers— dendrites from the most basal granule cells in this
lamina will extend through the densely packed more superfi-
cial granule cells en route to the molecular layer and increase
the FA of the granule cell layer adjacent to the molecular layer.
Also, like the CA3 region, the basal aspects of the granule cell
layer are isotropic because of the preponderance of densely
packed granule cells with minimal dendrites. This renders this
part of the granule cell layer indistinguishable from the under-
lying isotropic polymorphic layer in the fiber-orientation
map. Deep to these layers, the hilus appears to demonstrate a
funneling of axons projecting from the internal and external
blades of the dentate gyrus as the mossy fiber afferents to CA3
neurons. Furthermore, the stratum lucidum terminal field ap-
peared as a blue region of fiber orientation on either side of the
distal CA3 pyramidal neurons (Fig 7). These regions likely
represent the en passage connections between mossy fibers
and the dendrites of CA3 neurons.



Fig 5. Sixty-micrometer in-plane resolution images of no diffusion-weighting (Sy), MD, and
FA in the human hippocampus. In the SO image, the layers of the hippocampus have
different T2s and proton densities. In the MD image, water diffusion appeared highest
(light) in regions of densely packed cells and lowest (dark) in coherent white matter such
as the fimbria. Intermediate diffusivity was observed in the hilus, stratum radiatum, or
subiculum. FA demonstrates excellent resolution of the hippocampal lamina. Diffusion
anisotropy is highest in the fimbria, stratum oriens, alveus, and white matter from the
parahippocampal gyrus. Anisotropy is lowest in the pyramidal and granule cell layers. Note
also the division of the molecular layer into inner and outer layers on the basis of FA
differences. 1 indicates molecular layer; 2, granule cell layer; 3, hilus; 4, fimbria; 5, CA3
stratum pyramidale; 6, alveus; 7, stratum lacunosum-moleculare; 8, stratum radiatum; 9,
stratum oriens; 10, CA1 stratum pyramidale; 11, subiculum; 12, white matter.

Additional structures of interest in these samples included the
subiculum and underlying white matter of the parahippocampal
gyrus. Contrasts in the color fiber-orientation map are particu-
larly striking for separating the subiculum from the adjacent CA1l
subregion—the anisotropic subiculum and the anisotropic
wedge-shaped termination of CAl are separated by a relatively
isotropic region that is sometimes referred to as the presubiculum
(Fig 7).> The subiculum itself was similar to the stratum radiatum
in that it had radial fiber orientations orthogonal to its surface
from the dendrites and exiting axons of subicular neurons.

Diffusion Tensor Microscopy of Human Autopsy Tissue

This DTM study benefited from using postmortem human
hippocampal tissue chemically fixed in formaldehyde solu-
tions. This approach significantly improved achievable SNR
by allowing longer MR imaging times without subject motion

or pulsation artifacts and by the dissected isolation of the hip-
pocampus to reduce radio-frequency coil size and use a very
high-field narrow-bore research magnet. This approach also
enabled correlative histology from imaged samples when de-
sired. Several practical issues, however, have limited the use of
diffusion tensor microscopy in current MR imaging research.
Tissue samples may be detrimentally affected during the
“postmortem interval” by autolysis that occurs during lengthy
delays to tissue refrigeration, dissection, and chemical fixation
following a patient’s death.”® Obtaining hippocampal tissue
also can be difficult because the number of autopsies (espe-
cially those that include brain dissection) has decreased signif-
icantly in the United States.*® This decrease is particularly true
for patients without significant disease comorbidities. In this
study, only about 10% of the brains dissected for autopsy over
a 6-month period from our institution provided acceptable
hippocampal tissue—many tissue samples were rejected be-
cause of excessive postmortem intervals (> 24 hours) or evi-
dence of significant neuropathology.

Furthermore, the effects of chemical fixatives, such as 4%
formaldehyde, on MR imaging contrast mechanisms remain
an area of active inquiry. Some reports suggest that nervous
tissue fiber orientations observed by diffusion tensor MR im-
aging were not changed by chemical fixation,” but other stud-
ies have demonstrated that the restrictive effects of cellular
membranes were altered by the commonly used aldehyde fix-
atives so that relative differences in diffusion anisotropy and
the in vivo fiber orientations may be preserved but the abso-
lute values for FA and water diffusivity may differ between in
vivo and ex vivo fixed samples.'” Clearly, additional funda-
mental research into these practical but important issues will
be required to increase our confidence in extrapolating DTM
data obtained from chemically fixed tissue to in vivo studies.
Human brain tissue banks also may help alleviate the prob-
lems associated with obtaining high-quality nervous tissue
with short postmortem intervals for MR imaging research.

Conclusion

By using autopsy specimens, this diffusion tensor microscopy
study characterized the cytoarchitectural features underlying wa-
ter diffusion anisotropy in the human hippocampus. Water dif-
fusion in the different lamina of the hippocampus was found to
be significantly different. FA also varied in a region-dependent
manner and was highest in traditional white matter structures
like the fimbria, whereas moderate levels of anisotropy were de-
tected in neuropil layers of the hippocampus like the stratum
radiatum. Fiber-orientation maps demonstrated excellent con-
trast resolution of the hippocampal layers and could be inter-
preted by using cytoarchitectural features from the different com-
ponents of the trisynaptic pathway. These data may be amenable
to diffusion anisotropy—based tractography investigations of the
interneuronal connectivity in the hippocampus and how it is al-
tered by different hippocampal diseases.

In the future, these methods could be applied to diseased
hippocampi obtained from autopsy samples or surgical biopsy
samples to better characterize MR imaging changes in partic-
ular regions of the hippocampus that are selectively vulnerable
to particular disease processes, such as the mossy fibers and the
granule cell layer in epilepsy.” Alternative methods of measur-
ing diffusion anisotropy, such as the diffusion orientation
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Fig 6. Comparison of MD (X 10~* mm?/s) (4) and FA (no units) (B) for the different regions of the hippocampus (Mean + standard error of the mean, 5 hippocampi). The MD and FA of
the fimbria (asterisk) are statistically different from all other regions (Tukey multiple comparisons tests, £ < .01). SUB indicates subiculum; SP, stratum pyramidale; SR/LM, stratum radiatum

lacunosum-moleculare; SO, stratum oriens; GCL, granule cell layer; ML, molecular layer; HIL, hilus;

Fig 7. Color fiber-orientation maps of the human hippocampus derived from diffusion tensor
microscopy data provide excellent contrast resolution for the different layers of the
hippocampus. Color intensity is proportional to the FA within that pixel. The colorball
indicates the direction of the principal eigenvector, which can be transverse (blue), vertical
(green), or through the plane of the image (red). 1 indicates hilus; 2, molecular layer; 3,
stratum lucidum; 4, fimbria; 5, alveus, 6; stratum lacunosum-moleculare; 7, stratum
radiatum/pyramidale; 8, stratum oriens; 9, presubiculum; 10, subiculum; 11, white matter.

transform,*”> may improve our understanding of complex cy-
toarchitecture in certain hippocampal regions like the hilus.
These methods could provide more accurate estimates of dif-
fusion anisotropy and depict multiple coherent fiber pathways
within particular regions of the hippocampus. Ultimately dif-
fusion tensor microscopy of autopsy samples at high-magnetic-
field strengths may improve our understanding of the rela-
tionship between selective vulnerability in particular regions
of the hippocampus and the water diffusion changes noted in
clinical MR imaging of patients with hippocampal disease.
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