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Pathology of fixed spinal cords from transgenic mice with a
myelin basic protein (MBP) specific T cell receptor was inves-
tigated. These mice spontaneously acquire the demyelinating
disease experimental allergic encephalomyelitis (EAE). Sev-
eral complementary imaging modalities, all on the same tis-
sues, were used to visualize lesions; these included high-field
(11.7-T) microscopic diffusion tensor imaging (DTI), T,-
weighted imaging, and optical microscopy on histological
sections. Lesions were predominantly in white matter around
meninges and vasculature and appeared hyperintense in an-
atomical images. DTIs showed reduced diffusion anisotropy
in the same hyperintense regions, consistent with inflamma-
tion and edema. Histology in the same tissues exhibited the
characteristic pathology of EAE. Two techniques for visualiz-
ing the effective diffusion tensor fields are presented, which
display direction, organization, and integrity of neuronal fi-
bers. It is shown that DTl offers intriguing possibilities for
visualizing axonal organization and lesions within white mat-
ter.
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INTRODUCTION

The recent proliferation of transgenic animal models of
human diseases is a major driving force for the develop-
ment of noninvasive tools for the longitudinal study of
mouse pathogenesis. High-field microscopic MRI (MRI)
is well suited for such studies because of its compatibil-
ity with in vivo investigations, high spatial resolution,
and sensitivity to a wide variety of pathological states. In
this paper, we report initial uMRI studies of spinal cords
in a strain of transgenic mice that express a myelin basic
protein-specific T cell receptor (1). These mice sponta-
neously acquire experimental allergic encephalomyelitis
(EAE), which is considered an animal model for the
human demyelinating autoimmune disease multiple
sclerosis (MS). EAE is characterized by relapsing weak-
ness, paralysis, and eventual death. The histopathology
of EAE reveals the presence of inflammatory infiltrates—
mostly T cells, B cells, and macrophages, in white matter,
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meninges, and perivascular regions. EAE lesions contain
regions of demyelination with, for the most part, preser-
vation of axons. In most EAE studies, animals of partic-
ular haplotypes are experimentally induced to undergo a
demyelinating autoimmune attack by inoculation with
emulsified crude myelin extracts or purified myelin pro-
teins, such as myelin basic protein (MBP) (for reviews,
see refs. 2 and 3).

Recently, a transgenic mouse model of EAE has been
constructed that spontaneously acquires the disease in
certain environments without the need for inoculation
(1). A surprising aspect of these animals is that disease
onset varies with their housing. When housed in some
animal facilities, they do not acquire disease symptoms
unless they are immunized with MBP (1). Mice housed in
other facilities, such as the Cedars-Sinai animal facility,
acquired the disease spontaneously with an incidence of
100%. This implies that an unidentified environmental
factor, perhaps viral, present in some facilities is suffi-
cient to trigger disease onset. The spontaneous triggering
of the disease makes these transgenic animals seem to be
a closer model to human MS and offers the intriguing
possibility that the environmental factor initiating the
animal model disease could be identified.

MRI is a sensitive technique for visualizing EAE le-
sions in a variety of animal models (4-18) and has pro-
vided both insight into the mechanisms of the disease
and a noninvasive means for monitoring the course of
various therapies (4, 8, 9). A number of mechanisms lead
to lesion contrast. An increase in the T, relaxation time
(13, 15, 16) has been reported within white matter lesions
and is consistent with the presence of inflammation,
demyelination, and edema. Consequently, in T.-
weighted images, lesions appear hyperintense. In addi-
tion, T, has been reported to increase within lesions (15,
16). The use of extrinsic intravenous contrast media,
such as Gd-DTPA, has also been used by several groups
(4, 6, 10, 13, 17) as a means to elucidate regions of
breakdown in the blood-brain barrier.

Diffusion imaging has also been used to elucidate EAE
lesions. Previous studies have used either diffusion-
weighted images (DWIs) (14) or measurements of appar-
ent diffusion coefficients (ADCs) along a limited number
of directions (5). In DWIs, diffusion-sensitization gradi-
ents are applied along one or more directions to impart
additional image contrast on the basis of local differences
in water diffusion anisotropy and diffusion rate. (A re-
view of these imaging methods is given in ref. 19.) Heide
et al. (14) observed changes in DWIs on or before the day
lesions became apparent in T,-weighted images. In addi-
tion, anomalies in DWIs were observed that were not
accompanied by T,-weighted features. This suggests that
DWIs are sensitive to pathological features that do not
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affect T,. Verhoye et al. (5) reported a significant corre-
lation between increased ADCs and clinical score within
white matter.

ADCs are essentially one-dimensional diffusion coeffi-
cient measurements, along one to three orthogonal direc-
tions, of an inherent 3 X 3 tensor quantity. Useful qual-
itative information can be obtained by these methods.
However, as previously pointed out (20, 21), the results
of DWIs and the values of ADCs measured along a limited
number of directions in anisotropic media do not corre-
spond to any intrinsic physical characteristic of the tis-
sue; instead, the results depend on the details of the
experiment, such as the orientation of the tissue with
respect to the gradient and the magnet axis.

In this study, we investigate imaging EAE lesions in
fixed dorsal columns using several MRI modalities, in-
cluding three-dimensional (3D) T3-weighted FLASH (22)
and quantitative diffusion tensor imaging (DTI) (23, 24).
The pMRI results are correlated with detailed neuro-
pathological analysis of the same tissues used in the 3D
and diffusion imaging. The combination of uMRI and
histology in the same specimens provides insight into
how lesion contrast in anatomical and diffusion MRI
correlates with the details of autoimmune disease of the
central nervous system (CNS).

Unlike previous EAE diffusion studies, the DTI meth-
ods used in this study are quantitative, rotationally in-
variant, and independent of specific hardware configu-
rations. DTI results are independent of magnetic field
strength, unlike quantitative T, or T, measurements.
Constructing DTIs involves voxel-by-voxel measurement
of the entire effective diffusion tensor. Measurement of
both the diagonal and off-diagonal tensor elements is
necessary to characterize the diffusion anisotropy in
three dimensions, which, in turn, reflects the underlying
fiber microstructure. The potential of DTI for visualizing
EAE pathology originates from the substantial diffusion
anisotropy that exists in white matter fibers of the CNS
(25-30). The expectation is that white matter lesions will
cause a localized reduction in the diffusion anisotropy,
as well as changes in the absolute value of diffusion.
Thus, localized diffusion measurements will be a useful
marker of EAE pathology. In this paper, we demonstrate
that the information contained in DTIs, which previously
has been used to make maps of neuronal fiber direction,
diffusion anisotropy (25, 31, 32), and organization (20),
can also be used to highlight regions of inflammation and
demyelination in the transgenic EAE spinal cord. Our
results build on previous DTI methodologies (20, 21, 23,
24) by implementing them at true microscopic resolu-
tions and by using them as a tool for studying the pathol-
ogy of an animal model of an autoimmune disease. These
studies set the foundation for future longitudinal in vive
studies in this transgenic construct and demonstrate that
DTI may offer intrigning new possibilities for visualiza-
tion of white matter lesions.

MATERIALS

EAE is mediated by antigen-specific class II restricted CD4*
T helper type 1 cells. The primary antigen in EAE seems to
be MBP. The MBP epitopes that are recognized by T cells
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correlate to the mouse major histocompatibility complex
(MHC) (33). The dominant MBP epitope in B10.PL mice
(H-2" haplotype) is contained within the amino-terminal
residues 1-11 (34). The T cells recognizing this epitope are
restricted to antigen recognition in the context of MHC class
I-A". The transgenic T cell receptor (TCR), cloned from a
B10.PL-derived hybridoma specific for MBP (residues
1-11), is encoded by the rearranged VB8.2 and the Va2.3 T
cell receptor genes. The transgenic mice are homozygous
for the rearranged V2.3, with one copy of the VB8.2. All of
the splenic T cells express the B chain transgene, and an
average of 71% express the a chain transgene (1). In these
mice, most thymocytes expressed high levels of the TCR
transgenes, and there was preferential expression of CD4 "
cells, indicating a positive selection of transgenic T cells (1).
The transgenic T cells function as helper cells in vivo (1).

The transgenic EAE mice were bred in the Cedars-Sinai
animal facility. Animals were housed in microisolator
cages inside HEPA-filtered laminar-flow hoods. The
cages were changed in a laminar flow work station, and
the transgenic mice were changed before other strains. At
weaning, 1 cm of tail was biopsied while the mouse was
under metafane anesthesia: the genotype of the animal
was established using polymerase chain reaction (PCR)
with oligonucleotide primers specific for the genes en-
coding the TCR « and B chains. Animals that were pos-
itive for both the @ and B TCR transgenes were monitored
daily for clinical symptoms of disease.

The clinical symptoms were scored according to the
convention: 0, normal; 1, limp tail; 2, paraparesis with a
clumsy gait; 3, hindlimb paralysis; 4, hindlimb and fore-
limb paralysis: 5, moribund. The rate of disease progres-
sion is animal specific. From past experience, by the end
of 4-5 months, most animals develop spontaneous pa-
ralysis (stage 3).

A total of 11 mice were imaged in this study. From
these, portions of the spinal cord from four stage 3 trans-
genic mice were investigated, as well as four wild-type
B10.PL H-2" control rodents. One transgenic animal from
each stage 0, 1, and 2 was also investigated. The wild-
type mice were all approximately 2 months of age and
age-matched to within 2 weeks.

The fixation procedure was as follows: the mouse was
first anesthetized with Avertin (0.017 ml/g body weight)
and perfused through the left ventricle with Trump’s
fixative (4% paraformaldehyde, 1% glutaraldehyde, in
0.1 M phosphate buffer, pH 7.4). The intact vertebral
column was excised, placed into fixative, and stored at
4°C until imaging. The spinal cords used in the diffusion
experiments were stored in fixative at 4°C for 36 hours
before imaging.

Immediately before imaging, a segment of intact dorsal
column in lumbar region L1 through L3 was isolated,
rinsed in phosphate-buffered solution (PBS), and sealed
in a 5-mm quartz tube for imaging.

METHODS
Instrumentation
uMR images were acquired using a Bruker AMX500

(Bruker Instruments Inc., Billerica, MA) micro-imaging
system with a wide-bore (89-mm) 11.7-T magnet, a labo-
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ratory-built 5-mm solenoid RF probe, a laboratory-built
low-noise preamplifier, and an Acustar (Bruker Instru-
ments Inc., Fremont, CA) shielded gradient coil with a
maximum gradient strength of 290 G/cm. The sample
was maintained at a temperature of 8°C to ensure the
stability of the chemical properties of the tissue over the
extended acquisition time required for the DTI experi-
ments. Image visualization was performed on a SGI In-
digo workstation (Silicon Graphics Inc., Mountain View,
CA) using either VoxelView (Vital Images Inc., Fairfield,
IA) or AVS (AVS Inc., Waltham, MA) software. The dif-
fusion tensor results were computed using a HP9000/755
workstation (Hewlett Packard Inc., Palo Alto, CA).

Imaging

Three-dimensional image data were acquired using a 3D
variant of the spoiled FLASH (22) protocol with TR =
100 ms, TE = 6 or 7 ms, 512 X 256 X 256 image points,
and 30-um isotropic voxels. The RF excitation pulse
angle was optimized to give the approximate Ernst-angle
condition (35). In the 3D images, contrast between gray
and white matter is presumed to be due to differences in
T? between tissues.

The first step toward constructing DTIs was to acquire
a series of diffusion-weighted images. These were ac-
quired using a multislice 2DFT protocol with two iden-
tical trapezoidal diffusion-sensitizing gradient pulses ap-
plied symmetrically before and after the 180° pulse (19,
36). The read compensation and phasing gradient pulses
were placed immediately before the readout gradient to
minimize the effects of background gradients (37). Diffu-
sion gradient pulses were applied along a total of seven
directions. These included the laboratory coordinate di-
rections: (1, 0, 0), (0, 1, 0), and (0, 0, 1), and tetrahedral
(38, 39) directions: (1,1, 1), (-1, =1, 1), (1, —1, —1), and
(=1, 1, —1). Along each gradient direction, four values of
the so-called diffusion-weighting b matrix (19) were
used, with the maximum matrix element of order of 2000
s/mm?®. (Details concerning the evaluation of the b ma-
trices and the calculation of the effective diffusion ten-
sors are discussed below in the Results and Analysis
section.) In addition, one image was acquired both at the
onset and at the end of the experimental run with the
diffusion gradients set to zero; thus, 30 images total were
used to obtain the effective diffusion tensors. The gradi-
ent pulse timings were fixed at a width of 8 = 2 ms and
a separation of A = 7.4 ms. Multislice data were acquired
through the L2 vertebrae with 256 X 256 image points,
20 X 20 pm in-plane resolution, 300-um-thick slices. and
TR/TE = 2000/17 ms.

The DTI protocol was tested on a water phantom. for
which diffusion coefficients are accurately known
(2.30 X 10 ® mm?/s at 25.2°C) (40). This was done to
estimate the accuracy of the diffusion measurements in
our imaging system and to rigorously test for svstematic
computational errors, background gradients, and other
hardware imperfections. The results in water yield dif-
fusion coefficient values (given by the diagonal elements
of the diffusion tensor) in agreement with known values
to within 5%; the off-diagonal tensor elements were sta-

121

tistically indistinguishable from zero, as expected for the
isotropic diffusion case.

Histology

From selected spinal cords used in the imaging experi-
ments, a series of stained histological sections were pre-
pared. These were used for pathological analysis using
optical microscopy and for comparisons with the corre-
sponding pMRI “sections.” After imaging, the spinal
cords were removed from the vertebral bone, dehydrated
through a graded series of ethanol concentrations,
cleared in propylene oxide, and embedded in Epon 812
epoxy (Ted Pella Inc., Redding, CA). Transverse sections
(1 pwm thick) were cut, mounted on glass slides, and
stained with toluidine blue.

RESULTS AND ANALYSIS
Anatomical Image Results

Anatomical pMR images from the lumbar region of the
spinal cord are displayed in Figs. 1A, 1B, 1D, and Figs.
2A through 2D for wild-type and stage 3 transgenic mice,
respectively. In addition, Figs. 1C and 2E show corre-
sponding toluidine blue-stained histology sections taken
from the same spinal cords used to obtain the MR results.
Volume-rendered 3D FLASH data along the transverse
plane are shown in Figs. 1A and 1B. Alternate longitu-
dinal views through several vertebrae from the 3D data
are also shown in Figs. 1D and 2B. Two-dimensional “1,”
images, which were calculated from a series of diffusion-
weighted spin-echo images, are displayed in Figs. 1B and
2D. In I, images, contrast is due to differences in T, and
spin density only. Additional details concerning the cal-
culation of I, images are described below.

In both the 2D and 3D images, a large amount of ana-
tomical detail and good contrast among gray matter,
white matter, and spinal nerves are observed. Several
cytoarchitectonic regions of gray matter can be distin-
guished, such as the boundary surrcunding lamina 10
(Figs. 1A and 1B). Many of the thin fluid-filled subarach-
noid spaces surrounding various spinal nerve fasciculi
and the meningeal boundary can be resolved and appear
hyperintense. Due to the large amount of symmetry in the
spinal column, the anatomical structures within voxels
in the 300-um-thick I, images are essentially homoge-
neous.

In the diseased spinal cords, lesions are clearly iden-
tifiable (Figs. 2A through 2D) within and surrounding
white matter and appear as regions of hvperintensity:
this is consistent with the presence of demyelination,
inflammatory infiltrates, vasodilation, and edema. Le-
sions appear primarilv near the ventral median fissure,
ventra) column, meningeal lining, major spinal vessels,
and. to a much lesser extent, in the dorsal median septum
and dorsal column. A total of four stage 3 transgenic mice
were investigated using T’-weighted pMRI. All stage 3
animals showed a substantial lesion load within white
matter. However, variability in the degree to which le-
sions are focal was observed. This can be seen by com-
paring Figs. 2A and 2D; Fig. 2A shows more localized
lesions, especially in the ventral median fissure. As can
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FIG. 1. Images using several imaging modalities. All were acquired in the lumbar region of the same wild-type spinal cord. (A) A
volume-rendered transverse image obtained using 3D FLASH with T weighting, TR = 100 ms, TE = 6 ms, and 30 pm isotropic resolution.
(B) A T,-weighted |, spin-echo image calculated from the 2D diffusion-weighted images with TR = 2000 ms, TE = 17 ms, and 20 X 20 X
300 pm resolution. (C) A 1-um-thick epoxy histology section stained with toluidine blue. (D) An alternate view from the same data as in
(A) showing several vertebrae in cross section. In (A), various anatomical regions are shown, including trabecula bone (b), ventral column
white matter (v), gray matter (g), spinal cord boundary (arrowhead), spinal nerves (s), and PBS (p) inside the capillary tube surrounding the
vertebral segment. In (B), the arrowhead points to a hyperintense subarachnoid space outside the spinal cord.

be seen in Fig. 2B, many lesions extend a substantial
distance along the spinal axis, and therefore, most le-
sions are relatively homogeneous throughout the 300-
pm-thick slices used in our tensor imaging. For example,
a narrow hvperintense lesion located in the ventral me-
dian fissure can be seen in Fig. 2B (arrowhead) extending
almost the entire length of the panel (approximately 6.5
mm in length). In the 2D images, the extent and nature of
lesions were very similar in different slices in the same
animal within the spinal cord regions investigated.

Diseased animals show a less well-defined grav/white
matter boundary compared to the wild-type. The regions
surrounding the spinal nerves within the vertebral canal
seem to be affected by the disease as well (Figs. 2A
through 2D), although not by the nerves themselves. Note
that a significant enlargement in volume of the subarach-
noid cavities, indicated by increased regions of hyperin-
tensity around spinal nerves, is observed.

Histopathology

Histopathological analysis was performed on the same
spinal cords used for the anatomical uMRI and DTI re-
sults. This allowed us to make a one-to-one correspon-
dence between lesions observed in uMRI and those ob-
served in histological sections. Low-power images are
shown in Figs. 1C and 2E. Higher magnification pictures
of these same areas are shown in Fig. 3. As can be seen in
Figs. 2C through 2E, correlation is found between lesions
detected by puMRI and histology. The lesions are predom-
inantly submeningeal in distribution and located in my-
elinated areas of the cord, particularly involving the ven-
tral columns and associated root-entry zones. Small focal

areas of inflammation are also frequently noted around
the lateral and dorsal veins. At higher power (Fig. 3B),
the lesions can be seen to be composed of perivascular
accumulations of lymphocytes and monocytes, with a
few scattered polvmorphonuclear cells in the leptome-
ninges, with infiltration of inflammatory cells into the
adjacent cord parenchyma. In these regions, there is vac-
uolation and loss of myelin, with phagocytosis of myelin
debris by activated macrophages, and a reactive astro-
gliosis. In areas of intense inflammation, evidence of
Wallerian degeneration can be observed, as indicated by
the presence of myelin ovoids. Vasodilation of inflamed
veins is predominant, and proteinaceous edema is fre-
quently noted, particularly around veins within the an-
terior fissure. In contrast to these changes observed
within CNS tissues, the adjacent peripheral nerve roots
are rarely involved and show only a few scattered inflam-
matory infiltrates and demyelinated axons.

In tissues sampled at varyving times in the disease pro-
cess, the extent of pathology correlates with the extent of
clinical involvement. In animals with no clinical signs,
evidence of inflammation and demyelination in the cord
is rare. However, as the disease progresses, the number
and intensity of the inflammatory foci increase to form a
wide rim of inflammation and myelin loss, particularly
in the ventral regions of the cord. As the disease becomes
more chronic, the number of inflammatory cells gradu-
ally wanes, but the extent of Wallerian degeneration and
axonal loss is more pronounced. It is interesting that
areas of remyelination, as well as areas of active inflam-
mation. can also be found in these later stages (data not
shown). The pathology of these lesions is typical of that
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FIG. 2. Images from two different stage 3 transgenic animals in the lumbar region: (A) and (B) show transverse and oblique slices,
respectively, from 3D FLASH data with TR = 100 ms, TE = 7 ms, and 30 um isotropic voxels. Lesions appear as regions of hyperintensity
in white matter, and several lesions are pointed to using arrows. In (B), the narrow hyperintense line (top arrowhead) extending the length
of the image is the ventral median fissure. Panels (C) through (E) show comparable image slices in a different spinal cord that were
obtained using various imaging methods. (C) shows a volume-rendered 3D FLASH image with T; weighting, TR = 100 ms, TE = 6 ms,
and 30 um isotropic resolution. (D) shows an I, spin-echo image calculated from the 2D diffusion-weighted images with TR = 2000 ms,
TE = 17 ms, and 20 x 20 x 300 pm resolution. (E) shows a 1-um-thick epoxy histology section stained with toluidine blue. Note that
spinal cord (A) exhibits more localized lesions, especially in the ventral median fissure, than (C) (arrowheads) and demonstrates the
variability that exists in the lesion distribution among the stage 3 animals.

found in MBP-induced EAE in the wild-type SJL/J
mouse, in which severe disease can be induced (41). No
evidence was obtained that the expression of the trans-
genic T cell receptor altered either the pathology or the
distribution of EAE lesions within the cerebrospinal axis.

DTl—Analysis

To further investigate the spinal cord microstructure us-
ing uMRI, we acquired a series of diffusion-weighted
images in diseased and wild-type spinal cords. From
these, we computed second-order tensor fields describ-
ing the effective rate of water diffusion for each voxel
located at coordinates (x, y) within the 2D slices. Each
diffusion-weighted image is indexed by k. We assume
that the diffusion tensor, D, with elements D,;, can be
related to the measured voxel intensity, I (x, y), of
image k, using the model intensity, I'¥’ (x, y). The model
is given by (24)

'(x, y) = Lix, y)exp( — >, >, bi¥'D,) [1]

=] j=1

where I,(x, y) represents the voxel intensity in the ab-
sence of diffusion weighting and is treated as an un-
known (fit) parameter, and b}’ is an element of the dif-
fusion-weighting matrix.

The b matrix parameterizes the amount of diffusion
sensitivity applied to an image due to magnetic field
gradients. It is calculated from the known time-depen-

dent gradient function, G{¥(#), which contains contribu-

tions from both the diffusion and imaging gradients. The
elements of the b matrix are given by (24, 42)

TE
by = ygf FR(t) FP(t)dt [2a)

and

t
F¥(t) = J' G (t)dt [2b]
o

where v is the proton gyromagnetic ratio and t, is the
time immediately after spin excitation. In Eq. [2b], the
sign of G is reversed for all gradients after the 180° RF
pulse. To solve Egs. [2a] and [2b], we formulated the
integrals as ordinary differential equations; for example,
Eq. [2b] can be written as

dFF(t)

Fo(t) =0 3
5 (o) (3]

= GM()dt;

and used Runge Kutta (43) and Adams methods (44) to
calculate Egs. [2a] and [2b], respectively.

A total of seven fit parameters from Eq. [1] were ob-
tained, including I, (x, v) and six other parameters rep-
resenting the six degrees of freedom of the symmetric
second-order tensor D. We parameterized D using the
three eigenvalues, A,, A,, and A,; and a vector parameter,
@, which _parameterizes the matrix M describing the ro-
tation of D to the eigenbasis. The direction of & is the axis
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of the rotation, and its length is the rotation angle. The
matrix elements of M are related to & through the relation

> sin(0)ee, (4]
k

M;; = a;a; + cos(0)(8;; — o) —

where 6 is the rotation angle, §,; is the Kronecker delta
(45). and &,; is the Levi-Civita symbol (45). We used the
axis-angle rotation parameterization because it does not
have isolated singularities that exist with Euler-angle and
other similar parameterizations. These singularities can
confound fitting routines.

The parameters were obtained by minimizing the func-
tion.

7, Iy, A, @) — I¥(x, y)]?

[I‘ix

E[In‘ 1. El'} =

FIG. 3. High magnification views of the wnld—type and EAE h!stologlca[ slices from Figs. 1C and 2E,
respectively. In this figure, the ventral spinal vessel is shown (V). In (B), regions of perivascular
inflammation (asterisk), a myelin ovoid (black arrow), and a vacuole (white arrow) are indicated.
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where A = (A,, A,, A;), k indexes the diffusion-weighted
image, I'¥ (x, v, I, A, @) is the model voxel intensity (Eq.
[1]) at position (x, ¥). I'® (x, y) is the measured voxel
intensity, and o, is the image noise. o; was estimated
from a measurement of the background image intensity
in a region containing no protons. We used a nonlinear
sequential quadratic programming (SQP) method (44) to
obtain the optimum model parameters. Nonlinear fitting
methods are preferable to linear (least squares) methods,
especially when the signal-to-noise ratio is low (37).
From our past experience, we know that SQP is more
robust than other nonlinear fitting routines, such as the
Levenburg Marquardt method (43). SQP has rapid con-
vergence and can be used in conjunction with con-
straints. This algorithm maximizes the probability that
the model fits the data assuming normally distributed
noise. A fit where E(I,, A, @ = 1.0 indicates that the
model described by Eq. [1] agrees with the measured
signal and noise. We constrained A and & to a reasonable
range of values (1077 > A, >
10 *mm*/sand -3 7>, >3
7). We typically obtained Ell,,
A, &) values in the range of 0.3—
1.3, which is near unity, and
indicated that our model, in-
cluding the noise estimates,
were reasonable.

DTI—Results

Visualization of fiber tracts, as
well as measurement of their
effective diffusion properties,
requires knowledge of the dif-
fusion tensor eigenvalues
(principal diffusivities, A} and
eigenvectors (principal direc-
tions) (23). Images showing
representative data of the mea-
sured voxelwise principal dif-
fusivities for wild-type and
stage 3 EAE spinal cords are
displayed in Fig. 4. These data
are from the same 2D slices
shown in the I, images of Figs.
1B and 2D. In Fig. 4, the gray-
scale is calibrated in units of
diffusion (mm?®/s). The eigen-
value images show that diffu-
sion within gray matter is ap-
proximately isotropic; this is
indicated by the similarity in
gravscale values within these
regions. On the other hand,
white matter and spinal nerves
exhibit a significant amount of
diffusion anisotropy. This is
readily seen by comparing re-
gions of fiber tracts in the A,
image; these show an in-
creased intensity and, thus,
more rapid diffusion along
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FIG. 4. Images of eigenvalues, A,, A,, and A; from wild-type (A) and EAE (B) spinal cords. The |, images associated with these are
displayed in Figs. 1B and 2D. The scale bar, in units of 102 mm?/s, relates the image intensity to diffusion values.

this principal direction, compared to similar regions in
the A, and A, images.

In Fig. 5, images of the average of the diagonal tensor
P]F‘I‘I‘lf‘[lt's or (D) = ‘!HTm(P{D} are shown. This scalar
quantity provides a rotationally invariant measure of the
directionally averaged diffusion rate of the tissue. In
these images, only a small amount of contrast exists
among gray matter, white matter, and lesions, indicating
a lellarmf in (D) values in these regions; thus, our
preliminary results in the stage 3 mouse suggests that (D)
is not a particularly sensitive marker of EAE pathology.
However, this point must be further investigated in ad-
ditional animals and stages. We note that the similarity
in contrast between gray and white matter has been ob-
served previously in the normal adult cat brain (46) and
human brain (47).

Within various regions of interest (ROIs), we calcu-
lated mean values of several scalar contractions of the
diffusion tensor, including the anisotropy index (Al),
defined as 2A,/(A, + A,), the fractional anisotropy (FA)
index [d(,fmed by Eq. [6], below), and (D) Four wild-type
mice were measured and analyzed using standard statis-
tical methods (described below) to determine “baseline”
diffusion properties in the fixed spinal cord at 8°C. The
wild-type mice showed substantial diffusion anisotropy
in white matter and spinal nerves. For example, Al val-
ues were 9 * 2, 6 = 2, and 7 * 2 in dorsal, lateral, and
ventral columns, respectively. The parameter FA equals
zero for isotropic media and unity for extremely aniso-
tropic media. FA was 0.9 * 0.1, 0.8 = 0.1, and 0.8 = 0.1
in dorsal, lateral, and ventral columns. The spinal nerves
had values comparable to that of white matter, with Al
and FA equal to 8 = 3 and 0.8 * 0.1, respectively. Gray
matter exhibited substantially less diffusion anisotropy;
in lamina 7, for example, Al was 1.7 + 0.2 and FA was
0.4 *= 0.1. As described above, (D) values showed little
variation among various ROIs, including gray and white

matter; in these regions, (D3 values were equal to (2.1 =
0.4) X 10 * mm?*/s (lamina 7) and (2.6 * 0.4) x 10°*
mm?®/s (dorsal column). .

The mean values of Al, FA, and (D) within the ROIs for
the four wild-type spinal cords were obtained as follows.
Four slices per spinal cord were analyzed; all slices were
taken in the lumbar region within a single vertebral seg-
ment. Each ROI was defined from clusters of voxels that
were manually picked for each slice; ROIs contained
approximately 50 voxels. For each of these voxels, the
parameters Al, FA, and (D) were calculated from the
eigenvalues. The ROI average was obtained from the
mean of the voxel parameter values, and the standard
deviation of the mean was calculated. The mean and
standard deviation for ROIs of a given anatomical region
were averaged over all slices and animals. The error bars
on the parameter values cited above are plus or minus the
mean standard deviations.

An important observation in the EAE spinal cord (Fig.
4B) is that a substantial reduction in the white matter dif-
fusion anisotropy was observed in the same regions that
show hyperintensity in I, and T3-weighted images and
lesions in histology. Using similarly defined ROIs as de-
scribed above, the mean Al and FA (averaged over four
slices in the same cord) was 2.3 = 0.2 and 0.5 * 0.1,
respectively, for the ventral column and 3.6 + 0.8 and 0.6 +
0.1, respectively, for the lateral column. The dorsal column
and gray matter showed little involvement with the disease
and had anisotropy values essentially equal to that of wild-
type. Unlike the anisotropy index, {D) varied little within
ROIs containing lesions (Fig. 5B). The DTI results for this
EAE mouse are clearly anomalous compared to wild-type.

Visualization of Diffusion Tensor Fields

We have investigated new approaches for visualizing
diffusion tensor fields in a way that gives intuitive rep-
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FIG. 5. Images of the average of the diagonal diffusion tensor elements, t‘D} from the same data as Fig. 4, where (A) is wild-type and (B)

is EAE transgenic. The scale bar is in units of 102 mm?/s.

resentations of the direction, organization, and neuropa-
thy of axonal fibers. The visualization process is both
qualitative and quantitative. In the qualitative regimen, it
provides a contextual view of many aspects of the data
and suggests portions of the measurements for examina-
tion in further detail. At a quantitative level, a visualiza-
tion encodes selected aspects of the data into color, in-
tensity, and geometric shape in such a way that the
resulting images elucidate the microstructural features of
interest and can be easily interpreted by the viewer. Two
complementary visualization methods are described be-
low; both use the diffusion data displayed in Fig. 4, and
Figs. 1B and 2D show the corresponding I, images.

The first method, called the “rice grain” model (Fig. 6),
is useful in showing fiber tract direction and organiza-
tion. Centered in each voxel is a 3D ellipsoid. or rice
grain-like object of fixed diameter, the length and orien-
tation of which are a vector quantity. The vector modulus
is proportional to FA (20), a unitless, rotationally invari-
ant quantity that is a metric for the amount of anisotropic
diffusion ascribed to D. This quantity is given by (20)

3 \d:d
FA = 1= (6]
\2 -
VD:D
where
- 3 3
d:d =2 D (D;—(D))* [71]

=1 =1

is the magnitude of the anisotropic part of D. I; is an
identity matrix element, and

D:D = ¥ D D;; (8]

Note that FA = 0 for A, = A, = A, (isotropic system) and
that FA = 1 for A, = A,, A,;. The direction of the rice
grain vector is given by the eigenvector é, or the major
principal direction of D associated with each voxel. In
Fig. 6, a filtering algorithm was applied to the tensor
fields that removed rice grains (tensors) located in voxels

with exceedingly low signal intensity. This helped elim-
inate grains in regions in which their interpretation
would be meaningless. The low-signal voxels were iden-
tified using the appropriate I, images (Figs. 1B and 2D);
voxels with signal values falling below ~3.5 times the
mean image intensity over a region containing no protons
were eliminated. The resulting array of grains was illu-
minated by a point light source and tilted at an angle for
perspective.

Features of the gross spinal cord anatomy and regions
of lesions are shown in Fig. 6. White matter and spinal
nerve “fibers” are aligned primarily along the anterior-
posterior axis, and gray matter appears more isotropic
than does white matter. Regions of lesions (Fig. 6B) show
greatly reduced anisotropy (shorter grains) in the same
regions that appear hyperintense in the anatomical im-
ages, especially around the meningeal boundary, the ven-
tral median fissure, and the ventral columns.

Within various white matter tracts presumed to be
uniform, the mean angular deviation in the grain direc-
tion was calculated; this provided a measure of the un-
certainty in the measured orientation of the grains. Over
various ROIs (as defined above), the average of the angu-
lar deviation of €, within voxels with respect to a mean
ROI &, direction was calculated. Typical mean angular
deviations in wild-type white matter are on the order of
1.4° (ventral column).

Most of the grains in the vertebral bone regions were
removed after the application of the low-signal filtering
algorithm described above. However, many of the re-
maining grains appear anomalous. This is possibly due to
localized susceptibility variations within the trabecular
structures that impose magnetic field gradient variations
not accounted for in Eq. [2].

The diffusion ellipsoid is a useful tool for representing
diffusion in anisotropic media, such as white matter (21,
48). It describes a surface of rotation, oriented by the
principal direction axes and scaled by the principal dif-
fusivities. Several authors (20, 25) have constructed dif-
fusion ellipsoid array images. One of the features of this
visualization method within heterogeneous systems,
such as the CNS, is that there is likely to be a wide range
in the magnitude of measured diffusivities (e.g., in gray
matter and CSF) and, thus, a wide range in ellipsoid
sizes. In this situation, it may be difficult to globally
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observe geometric properties, such as eccentricity, of in-
dividual or an ensemble of ellipsoids at all locations in
the image array at a fixed image magnification.

The second visualization method we describe is the
normalized diffusion ellipsoid model. Results of this
model are displayed in Fig. 7. It involves placing a dif-
fusion ellipsoid in each image voxel, but with each of the
ellipsoid’s axes normalized to A,. This method is effec-
tive in displaying the relative amount of anisotropy in
various regions over the entire image. It avoids the “dy-
namic range” problem encountered when the unnormal-
ized ellipsoids are used. In the normalized ellipsoid

FIG. 6. Rice grain model of effective diffusion tensor data. (A) is wild-type and (B) is stage 3 EAE.
This model was generated using the data of Fig. 4, in which Figs. 1B and 2D are the corresponding
I, images. In each image pixel, a 3D rice grain-like surface is placed, where the length of the grain
is normalized to FA and the direction of the grain points along the eigenvector associated with A,.
The grain width is fixed. A filtering algorithm was applied to remove rice grains in voxels with
exceedingly low signal intensity. The array of grains was tilted for perspective and illuminated with
a single point light source located above the plane. White matter and spinal nerve grains or “fibers”
are aligned primarily along the spinal axis, and gray matter appears more isotropic than does white
matter (shorter grains). (B) shows that lesions have reduced anisotropy (shorter grains) in the same
regions that appear hyperintense in the anatomical images. For example, note that the lateral
boundary between white matter and spinal nerves is more clearly seen in the diseased spinal cord
compared to wild-type; this is a consequence of the small FA values along the boundary and

indicates a high degree of diffusion isotropy in this region.
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model, the size of each ellipsoid remains roughly the
same within the array, but changes in shape indicate
changes in the directional dependence of diffusion and,
thus, tissue microstructure. The drawback to this method
is that it throws away information regarding the magni-
tude of the diffusivities that would be present if the
unnormalized ellipsoid were used; one consequence of
this is that it is unable to distinguish among regions with
different isotropic diffusivities.

In comparing Figs. 7A (wild-type) and 7B (diseased),
stark differences in the diffusion anisotropy within white
matter can be observed. In wild-type, regions of white
matter and spinal nerves ap-
pear mostly as prolate ellip-
soids oriented along the spinal
axis, whereas regions of le-
sions exhibit greatly reduced
anisotropy; thus, the ellip-
soids appear more spherical.
Both the rice grain and nor-
malized diffusion ellipsoid vi-
sualization methods provide
intuitive graphical representa-
tions of the diffusion anisot-
ropy results presented in the
ROI analysis described above.
In Fig. 7, a filtering algorithm
was used, similar to what was
used for the rice grain model,
to eliminate ellipsoids within
regions of very low signal in-
tensity. As in Fig. 6, a point
light source was used for illu-
mination and the image was
tilted at an angle for perspec-
tive.

DISCUSSION

In this study, we compared
several imaging modalities, all
applied to the same tissues, to
elucidate the pathology of an
animal model of an autoim-
mune disease. The methods
used included anatomical
pMRI, DTI, and light micros-
copy from histological prepa-
rations; all clearly showed
pathological changes associ-
ated with the disease. At the
qualitative level, both the I,
and T3-weighted images ex-
hibited similar contrast be-
tween lesions and normal
white matter. The 2D I, images
are the prefactors of Eq. [1],
and consequently, image con-
trast is due to differences in T,
and spin density only; diffu-
sion-weighted contrast, even
from the presence of the imag-




FIG. 7. Normalized diffusion ellipsoid model for wild-type (A) and EAE (B) spinal cords using the
data of Fig. 4. Figs. 1B and 2D are the corresponding |, images. In each image pixel, a diffusion
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studv because thev vyielded
images of superior SNR per
unit time.

In all of the spinal cords in-
vestigated, the areas of hyper-
intensity discerned in uMRI in
white matter correlate with ar-
eas of inflammation detected
in the 1-pm toluidine-blue-
stained sections. These lesions
show a predilection for ventral
white matter tracts of the spi-
nal cord, particularly in the
lumbar region. The optic
nerves form the only other
area of the cerebrospinal axis
that shows a similar level of
involvement. Interestingly. in
other species, the distribution
of lesions may differ slightly.
For example, in the Lewis rat,
although the lumbar region of
the cord is again extensively
involved, vessels located at
the gray/white matter border
are particularly heavily in-
flamed, and submeningeal le-
sions are not as prominent
(49). The reasons why specific
areas of the CNS are targeted
for inflammation are not
known; it has been suggested
that lymphatic drainage path-
ways and the relative levels of
MBP expression both contrib-
ute to this susceptibility (50).
Within these areas, inflamma-
tion occurs almost exclusively
around veins, consistent with
the known susceptibility of
the venous bed to inflamma-
tory mediators at other sites

ellipsoid surface is placed with the principal diffusivities (eigenvalues) normalized to A,. A filtering  (51).

algorithm was applied to remove ellipsoids located in voxels with exceedingly low signal intensity.
The ellipsoid array was tilted for perspective and illuminated with a single point light source located
above the plane. In comparing (A) and (B), one observes stark differences in the diffusion
anisotropy within white matter. In wild-type, regions of white matter and spinal nerves appear
mostly as prolate ellipsoids oriented along the spinal axis, whereas regions of white matter lesions
in (B) (arrowheads) exhibit greatly reduced anisotropy; thus, the ellipsoids appear more spherical.

ing gradients, is absent. On the other hand, contrast in
the 3D FLASH images contain, in general, contributions
from differences in T,. magnetic susceptibility, T,, spin
density, and diffusion properties among tissues.

The signal-to-noise ratio (SNR) of the I, images is sub-
stantially higher, by a factor of approximately 2.2, com-
pared to any of the individual diffusion-weighted images
used in calculating D. This is due to noise reduction as a
result of using multiple images in calculating D. In the
case of the 3D imaging methods, both spin-echo and
gradient-echo (FLASH) methods were initially tried, but
the gradient-echo methods were ultimately used for this

In areas adjacent to the ven-
tral median fissure, the hyper-
intensity is clearly related to
the extent of cellular inflam-
mation and tissue damage. In
mice sensitized with MBP,
these lesions are characterized
by parenchymal infiltration of lymphocytes and macro-
phages, intramyelinic edema, primary demyelination,
and Wallerian degeneration. In the early stages of lesion
formation, inflammation is first noted around the pia
vasculature, and Wallerian degeneration is not promi-
nent; but as the lesion ages, axonal loss becomes more
evident and appears to be directly related to the severity
of the inflammatory insult, frequently resulting in white
matter atrophy. As noted by others, primary demyelina-
tion in EAE induced by MBP is not as prominent as that
found after sensitization with whole white matter or
other myelin antigens. This observation is believed to
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reflect the contribution of antibodies to lipid antigens, as
well as the distribution of specific myelin proteins
within the myvelin sheath (52). In this regard, the EAE
lesions observed in the transgenic mice closely resemble
those noted in animals sensitized by the passive transfer
of MBP-reactive T cells or by direct sensitization with
MBP and adjuvants. The only difference noted was in the
intensity of the inflammatory infiltrate, which was more
extensive in the transgenic model and showed less evi-
dence of repair. However, areas of remyelination were
found, indicating that some regulation of the inflamma-
tory events can be activated in these animals.

The reason for the hyperintensity observed in the
pMRI at the gray/white matter boundary is not so easily
correlated with cellular inflammation. It is possible that
the blurring of this boundary reflects the distribution of
tissue edema. It is well recognized that edema fluid
moves more readily through white matter than gray mat-
ter, tending to be disseminated in the latter via the
perivascular spaces. The development of edema in the
cord is a significant correlate of the clinical expression of
the disease and reflects extensive damage to the blood-
brain barrier that accompanies the cellular inflammatory
events (50).

In the diseased animals, an increase in the volume
associated with the subarachnoid space surrounding the
spinal nerves is observed (Figs. 2A, 2C, and 2D). This is
evident by an increase in size of the hyperintense regions
surrounding spinal nerves that corresponds to an in-
crease in fluid volume. Histology shows no involvement
of the spinal nerves in the disease. Because the vertebral
cavity volume remains constant, this observation may
suggest that an atrophy of the spinal cord occurs during
the course of the disease, leaving the remaining volume
to be filled by fluid.

In EAE cords, the anatomical images show regions of
hyperintensity in white matter that indicate the possible
presence of inflammation, demyelination, edema, and
vasodilation. From the anatomical images alone, it is not
possible to distinguish between these different patholo-
gies because all appear hyperintense. However, some of
these conditions have a distinct signature in DTI. Naked
axons, unlike inflammation and edema, have a signifi-
cant amount of diffusion anisotropy. This anisotropy has
been observed in nonmyelinated (53) and premyelinated
(54) axons, for example. A measure of the diffusion an-
isotropy extracted from the diffusion tensor, such as Al
or FA, can provide a marker for the presence of naked
(demyelinated) axons. By combining relaxation time-
weighted images and DTI, one could, in principal, dis-
tinguish between regions containing mostly normal
white matter, demyelination, or inflammation/edema.
On the qualitative level, this picture is consistent with
the experimental findings presented here. Regions show-
ing hyperintensity in the (mostly T, weighted) anatomi-
cal images also show a substantial decrease in the diffu-
sion anisotropy. Histology in the same tissues shows the
primary disease diagnosis to be inflammation/edema.
Future work involves devising schemes to make compos-
ite image maps that combine relaxation time and diffu-
sion information to “stain” for the relevant pathologies.
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How accurate are the results of the diffusion measure-
ments reported here? In heterogeneous, anisotropic sys-
tems such as the spinal cord, there are a large number of
issues that effect the measurement accuracy of D. Some
of these issues have been reviewed by others (25, 37).
Although a quantitative analysis of the precision in our D
measurements is beyond the scope of this paper, we
address a few issues that are specific to this study. The
presence of systematic measurement errors due to hard-
ware imperfections, gradient calibration errors, and com-
putational errors was investigated using a water phan-
tom, imaged under comparable experimental conditions
and resolution as the spinal cord data. The voxelwise
diffusion coefficients obtained were in agreement with
known values to within 5%, which is acceptable consid-
ering the high resolution (and correspondingly large im-
aging gradients) used in this study. The diffusion coeffi-
cients of the PBS surrounding the spinal cords were also
measured in situ during the data acquisition and the
values obtained were comparable to the value of water to
within better than 10%.

The matrix form of Eq. [1] is appropriate for systems
exhibiting anisotropic diffusion, which is observed in
both myelinated and unmyelinated axonal fibers of the
nervous system. Diffusion is also restricted or compart-
mentalized in these systems; this is evident by spectro-
scopic observations of multiexponential behavior in
plots of the echo amplitude versus b values and a diffu-
sion-time dependence to the measured coefficient (53,
55, 56). We do not attempt a detailed description of
restricted diffusion in the spinal cord here; however, in
restricted systems, the choice of acquisition parameters
can influence the measurement results of the effective
diffusion tensor. In these systems, the measured effective
diffusion tensor depends on the diffusion time, t,, which
is approximately equal to A, the gradient pulse separa-
tion time, in the limit of short-duration pulses. Along a
given direction, the behavior of a measured tensor ele-
ment for large t; approaches an asymptotic value that is
sensitive to details of the tissue microstructure, such as
the extracellular volume fraction and membrane perme-
ability (57). To investigate whether our D measurements
are in the asymptotic regime, we repeated measurements
in a wild-type spinal cord with values of A increased
from 7.4 ms to 14 and 21 ms. The elements of D did not
vary significantly for these values, indicating that the
data used in this study acquired at A = 7.4 ms can be
considered in the asymptotic regime.

Ultimately, measurement precision of a diffusion ten-
sor originates from ubiquitous limitations on the experi-
mentally achievable image SNR. SNR considerations
limit the choice of the maximum b values used for the
diffusion-weighted images. The lower limit of the SNR
that is acceptable for diffusion-weighted images used for
fitting the DTIs has not been rigorously established, but
in our experiments, all of the diffusion-weighted images
had a SNR > 2 in ROIs. This arbitrary criterion limited
the magnitude of b values to less than ~2000 s/mm?.
Generally, the use of small-magnitude b values (com-
pared to the inverse of the diffusion rate of interest) leads
to a reduction in the measurement accuracy of the slower
diffusion tensor elements. This point is particularly rel-
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evant for clinical imaging systems, in which gradient
strength is often limited (47). In our experimental ar-
rangement, the slower tensor components were the off-
diagonal elements because most fibers were aligned
along the D,, direction.

The presence of image noise can also result in eigen-
value repulsion (58). This statistical biasing effect, which
is investigated in ref. 25, tends to make anisotropic ma-
terial appear even more anisotropic and isotropic mate-
rial appear anisotropic; as the SNR decreases, this effect
intensifies. This effect is likelv to bias the results in the
ROI analysis slightly so that the metrics of anisotropy are
overestimated. In addition, this bias mayv contribute to
the small amount of anisotropy measured in gray matter.
For example, in wild-type lamina 7, we obtained Al and
FA values equal to 1.7 = 0.2 and 0.4 *+ 0.1, respectively;
ideally, in isotropic media, these values should be the
equal to 1 and 0. (It is conceivable that a small amount of
intrinsic diffusion anisotropy exists in gray matter re-
gions. This is because a few axons can be observed in
gray matter in histological sections, and there may be
some preferential anisotropic stacking arrangement of
cell bodies. This point must be investigated further.)
Eigenvalue repulsion can also be observed in the eigen-
value images of Fig. 4. One observes a small systematic
difference in intensity between the smallest eigenvalue
images throughout white matter regions, where A, > A5;
ideally, these regions should have “axially symmetric”
diffusion, with A, = A,. This statistical bias also influ-
ences our visualizations of the diffusion tensor fields. For
instance, in Fig. 6, many of the grains representing gray
matter have a finite length, indicating that FA > 0 in
those voxels. Also, some of the ellipsoids in Fig. 7 have a
somewhat squashed appearance, which indicate either
deviations from isotropy or axial symmetry in the case of
gray matter or white matter, respectively.

The diffusion properties measured in fixed tissue are
likely to differ somewhat from in vive spinal cord results.
We emphasize that our goal in this study was to evaluate
the potential of MR microscopy to study regional differ-
ences in diseased tissue rather than to obtain benchmark
in vivo results. We are not aware of any direct systematic
comparisons between diffusion results in fixed versus in
vivo CNS tissue. The “transfer function,” which scales
diffusion measurements made in fixed tissue to appro-
priate in vivo values, is not known. In addition. one
expects that relaxation time and diffusion properties may
depend on details of the tissue preparation, such as the
fixation method, time the tissue is stored in fixative, and
temperature history. Gulani et al. (59) noted an age-re-
lated decrease in diffusion coefficients parallel to white
matter tracts in formalin-fixed rat spinal cord over a
period of 2 weeks. To investigate a possible storage time
dependence of the diffusion properties in our experi-
ments, we remeasured the tensors in a single wild-type
cord stored in PBS at 4°C for 1 week after the initial scan.
(All spinal cords were stored in fixative for approxi-
mately 36 hours at 4°C before imaging.) No significant
changes in diffusion properties was observed in this sin-
gle experiment, suggesting that, at least between 36 hours
and 1 week postfixation, the properties remain relatively
stable.
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Because our diffusion data were acquired at tempera-
tures well below physiological conditions (8°C), the mea-
sured diffusion rates are slower than previously pub-
lished results in CNS tissue. Metrics of anisotropy,
however, should be much less temperature dependent
and, thus, more suitable for comparisons. Our wild-type
measurements of Al in white matter ranged from 6 = 2
(lateral columns) to 9 = 2 (dorsal columns). These values
are slightly larger than the results of Gulani et al. (59),
who measured tensor elements along a limited number of
directions in the fixed rat spinal cord; they reported 3.9
in lateral columns and 4.7 in dorsal columns. Also, these
values are slightly smaller than those reported for white
matter in the in vivo brain studies of ref. 25 but signifi-
cantly larger than the values (~3) in ref. 19 (p. 137); in
these later comparisons, we assume that one can com-
pare our fixed tissue results with in vivo results.

On the basis of our fixed tissue results, an exciting
prospect is the use of these pMRI methods for studying
the disease in vivo and in a longitudinal fashion. This
will allow possible early detection of lesions, distin-
guishing between various white matter pathologies on
the basis of MRI measurements alone (i.e., demyelination
and inflammation/edema), and evaluation of the efficacy
of various therapeutic treatments, just to give a few ex-
amples. To obtain DTIs at high spatial resolutions (10—
100 um) in vivo, several issues are critical. First, there is
the issue of motion, which can cause serious errors when
trying to quantify diffusion. Proper experimental design
can reduce this problem through the implementation of
such methods as stereotactic restraints, cardiorespirato-
ry-gated acquisition, and movement-detecting pulse se-
quences. Perhaps, a more serious issue is that of imaging
time. The acquisition rate of the spin-echo methods used
in this study are inherently slow: however, by the use of
gradient-echo methods, such as diffusion-sensitized
FLASH (22), the acquisition rate can be decreased by at
least an order of magnitude. (The implementation of
echo-planar methods is problematic at high magnetic
field strengths.) Imaging time can also be reduced if one
could limit the number of diffusion tensor elements mea-
sured. For example, acquisition of only trace images, or
(D), greatly reduces the imaging time; these images are
useful in the early diagnosis of brain ischemia (reviewed
in ref. 19), and rgpid scanning methods exist for ‘_ghe
determination of (D). However, it is observed that (D) is
not a particularly good marker of EAE pathology. This
observation has been shared by others (60). Measurement
of the diffusion anisotropy is a much better marker, and
this requires knowledge of the off-diagonal tensor ele-
ments, which, in turn, requires measurement of the en-
tire diffusion tensor and a longer scan time.

SUMMARY AND CONCLUSIONS

In this study, we combined a variety of microscopic MRI
methods to elucidate fixed-tissue pathology in an animal
model of an autoimmune disease. The uMRI methods are
complementary to more conventional histological tech-
niques. In addition, they have the ability to image lesions
in 3D and provide microstructural information.

_—
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In I, and T-weighted images, EAE lesions appear hy-
perintense; this is consistent with the presence of demy-
elination, inflammation, edema, and vasodilation. His-
topathological analysis in the same tissues using stained
sections reveal the presence of these pathologies; the
primary one is perivascular inflammation, at least in the
later stages of the disease. Histology also shows evidence
of Wallerian degeneration, remyelination, and vacuola-
tion. Overall, the pathology in the transgenic mice with
EAE seems similar to that observed in the SJL/] mouse,
with disease induced by inoculation with purified MBP
and adjuvant or by passive transfer. Within the same
tissues, sites of white matter lesions in the uMRI, indi-
cated by regions of hyperintensity, appear to coincide
with lesions observed in the stained histological sec-
tions.

We show that DT is a powerful tool for elucidating white
matter fiber organization and integrity of neuronal fibers in
diseased animals at high spatial resolutions. A significant
reduction in the measured diffusion anisotropy is observed
in the same white matter regions that show hyperintensity
in the anatomical images; this is consistent with the pres-
ence of inflammation and edema. In addition, we present
two new techniques for the visualization of the diffusion
tensor data. These methods are capable of displaying the
direction, diffusion anisotropy, and organization of neuro-
nal fibers in an intuitive manner.
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