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This study investigates water diffusion changes in
Wallerian degeneration. We measured indices derived
from the diffusion tensor (DT) and T2-weighted signal
intensities in the descending motor pathways of pa-
tients with small chronic lacunar infarcts of the pos-
terior limb of the internal capsule on one side. We
compared these measurements in the healthy and le-
sioned sides at different levels in the brainstem caudal
to the primary lesion. We found that secondary white
matter degeneration is revealed by a large reduction
in diffusion anisotropy only in regions where fibers
are arranged in isolated bundles of parallel fibers,
such as in the cerebral peduncle. In regions where the
degenerated pathway crosses other tracts, such as in
the rostral pons, paradoxically there is almost no
change in diffusion anisotropy, but a significant
change in the measured orientation of fibers. The
trace of the diffusion tensor is moderately increased in
all affected regions. This allows one to differentiate
secondary and primary fiber loss where the increase
in trace is considerably higher. We show that DT-MRI
is more sensitive than T2-weighted MRI in detecting
Wallerian degeneration. Significant diffusion abnor-
malities are observed over the entire trajectory of the
affected pathway in each patient. This finding sug-
gests that mapping degenerated pathways noninva-
sively with DT-MRI is feasible. However, the interpre-
tation of water diffusion data is complex and requires
a priori information about anatomy and architecture
of the pathway under investigation. In particular, our
study shows that in regions where fibers cross, exist-
ing DT-MRI-based fiber tractography algorithms
may lead to erroneous conclusion about brain connec-
tivity.
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INTRODUCTION

Degeneration of white matter fibers at a distance
from a primary lesion is a common finding in many
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diseases of the Central Nervous System (CNS). More-
over, the study of degeneration of specific pathways,
both in animal models and postmortem in human sub-
jects with focal brain lesions has contributed greatly to
our knowledge of neural connections between different
regions in the CNS (See Jones, 1999) for a review).

Secondary white matter degeneration is classically
divided into retrograde and anterograde (or Wallerian)
degeneration. From the primary lesion, retrograde de-
generation proceeds proximally toward the cell body,
while anterograde degeneration proceeds distally to-
ward the axon’s terminals.

The ability to investigate secondary white matter
fiber degeneration noninvasively would be valuable not
only to improve diagnosis of many neurological
diseases, but also to facilitate the study of human
functional neuroanatomy. Conventional imaging tech-
niques such as computed tomography (CT) and mag-
netic resonance imaging (MRI) can sometimes reveal
changes in brain regions where secondary fiber degen-
eration has occurred. CT reveals white matter degen-
eration when atrophy is severe enough to produce sig-
nificant volumetric changes (Stovring and Fernando,
1983). MRI may show increased T2 weighted signal
intensity of the affected tracts even if atrophy is not
severe (Cobb and Mehringer, 1987; Kuhn et al., 1988,
1989). Unfortunately MRI signal changes produced by
Wallerian degeneration are often small and not consis-
tently present in all subjects (Sawlani et al., 1997).

MRI can also be used to investigate the diffusion
properties of tissue water (See Le Bihan, 1991, for a
review). Previous studies have shown that water diffu-
sion may be altered in white matter tracts following
Wallerian degeneration (Segawa et al., 1993; Beaulieu
et al., 1996; Pierpaoli et al., 1996a, 1998; Makris et al.,
1997; Tievsky et al., 1998; Castillo and Mukheriji, 1999;
Wieshmann et al., 1999a, b). Normal white matter
tracts with coherently oriented fibers show high diffu-
sion anisotropy, in particular a higher diffusivity in the
direction parallel to the fibers than in the direction
perpendicular to them. One common finding in Walle-
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rian degeneration is that diffusion anisotropy is re-
duced. This change is thought to originate from struc-
tural changes in the tissue, such as loss of axons and
gliosis. However, architectural features of the tissue,
such as the degree of orientational coherence of fibers,
are also known to affect diffusion anisotropy (Pierpaoli
and Basser, 1996; Pierpaoli et al., 1996b; Virta et al.,
1999). In normal white matter, for example, regions
such as the corpus callosum and cerebral peduncle,
where fibers are coherently oriented within the voxel,
have higher diffusion anisotropy than regions such as
the centrum semiovale and other subcortical areas,
where the orientation of fibers within a voxel is less
coherent. Recently, it was demonstrated that struc-
tural changes occurring in white matter with aging are
reflected by changes in tissue diffusion properties that
depend on the local architectural arrangement of white
matter fibers (Virta et al., 1999). We hypothesized that
changes in diffusion properties produced by Wallerian
degeneration may also have different manifestations
depending upon white matter architecture in the af-
fected region.

To investigate this hypothesis we studied the de-
scending motor pathways of patients that had a small
lacunar infarct in the posterior limb of either the left or
right internal capsule using diffusion tensor MRI (see
Basser, 1995, for a review). The normal structure and
architecture of the descending motor pathways is well
known, and previous DT-MRI studies have already
characterized the diffusion properties of these path-
ways in normal subjects (Virta et al., 1999). In partic-
ular it has been demonstrated that no differences in
diffusion parameters can be found in normal subjects
between tracts on the left and right sides. This allows
one to use the contralateral unaffected tract as an
internal control for the assessment of changes pro-
duced in Wallerian degeneration.

The diffusion parameters that we investigate in-
clude: the principal diffusivities (eigenvalues of D), the
Trace of the diffusion tensor (Trace(D)), indices of dif-
fusion anisotropy, and the principal directions of diffu-
sion (eigenvectors of D). In addition to these diffusion
parameters, we measured the T2-weighted signal in-
tensity in all anatomical regions of interest to compare
the sensitivity of DT-MRI- and T2-weighted imaging in
detecting Wallerian degeneration.

METHODS

Experimental Design

In our experiment, we investigate a pathway that
has a well-known structure and architecture. We in-
clude only subjects with focal infarcts in the posterior
limb of the internal capsule to assure that the observed
changes were caused by selective involvement of the
descending motor pathways and not by more global
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degenerative changes that are likely to occur in larger
strokes. Finally, we include only subjects that had the
stroke at least 1 year before the scan to assure that
Wallerian degeneration was in its chronic stage. Seven
subjects were included in the study (Six males, one
female, age range 50-75, mean age = SD: 64 = 9
years). Inclusion criteria were: (a) History of capsular
stroke occurring at least 1 year before the inclusion in
the study, (b) Neurological evaluation indicating uni-
lateral signs of motor impairment without cognitive
impairment, (c) MRI evidence of one or more focal
lesions in the posterior limb of either the left or right
internal capsule, and (d) Absence of gross signal abnor-
malities in other regions of the brain, in particular in
the contralateral internal capsule and in the brain-
stem. Small focal hyperintensities in regions distant
from the descending motor pathways were accepted
since this finding is very common in the T2-weighted
images of healthy elderly subjects (Wahlund et al.,
1996; Salonen et al., 1997).

MRI

All imaging studies were performed with a 1.5 T GE
Signa Horizon EchoSpeed spectrometer, equipped with
a whole-body gradient coil able to produce gradient
pulses up to 22 mT/m and a birdcage quadrature ra-
diofrequency coil (GE Medical Systems, Milwaukee,
WI). Head motion was reduced by placing pads on both
sides of the subject’s head. Diffusion images were ac-
qguired using an interleaved spin-echo echo-planar im-
aging sequence with a navigator echo to correct motion
artifacts (Anderson and Gore, 1994; Ordidge et al.,
1994). A description of the algorithms used for image
reconstruction is presented elsewhere (Barnett, 1997;
Jezzard et al., 1998). Typical acquisition parameters
were: 30—33 contiguous axial slices; 3.5-mm slice thick-
ness; 220-mm field of view; 128 X 128 in-plane resolu-
tion (8 interleaves, 16 echoes per interleaf); echo-time
of 78 ms; and repetition time of greater than 5 s with
cardiac gating (3—4 acquisitions per heart beat starting
with a 200 ms delay after the rise of the sphygmic wave
as measured with a peripheral pulse oxymeter). The
signal to noise ratio achieved in normal brain paren-
chyma using these parameters ranged between 25 and
35 in the images with no diffusion weighting. Six log-
ical gradient directions were sampled according to the
scheme presented in (Pierpaoli et al., 1996b), with four
images acquired for each direction at maximum gradi-
ent strength (21 mT/m), yielding an effective “b value”
(i.e., Trace of the b matrix (Mattiello et al., 1997)) of
1006 s/mm?. Four images with no diffusion weighting
were also acquired for a total of 28 images per slice.
The total imaging time was approximately 30—40 min,
depending on the subject’s heart rate. Following image
reconstruction, the diffusion tensor (D) in each voxel
was calculate according to Basser et al. (1994) using a
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numerically computed b matrix for each image (Mat-
tiello et al., 1997). From D we computed maps of the
three principal diffusivities (eigenvalues of D) Ay, \,,
and \;, Trace(D), the principal directions of diffusion
(eigenvectors of D), the “fractional” anisotropy index
(Basser and Pierpaoli, 1996) and the “lattice” anisot-
ropy index (Pierpaoli and Basser, 1996). The lattice
anisotropy index is a rotationally invariant measure of
diffusion anisotropy that is relatively immune to bias
induced by noise in the diffusion-weighted images.*
Color maps of fiber orientation were produced using
the “absolute value” scheme described by Pajevic and
Pierpaoli (1999). Fiber tract trajectories were calcu-
lated from the diffusion tensor data using a fiber trac-
tography algorithm described in (Basser, 1998; Al-
droubi and Basser, 1999; Basser et al., 2000). These
fiber tract trajectories are determined as follows. First,
a continuous diffusion tensor field is constructed from
the discrete, noisy, measured DT-MRI data. Then, a
continuous representation of the fiber direction (vector)
field is obtained from this continuous tensor field as-
suming that the local fiber tract directions coincide
with the direction of largest diffusivity. Then a Frenet
equation, describing the evolution of a 3-D fiber tract,
is solved numerically within the imaging volume.

Data Analysis

Regions of interest (ROIs) were manually drawn on
the T2-weighted images obtained by averaging the four
replicate images acquired without diffusion weighting.
The measurement of T2-weighted signal intensities
was also performed on these images, rather than on
high resolution fast spin echo images, because these
images are perfectly coregistered with the maps of the
qguantities derived from the diffusion tensor allowing
the use of the same ROIs for analysis of both T2-
weighted and diffusion data. ROIls were drawn on the
left and right descending motor pathways at the level
of the primary lesion and on all slices in the brainstem
caudal to the primary lesion to a level just above the
pyramidal decussation. Data from contiguous slices
were pooled to form five anatomical ROIs: primary
lesion (1 or 2 slices), internal capsule caudal to the
primary lesion (2 slices), cerebral peduncle (3 slices),
rostral pons (2 slices), and caudal pons (2 slices). Given
the close proximity of the left and right tracts in the
medulla and the relatively low resolution of our im-
ages, the separation between ipsilateral and contralat-
eral ROIs would be somewhat arbitrary at the level of
the medulla. For this reason we did not perform a
guantitative statistical analysis in the medulla. How-
ever, we present maps of diffusion quantities where

! The formula of the lattice index contained typographical errors in
the original publication (Pierpaocli and Basser, 1996). The correct
formula is reported in (Pajevic and Pierpaoli, 1999; Virta et al. 1999).

PIERPAOLI ET AL.

differences between the side ipsilateral to the lesion
(affected side) and the contralateral side (healthy side)
are apparent by visual inspection. Differences between
the affected side and the healthy side in these five
anatomical ROIs were assessed using the Mann—-Whit-
ney test with and without Bonferroni correction for
multiple comparisons. Statistics were computed with a
threshold for statistical significance set at P = 0.01.
The Mann-Whitney test, which is the nonparametric
analog of the Student’s t test, was chosen because the
distribution of some diffusion parameters, such as dif-
fusion anisotropy, is non-Gaussian (Pierpaoli and
Basser, 1996; Pajevic and Basser, 1999). Moreover,
tissue inhomogeneity within the ROl may also contrib-
ute to a non-Gaussian distribution of values.

RESULTS

Table 1 shows values of the T2-weighted signal in-
tensity, orientationally averaged diffusion coefficient
(Dav = 1/3 Trace(D)), diffusion anisotropy, and princi-
pal diffusivities for the healthy and affected sides.
These values are obtained by averaging all voxels of all
subjects within each ROIl. ROIs were drawn in the
internal capsule at the level of the stroke lesion (Pri-
mary lesion ROI) and in four other regions caudal to
the primary lesion where Wallerian degeneration of
the descending motor fibers had occurred. In the pri-
mary lesion, T2-weighted signal intensity (T2Sl),
Trace(D), and principal diffusivities values are greatly
increased with respect to the healthy side, while diffu-
sion anisotropy is strongly reduced. In the ROIs caudal
to the primary lesion where Wallerian degeneration
has occurred (internal capsule, cerebral peduncle, ros-
tral pons, caudal pons) T2SI and Trace(D) show much
smaller differences between the affected and healthy
sides with only a slight increase in the affected side
that does not exceed 10% for T2SI and 18% for
Trace(D). Diffusion anisotropy, however, is sharply re-
duced with the lattice anisotropy index decreasing
more than 40% in all ROIs except within the rostral
pons where anisotropy is reduced by only 11%. In all
ROIs with secondary white matter degeneration the
reduction in diffusion anisotropy results from a de-
crease of the largest principal diffusivity, A;, and an
increase of the intermediate and smallest principal
diffusivities, \, and \;. This finding is in contrast with
diffusion changes observed in the primary lesion where
diffusion anisotropy is also reduced but all three prin-
cipal diffusivities, \,, \,, and \; increase.

When the entire data set except the primary lesion
ROI was pooled, the Mann—Whitney test revealed sig-
nificant differences in T2SI, Trace(D), and diffusion
anisotropy between the healthy and affected sides.
This result indicates that T2SI, Trace(D), and diffusion
anisotropy were all sensitive enough to reveal overall
differences produced by Wallerian degeneration be-
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TABLE 1

Comparison between Healthy and Affected Side for T2-Weighted Signal Intensity (T2Sl), Orientationally Averaged
Diffusion Coefficient, Fractional and Lattice Anisotropy Indices, and the Three Principal Diffusivities of D

Primary stroke lesion

Secondary white matter degeneration

Internal capsule Internal capsule Cerebral peduncle Rostral pons Caudal pons
Healthy Affected Healthy Affected Healthy Affected Healthy Affected Healthy Affected
side side side side side side side side side side
T2SI (Arbitrary units) 100 £5 220 = 45 100 = 10 109 £ 23 100 £ 9 100 + 18 100 = 7 103 £ 11 100 £ 6 107 £ 10
D, = Trace(D)/3
(X107 m?/s) 0.75 £0.07 227 £0.63 0.72*+0.09 0.85=*0.16 0.76 £0.08 0.83 +0.14 0.72*+0.08 0.75*0.11 0.76 £ 0.08 0.84 = 0.11
Diffusion anisotropy
(dimensionless)
Lattice anisotropy
index 0.51 £0.07 0.10*+0.11 059 £0.10 0.28 =0.12 0.61 £0.09 0.36 +0.13 0.35*0.11 0.31 +0.10 0.31 =£0.10 0.18 = 0.08
Fractional anisotropy
index 0.68 £ 0.07 0.20 =0.15 0.76 £0.09 0.46 =0.15 0.76 =0.09 0.52 =0.15 0.53 *0.13 0.49 +0.13 0.55*0.13 0.39 = 0.12
Principal diffusivities
(X107° mm?/s)
Largest (A1) 142 +0.16 2.66 =057 151*020 1.30+*024 161*+0.18 137*+0.25 118+ 020 1.17+0.21 1.27*0.24 1.18 =0.17
Intermediate (\,) 0.57 +0.12 222 +0.70 0.46 =0.15 0.75+0.20 0.44 +0.12 0.68 =0.18 0.67 =0.14 0.71 +0.17 0.67 = 0.14 0.81 =0.14
Lowest (\3) 0.25+0.09 191 *+066 0.20*0.10 049 *+0.20 0.23*0.11 044 +0.17 0.33*0.12 0.38+0.13 0.35*0.12 0.52 =0.14

Note. Results are reported for the stroke lesion (Primary lesion) and for four other anatomical regions caudal to the primary lesion where
Wallerian degeneration of the descending motor fibers had occurred. Mean values = standard deviations are obtained by pooling ROIls in
corresponding anatomical regions in all subjects. In each ROI, T2SlI is normalized with respect to the mean value of the healthy side that is

set to 100.

tween the healthy and affected sides when the entire
study population was considered. However, when the
Mann-Whitney test was applied to each patient indi-
vidually, only diffusion anisotropy revealed significant
differences between the healthy and affected sides in
all subjects. No significant differences were found in
four subjects for T2SI and in one subject for Trace(D).

The analysis was extended to investigate differences
between the healthy and affected sides within each
ROI in each patient. We performed 28 comparisons,
since we defined 4 ROIs at different levels of the cor-
tico-spinal tract caudal to the primary lesion, and we
studied 7 patients. Even without Bonferroni correction
the sensitivity of the T2SI was very low with only 10 of
28 comparisons showing significant differences be-
tween the healthy and affected sides. Trace(D) showed
18 significant differences and the lattice anisotropy
index showed 25 significant differences. All three com-
parisons in which the lattice anisotropy index in the
affected side was not significantly reduced were in the
rostral pons. When Bonferroni correction was applied,
the number of significantly different comparisons
dropped to 6, 11, and 22 for the T2SI, Trace(D), and the
lattice anisotropy index, respectively. Again, all ROIs
with no significant differences in diffusion anisotropy
were in the pons.

Figure 1 shows the percentage changes of T2Sl,
Trace(D), and Lattice index in the affected side for each
patient in two ROIs, the cerebral peduncle (Fig. 1a)
and the rostral pons (Fig. 1b). T2SI and Trace(D) show
only small differences between healthy and affected

sides in both ROIs. In the cerebral peduncle, Wallerian
degeneration could not be reliably identified in the
T2-weighted images given that changes in T2SlI in the
affected side are inconsistent, increasing in three sub-
jects but decreasing in the other four. In contrast,
diffusion anisotropy was consistently reduced in all
seven subjects. These findings in the cerebral peduncle
are representative of findings in the internal capsule
and in the caudal pons. In the rostral pons, however,
diffusion anisotropy was reduced by a lesser degree
than in all other regions and even showed a slight
increase in one subject.

Figures 2 and 3 show T2-weighted images, maps of
Trace(D), and maps of the lattice anisotropy index of
one representative subject at the level of the primary
lesion and for different levels in the brainstem caudal
to the primary lesion. The primary lesion is easily
identified as an area of increased T2SI, increased
Trace(D), and severely reduced diffusion anisotropy
(arrows). Differences between healthy and affected
sides are more difficult to detect in the brainstem cau-
dal to the lesion in both T2SI and Trace(D) maps.
Diffusion anisotropy is clearly reduced in the affected
side at the level of the cerebral peduncle, caudal pons,
and medulla. Interestingly, In the cerebral peduncle,
the topographic localization of the degenerated fibers
can be seen in the anisotropy map. Diffusion anisot-
ropy does not appear clearly reduced in the rostral
pons.

Figure 4 shows direction-encoded color (DEC) maps
(Pierpaoli, 1997; Pajevic and Pierpaoli, 1999) obtained
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FIG. 1. T2SI, Trace(D), and Lattice anisotropy index changes in the side ipsilateral to the lesion expressed as a percentage of the values
measured in the side contralateral to the lesion in both the cerebral peduncle (a) and the rostral pons (b). While changes in T2SI and Trace(D)
show similar trends in the cerebral peduncle and in the rostral pons, a large reduction in diffusion anisotropy is observed only in the cerebral

peduncle but not in the rostral pons.

from of the same subjects shown in Figs. 2 and 3. In
these maps bright voxels correspond to regions where
water diffusion is anisotropic, while dark voxels indi-
cate regions where water diffusion is isotropic. Differ-
ent colors are associated with different fiber tract di-
rections as indicated in the color circle shown in the top
right of the figure. The left-right, anterior—posterior,
and superior—inferior directions are, respectively, as-

sociated with pure red, green, and blue. Obliquely ori-
ented fibers will be represented by colors resulting
from a combination of red, green, and blue. The motor
pathways generally have a magenta hue in the cere-
bral peduncle and a blue hue in the rest of the brain-
stem because of their predominantly rostral-caudal ori-
entation. The red voxels in the rostral pons correspond
to the transverse pontine fibers that have a predomi-

Primary lesion in the Internal Capsule

Trace(D)

Anisotropy

FIG. 2. T2-weighted image (T2W1), Trace(D) map, and lattice anisotropy index map of the brain of one representative subject at the level
of the primary stroke lesion. The lesion is visible as an area of increased T2SI, increased Trace(D), and severely reduced anisotropy (arrows).
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Rostral Pons
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FIG. 3. T2-weighted images (T2WI), Trace(D) maps, and lattice anisotropy index maps of the brainstem caudal to the primary lesion in
the same subject shown in Fig. 2. Three contiguous slices are shown in the cerebral peduncle (a), and two contiguous slices are shown in the
rostral pons (b), caudal pons (c), and medulla (d). Arrows in the top anisotropy map of each figure indicate the location of the motor pathways.

nant left-right orientation. In the cerebral peduncle,
caudal pons, and medulla, diffusion anisotropy of the
motor pathways is lower in the affected side than in the
healthy side (reduced brightness in the affected side).
In contrast, in the rostral pons in the affected side
diffusion anisotropy is not markedly reduced (healthy
and affected side have similar brightness); however,
fibers are more predominantly left-right oriented (the
number of voxels with reddish hue (arrowhead) is

higher). This apparent change in direction of the motor
pathways at the level of the rostral pons was found for
all subjects studied by analyzing the components of the
eigenvector, €,, associated with the largest principal
diffusivity. Overall the absolute value of the rostal-
caudal component of €,, €,,, decreased from 0.71 = 0.24
in the healthy side to 0.53 = 0.30 in the affected side
and the absolute value of the left-right component of €;,
€, Increased from 0.46 = 0.28 to 0.60 = 0.31. In all
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Fiber orientation maps

Primary
lesion

Wallerian

degeneration -rr

Cerebral Peduncle éaudal Pons

&

Rostral Pons Medulla

FIG. 4. Color coded fiber orientation maps obtained from of the same subjects shown in Figs. 2 and 3. The color-coding scheme is described
in the Results. Arrows point to regions of Wallerian degeneration where diffusion anisotropy is reduced (lower brightness). In the rostral
pons, however, Wallerian degeneration does not result in reduced anisotropy but in an apparent change in the orientation (color) of the fibers
(arrowhead).

subjects either ey, or €, or both e,,, and e, showed Figure 5 shows computed trajectories of tracts in the
significant differences between healthy and affected motor pathways in both the healthy and lesioned sides
sides in the rostral pons at the Mann—-Whitney test. of a representative subject. Trajectories are launched
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DT-MRI “tractography” of the motor pathways

Healthy side

Starting point

%
Middle Cerebellar
Peduncle

Internal Capsule

Lesion side

Primary

Starting point L

Middle Cerebellar
Peduncle

Pontine
Fibers

Contralateral
Middle Cerebellar Co

» cle % % -
Peduncle Cortico-Spinal Tract

FIG.5. Trajectories of the motor pathways computed from DT-MRI data by using an algorithm that follows a tract by tracing a path along
which the local diffusivity is a maximum. Trajectories are launched in both the healthy and lesioned sides in superior and inferior directions
starting from ROIs located at the level of the cerebral peduncle. While in the healthy side the algorithm highlights plausible trajectories of
the motor pathways, in the side where Wallerian degeneration occurred reconstructed trajectories cross over to the contralateral side at the
level of the pons, and continue along the contralateral middle cerebellar peduncle and contralateral motor pathways.

in both superior and inferior directions starting from
ROls at the level of the internal capsule. In the healthy
side, the majority of fibers track the motor pathway. In
the lesioned side, however, the majority of fiber track
the primary motor pathway only until the level of the
pons, and then abruptly turn to follow the transverse
pontine fibers. Then, they turn again to follow the
contralateral cortical spinal tract.

DISCUSSION

Several previous works have reported that diffusion
tensor MRI can detect degeneration of white matter
fibers (Pierpaoli et al., 1996a, 1998; Jones et al., 1999;
Wieshmann et al., 1999a, 1999b). To our knowledge,
however, a quantitative comparison between the sen-
sitivity of DT-MRI- and T2-weighted imaging has not
been performed. Our results show that both DT-MRI-
and T2-weighted imaging detected statistically signif-
icant differences between the affected and healthy
sides when the entire data set is considered. From a
clinical standpoint, a more important question, how-
ever, is whether a technique can detect such pathology
in a single subject. When we performed the statistical
analysis using pooled data from all the ROIs for each

subject, T2-weighted imaging proved to be much less
sensitive than DT-MRI. In fact, significant differences
between healthy and affected sides in T2-weighted sig-
nal intensity were found in less than 50% of the sub-
jects, while significant differences in diffusion anisot-
ropy were found in all subjects. Interestingly, DT-MRI
proved to be very sensitive even when a specific ana-
tomical ROl was investigated. Diffusion anisotropy
was significantly different in all comparisons involving
a single ROI in a single subject except in the rostral
pons ROIs. However, in the rostral pons other diffusion
parameters, such as the local orientation of the fiber
tracts (i.e., the eigenvector associated with the largest
principal diffusivity) showed significant differences be-
tween the healthy and affected sides in all subjects.

The fact that water diffusion properties are altered
throughout each individual pathological ROI indicates
that DT-MRI has the potential of mapping the entire
degenerated pathway in a single subject. Considering
how postmortem studies of degenerated white matter
have been fundamental for our understanding of the
functional anatomy of many white matter pathways,
one can appreciate the potential importance of now
being able to perform such studies noninvasively in
Vivo.
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The interpretation of the diffusion data, however, is
not simple. Consistent with previously reported pre-
liminary findings (Pierpaoli et al., 1998), our study
indicates that diffusion changes following Wallerian
degeneration depend on the preexisting local architec-
ture of the affected white matter pathways. In fact,
diffusion changes observed in the rostral pons, a region
where the descending motor pathways intersect the
transverse pontine fibers, are quite different from the
changes observed in the cerebral peduncle, a region
where the descending motor pathways run as isolated
and well-defined bundles of parallel fibers.

If we consider only white matter tracts having archi-
tectural features similar to that of the motor pathways
in the cerebral peduncle, we identify the following DT-
MRI “signatures” of Wallerian degeneration: severely
reduced anisotropy, slightly increased Trace(D), re-
duced diffusivity parallel to the fibers (largest eigen-
value), increased diffusivity perpendicular to the fibers
(smallest and intermediate eigenvalues). The finding of
severely reduced anisotropy is consistent with results
of previous DT-MRI studies (Pierpaoli et al., 1996a,
1998; Jones et al., 1999; Wieshmann et al., 1999a,
1999b).

Our study shows that DT-MRI changes observed in
regions of Wallerian (secondary) degeneration are dif-
ferent in many aspects from those observed in regions
directly affected by the stroke (Primary lesion). While
in both the primary lesion and the areas of Wallerian
degeneration diffusion anisotropy is reduced, Trace(D)
is greatly increased in the primary lesion and only
slightly increased in Wallerian degeneration. More-
over, the diffusivity parallel to the fibers (largest eig-
envalue) is increased in the primary lesion but reduced
in Wallerian degeneration.

These differences in the changes in diffusion proper-
ties in primary and secondary white matter degenera-
tion reflect structural differences in the two conditions.
In regions primarily affected by the stroke, the resolu-
tion of the liquefactive necrosis leads to the formation
of cystic spaces filled by CSF. The increased content of
unhindered, isotropically diffusing water in these cav-
ities is consistent with a marked increase in Trace(D)
and the global increase of the diffusivity in all direc-
tions observed in the primary lesion. On the contrary,
in Wallerian degeneration there is neither significant
water accumulation in the interstitial spaces nor for-
mation of cysts, even of microscopic dimensions. This is
consistent with the limited increase in Trace(D) ob-
served in this condition.

Axonal loss has been generally considered to be the
main determinant of the decrease in diffusion anisot-
ropy in Wallerian degeneration. We argue that fiber
loss per se, without gliosis or an accompanying in-
crease in extracellular matrix, would be insufficient to
produce a decrease in diffusion anisotropy. In fact if the
space occupied by degenerated fibers is simply replaced
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by neighboring fibers that are still intact we expect a
reduced volume of anisotropic tracts but not a reduc-
tion of the measured diffusion anisotropy. The reduc-
tion in diffusion anisotropy, accompanied by decreased
diffusivity parallel to the fibers, increased diffusivity
perpendicular to them, and a relatively small change in
Trace(D), taken together, suggest that there is an in-
crease in isotropic tissue structures in the regions
where Wallerian degeneration has occurred. This is
consistent with the presence of gliosis and the possible
increase in extracellular matrix found histologically in
Wallerian degeneration.

The limited increase in Trace(D) (overall only 10% in
our group of patients) and the reduction in the diffu-
sivity parallel to the fibers that we observed in Walle-
rian degeneration are key elements with which to dif-
ferentiate pure secondary white matter degeneration
from conditions in which fiber loss results from direct
injury to the fiber tract or from conditions character-
ized by an inflammatory response in which interstitial
water accumulation occurs, such as in multiple sclero-
sis (MS). The increase in Trace(D) that has been re-
ported in chronic MS lesions (Horsfield et al., 1998) and
chronic stroke, including ischemic leukoaraiosis, a con-
dition where primary and secondary fiber degeneration
may coexist in the same region (Jones et al., 1999), is
generally much larger than that found in our study.

One of the main findings of this work is that diffu-
sion changes following secondary white matter degen-
eration depend strongly on the preexisting architec-
ture of white matter. The differences between the
diffusion changes produced by Wallerian degeneration
in regions with well-defined, isolated fiber bundles and
in regions where fibers of the degenerated tract inter-
sect other pathways are summarized in Table 2. In the
latter regions a change in the apparent orientation of
fibers, which is assumed to coincide with the orienta-
tion of the eigenvector associated to the largest eigen-
value (e,), not a change in diffusion anisotropy is the
most relevant finding in Wallerian degeneration.
These results can be explained by understanding how
the degree of intravoxel orientational coherence of the
fibers affects the measured diffusion tensor (Pierpaoli
and Basser, 1996; Pierpaoli et al., 1996b). In fact, the
diffusion tensor that we measure with MRI, at the
macroscopic scale of a voxel, reflects the contributions
of all the microscopic tissue structures present within
the voxel. If all axons within the voxel have the same
orientation, then the direction of highest diffusivity
measured with MRI will coincide with the orientation
of the fiber tract.

However, if the axons are not coherently oriented
within the voxel, as happens in regions of crossing
pathways, the measured macroscopic tensor field will
be a volume average of all microscopic domains. In
such cases, diffusion anisotropy will be generally low
and the direction of highest diffusivity will be a
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TABLE 2

Summary of the Diffusion Changes Observed in the Chronic Stroke Lesion (Primary Lesion) and
in Regions of Secondary (Wallerian) White Matter Degeneration

Wallerian degeneration in regions
of isolated fiber bundles

Primary lesion

Wallerian degeneration in regions
of intersecting pathways

D., = Trace(D)/3
Diffusion anisotropy

Large increase

Large decrease

Diffusivity parallel to the Increase
fibers (\,)

Diffusivity perpendicular to
the fibers (A, and \;)

Apparent fiber orientation (e;)

Increase

Inconsistent changes due
to loss of anisotropy

Small increase
Large decrease

Decrease
Increase

Inconsistent changes due to loss
of anisotropy

Small increase

Small decrease. No changes or
slight increase possible

Small change

Small change

Consistent changes dictated by the
orientation of remaining
pathways unaffected by Wallerian
degeneration

Note. Diffusion changes following Wallerian degeneration are different depending on the preexisting architecture of white matter.

weighted average of the orientations of the different
pathways. It has been previously shown in human
subjects and nonhuman primates that the degree of
orientational coherence of the fibers is an important
determinant of diffusion anisotropy in normal brain
(Pierpaoli and Basser, 1996; Pierpaoli et al., 1996b). In
normal brain, regions where fibers cross have much
lower diffusional anisotropy than regions with coher-
ently oriented fiber bundles. The rostral pons is one
such region. The transverse pontine fibers, crossing the
descending motor pathways with a left-right orienta-
tion, reduce the apparent anisotropy of the descending
motor pathways at this level. Following Wallerian de-
generation of the descending motor pathways, the
transverse pontine fibers become the dominant path-
way in the ROI and, paradoxically, the measured dif-
fusion anisotropy can increase because fibers are now
more coherently oriented within the voxel than they
are in the normal case. Moreover, the direction of high-
est diffusivity or apparent direction of the fibers be-
comes more left-right oriented, like the transverse
pontine fibers. Consistent with this interpretation, we
observed a change in fiber orientation from superior—
inferior to left-right in all our subjects. Diffusion an-
isotropy, however, increased only in one subject and
decreased in the remaining cases, although much less
than in the cerebral peduncle. Thus, the resulting
changes in anisotropy following fiber degeneration in
regions of fiber crossing is determined by two compet-
ing factors: increased orientational coherence of the
remaining fibers tends to increase anisotropy, while
gliosis and/or accumulation of extracellular matrix
tend to reduce it. In different subjects these two factors
may have a different preponderance leading to a small
increases, no change or a small decreases in the mea-
sured diffusion anisotropy in these regions.

The implications of our findings go beyond the spe-
cific case of Wallerian degeneration. There is a wide-
spread misconception that loss of white matter fibers is

always accompanied by a reduction in diffusion anisot-
ropy. For example, the finding of low diffusion anisot-
ropy in the frontal white matter of schizophrenic sub-
jects has been interpreted as indicative of diminished
fronto-striatal connectivity (Buchsbaum et al., 1998).
Our data show that this assumption may be incorrect
in regions where white matter fibers are not arranged
in well ordered bundles of parallel fibers.

In general, while structural and architectural fea-
tures of the tissue do affect the diffusion behavior of
water molecules, inferring histological characteristics
from a given diffusion pattern is more problematic.
This requires a priori knowledge of the structure and
architecture of the tissue under investigation or at
least a good hypothesis of about them.

We have shown, for example, that a state-of-the-art
fiber tractography algorithm applied to the descending
motor pathways produces anatomically incorrect fiber
trajectories on the side where Wallerian degeneration
occurred. Here, most of the reconstructed trajectories
cross over to the contralateral side at the level of the
pons, and continue in the contralateral middle cerebel-
lar peduncle and contralateral motor pathways. In this
case, we are able to discern that these computed path-
ways are artifactual. However, for many other path-
ways about which our anatomical knowledge is more
limited, one may lack information required to interpret
the diffusion findings correctly.

We must remember that DT-MRI fiber tractography
and conventional histological tract-tracing techniques
are based on very different physical principles. Con-
ventional tract tracing techniques selectively label a
specific pathway, while DT-MRI tractography follows
the direction along which the voxel-averaged diffusiv-
ity is a maximum. If other structures are present in the
voxel in addition to the pathway under investigation,
the measured direction of highest diffusivity can devi-
ate significantly from the true direction of the selected
pathway. In other words, when conventional tract trac-
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ing techniques show a given pathway connecting
points A and B in the brain, we may be reasonably sure
that this is a true anatomical connection. The same
does not apply for DT-MRI tractography. A streamline
of highest diffusivity may connect regions that have no
anatomical connection between them. Anatomical con-
nectivity may be suggested by a DT-MRI study but
must be confirmed by using different means.

DT-MRI tractography algorithms are expected to
perform more reliably with images acquired at higher
spatial resolution. However, given that in many white
matter regions fibers cross at a microscopic length
scale, simply increasing spatial resolution will not im-
prove the fidelity of the computed fiber tract trajecto-
ries in these regions. Improved DT-MRI tractography
methods will have to be developed to address this im-
portant issue.

Summary and Conclusions

We show that DT-MRI is more sensitive than T2-
weighted imaging in detecting secondary white matter
degeneration. Changes in diffusion parameters are
found along the entire trajectory of the degenerated
pathways and in all subjects suggesting that this tech-
nique could potentially be used for mapping fiber de-
generation in vivo. We identify specific changes in dif-
fusion parameters that appear characteristic of
Wallerian degeneration in its chronic stage. These DT-
MRI “signatures” of secondary white matter degener-
ation permit us to differentiate this condition from
primary fiber loss following direct ischemic insult and
from lesions of other diseases such as multiple sclero-
sis. In order to detect and characterize Wallerian de-
generation, however, other DT-MRI parameters in ad-
dition to diffusion anisotropy need to be measured,
including Trace(D), the principal diffusivities, and the
principal directions of diffusion.

Previous studies have shown that diffusion anisot-
ropy is severely reduced in Wallerian degeneration. We
confirm this finding in regions were white matter fibers
are arranged in parallel bundles. However, in regions
where the degenerated pathway intersects other
tracts, the decrease in diffusion anisotropy is smaller
and more inconsistently observed in different subjects.
In such regions a change in the apparent spatial ori-
entation of the fibers is the most noticeable conse-
guence of Wallerian degeneration.

The assessment of fiber degeneration with DT-MRI
appears to be a promising tool for studying human
neuroanatomy noninvasively in vivo. However, care is
needed to interpret the diffusion imaging results, par-
ticularly to ensure that inferences about changes in
tissue structure and architecture are correct.
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