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Abstract

In recent years, much effort has been made to increase our ability to infer nerve fiber direction through the use of diffusion MR. The
present study examines the effect of the rotational angle (), i.e. the angle between the diffusion sensitizing gradients and the main axis of
the fibers in the nerves, on different NMR indices. The indices examined were the apparent diffusion coefficient (ADC), extracted from
low b-values (hymax ~ 1200 s/mm?), and the root mean square (rms) displacement of the fast and the slow-diffusing components extracted
from high b-value g-space diffusion MR data. In addition, the effect of both the diffusion time and myelination was evaluated. We found
that the most sensitive index to the rotational angle is the rms displacement of the slow-diffusing component extracted from the high
b-value g-space diffusion MR experiment. For this component the rms displacement was nearly constant for o values ranging from
—10° to +80° (where o = 0° is the z direction), but it changed dramatically when diffusion was measured nearly perpendicular to the
nerve fiber direction, i.e., for &« =90 + 10°. The ADC and the rms displacement of the fast-diffusing component exhibited only gradual
changes, with a maximal change at o =45 + 15°. The sensitivity of the rms displacement of the slow-diffusing component to the rota-
tional angle was found to be higher at longer diffusion times and in mature fully myelinated nerves. The relevance of these observations

for determining the fiber direction is briefly discussed.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Diffusion MR is a powerful method for studying neuro-
nal tissues both in vitro and in vivo. Since the works of Le
Bihan et al. [1] and Moseley et al. [2], diffusion MRI tech-
niques have matured into a robust technique for character-
izing structures and pathologies in the central nervous
system (CNS) [3,4]. As early as 1990, Moseley et al. demon-
strated by diffusion weighted imaging (DWI) that water
diffusion is anisotropic in cat CNS [5]. This observed
anisotropy was found to be much more prominent in white
matter (WM) than in gray matter (GM) [5-7]. With the
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advent of the diffusion tensor imaging (DTI) technique
by Basser et al. [8,9], water diffusion anisotropy was trans-
formed into an important tool for studying both CNS con-
nectivity and pathologies [10-12], despite the fact that even
the origin of this observed anisotropy in neuronal tissues is
still under debate [13].

Currently DTI, which is based on single-component
analysis [8,9], exploits the observed anisotropy of water dif-
fusion to tract fiber orientation by assuming that the fast-
diffusing component coincides with the fiber’s orientation
[8-12,14-16]. Indeed, in recent years DTI techniques have
been routinely used for whole-brain tractography in both
animal models and in human subjects [8-12,14-16].
Although DTI is heavily used for studying WM structure
and disorders, there are several issues concerning diffusion
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in WM that are still not completely resolved. First, it was
found that at sufficiently high diffusion weighting, the water
signal decay in neuronal tissues, due to diffusion, is not
mono-exponential [17,18]. Assignment of these compo-
nents to different compartments is controversial [13]. Sec-
ond, DTI has difficulties in characterizing crossing fibers
that appear in one voxel [19]. Third, there is a need to reduce
even further the relatively high uncertainty in defining the
orientations of fibers [20]. These limitations prompted dif-
ferent research groups to develop new approaches to deal
with these limitations. Some of these new approaches are
HARDI (High Angular Resolution Diffusion Imaging
[21])), DSI (Diffusion Spectrum Imaging [22]) and
CHARMED (Composite Hindered and Restricted Model
of Diffusion [23]).

The g-space approach, originally developed by Calla-
ghan [24] and by Cory and Garroway [25], was subse-
quently proposed as a means to obtain structural
information from high b-value (high q) diffusion MR data
in neuronal tissues [26-31]. This approach was extended to
MRI and was first used to study structures and pathologies
in isolated organs using strong gradient systems [29,32].
Later, this approach was used on clinical MRI scanners
to detect white matter associated disorders [30,33]. Accord-
ing to this method, one can obtain the displacement prob-
ability profile by Fourier transformation of the signal
decay as a function of the reciprocal spatial vector q. From
the full-width at half-height (FWHH) of the displacement
profile, one can extract the rms displacement of the diffus-
ing component [24,25]. Therefore, with a sufficiently long
diffusion time and a short diffusion gradient pulse, one
can extract structural information on the compartment in
which the diffusion takes place. These conditions need to
be fulfilled since only under these conditions does the
Fourier relationship between the signal decay as a func-
tion of q and the displacement probability function hold
[24,25].

In a previous study, g-space analysis of NMR diffusion
experiments, performed on microtubes with highly defined
size and orientation [34], revealed high sensitivity of the dif-
fraction patterns and the structural information obtained
from the displacement distribution profiles on the rotational
angle, o. In that study, o« was the angle between the diffusion
gradient’s direction and the main axis of the microtubes.
These findings seem to suggest that the g-space analysis of
heavily diffusion-weighted MR data can predict, with high
sensitivity, the fiber orientation under investigation.

The purpose of this study was to examine the effect of
the rotational angle, o, on the root mean square (rms) dis-
placement extracted from high b-value g-space diffusion
experiments in nerve tissues. To this end, we tested the sen-
sitivity of the two diffusing components that were extracted
from this approach and the bulk apparent diffusion coeffi-
cient (ADC), obtained at low b-values, with respect to the
rotational angle, o, which reflects the fiber orientation rel-
ative to the diffusion gradient direction. In addition, we
tested the influence of myelin and also evaluated the effect

of the diffusion time on the extracted indices as a function
of the rotational angle, «.

2. Methods

Experiments were performed on formalin-fixed optic
nerves of mature and newborn swine (N = 3 in each group).
Briefly, a nerve sample of about 2 cm in length was immersed
in Fluorinert and placed in a 5 mm NMR tube in such a way
that the direction of its fibers was parallel to the z-direction,
i.e., the By direction (Fig. 1). NMR diffusion measurements
were acquired using an 8.4T NMR spectrometer (Bruker,
Germany) equipped with a micro5 gradient probe, capable
of producing pulse gradients of up to 190 G cm™' in each
of the three dimensions (i.e., x, y, and z). This probe is
equipped with a BVT 3000 digital temperature control unit.

NMR diffusion experiments were conducted at 27 °C
using the stimulated-echo diffusion sequence with the fol-
lowing parameters: TR/TE/6 = 2500/12.3/2 ms. Pulsed gra-
dient strengths (g) were incremented from 0 to 160 G cm ™!
in 32 steps, resulting in a gmay value of 1362 cm™'. The sep-
aration between the gradient pulses, 4, was 7.0 and 100 ms
for each rotational angle, «, resulting in diffusion times of
6.3 and 99.3 ms, respectively. The rotational angle o was
defined as the angle between the main axis of the magnet
(Bp), which was parallel to the nerve fiber direction (i.e.
the z-direction), and the direction of the gradient pulses in
the NMR diffusion experiment (Fig. 1). Diffusion was mea-
sured for the following rotational angles (as): —10°, —5°, 0°
(z-direction), 5°, 10°, 20°, 30°, 40°, 50°, 60°, 70°, 80°, 85°,
90° (x-direction), 95°, 100°, 180°, and 270°. Data for
o =90° and 270° or for o = 0° and 180° were also collected
to verify whether background gradients are important. In
these experiments we found that the contribution of the
background gradients was negligible. The number of aver-
ages collected for each g-value in the NMR diffusion exper-
iment was 40 and the total data set for each « was acquired
in ~55 min. The signal-to-noise ratio (SNR) of a typical

Gradient
direction

NMR tube

Fluorinert

RF coil

Optic Nerve

Fig. 1. The geometry of the sample and the definition of the rotational
angle « i.e. the angle between the main axis of the nerve and the direction
of the diffusion gradients.
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Fig. 2. The experimental displacement distribution profiles and the attempt to fit the experimental data with a single (c and d) and bi-Gaussian (a and b)
functions for diffusion parallel (o« = 0°, a and ¢) and perpendicular (¢ = 90°, b and d) to the fibers of the nerves.

diffusion b =0 spectrum was about 11,000 and 4000 for
mature and newborn optic nerves, respectively when 4
was 100 ms.

Displacement probability profiles were obtained by per-
forming a Fourier transformation on the signal decay with
respect to q and then fitting it with bi-Gaussian functions.
A bi-Gaussian fit was performed since a single Gaussian
function could not accurately fit the experimental data.
For a bi-Gaussian fit, R> was generally above 0.998 and »°
was less than 5 x 107, respectively. In contrast, for a single
Gaussian fit R* and z* were smaller than 0.991 and higher
than 5x 1079, respectively (see Fig. 2). From the FWHH
of these profiles, we extracted the rms displacement of each
diffusion component in the investigated nerves. The ADC
values were extracted from the same data sets by linear fit-
ting of the In of the normalized signal decay (In (E/Ej)) as
a function of the b-values. In this case, three experimental
points with b-values of 5, 617, and 1147 s/mm® (for
A =7ms) and 76, 684, and 1216 s/mm? (for 4 = 100 ms)
were used to calculate the bulk apparent diffusion coeffi-
cients (ADCs). These three points displayed mono-experi-
mental signal decay and In (E/E,), as a function of these
b-values, gave a straight line with R* > 0.999. We also mea-
sured the T'l-relaxation of the water peak in these nerves
using an inversion recovery sequence.

After completion of the diffusion MRS experiments the
nerves were fixed with glutaraldehyde solution, and then

postfixed with 1% osmium tetra oxide (OsQOy) solution.
The fixed samples were then dehydrated in graded ethanol
solutions and embedded in Epon at 60 °C for 60 h. Two 1-
um sections were cut for each sample. The cut sections were
stained with toluidine blue, a myelin staining reagent, and
light and electron microscope images were taken from each
sample.

3. Results

Fig. 3a and ¢ show the In of the normalized water signal
decay (In (E/E,)) with respect to the reciprocal vector, q, at
two different As (i.e., 7 and 100 ms, respectively) for differ-
ent representative os in diffusion NMR experiments per-
formed on a mature optic nerve. The displacement
profiles shown in Fig. 3b and d were obtained by Fourier
transformation of the data presented in Fig. 3a and c,
respectively. These displacement profiles were fitted to bi-
Gaussian functions, which enabled us to extract two diffus-
ing components for the water in each nerve, i.c., slow- and
fast-diffusing components. At as between 0° and 20°, the
changes in the experimental data are rather small for both
diffusion times. However, one can see much more pro-
nounced differences in the signal decays (Fig. 3a and c)
and in the displacement profiles (Fig. 3b and d) when the
rotational angle o was changed from 70° to 90°.
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Fig. 3. The In of the normalized water signal decay as a function of q in the mature optic nerve and as a function of different rotational angles (os) for (a)
A =T7ms and (c) 4 = 100 ms. The displacement distribution profiles (b and d) were obtained by Fourier transformation of the data shown in (a) and (c),

respectively.

Fig. 4a and b depict the In of the normalized water sig-
nal decay (In (E/E,)) with respect to the b-values for a
mature optic nerve for As of 7 and 100 ms, respectively.
Here we analyzed only the low bh-values range (i.e.,
bmax ~ 1200 s/mm?), where signal decay is mono-exponen-
tial, as in cases of conventional DWI and DTI studies,
which afford the bulk ADC. We used three low b-values
to extract the ADC values for the different rotational
angles (os). At both diffusion times (i.e., for (4 — ¢/
3) = 6.3 or 99.3 ms), only small differences in the extracted
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ADC values were discerned when the rotational angles
were varied from 70° to 90° or from 0° to 20°.

Fig. 5 shows the effect of the rotational angle («) on the
rms displacements and ADC values, extracted from the
NMR diffusion experiments, for a mature optic nerve for
a A value of 100 ms. Fig. 5a and b depict the changes in
the rms displacements of the slow- and fast-diffusing com-
ponents obtained from the q-space analysis of the diffusion
NMR data, respectively, whereas Fig. 5S¢ shows the depen-
dence of the ADC values on the rotational angle «. These
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Fig. 4. The In of the normalized signal decay as a function of low range b-values (b < 1250 s/mm?) for different as for (a) 4 =7 ms and (b) 4 = 100 ms.
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Fig. 5. Changes in the indices extracted from NMR diffusion experiments performed on three mature optic nerves with 4 = 100 ms, as a function of the
rotational angle, o. (a and b) Show the changes in the rms displacements of the slow- and fast-diffusing components, respectively, extracted from the
g-space analysis of the NMR diffusion experiments. (c) Depicts the changes in the ADC values extracted from the linear range of the signal decay
(b < 1250 s/mm?). (d) Shows light and electron microscope images of the investigated nerves.

figures show that the dependency of both the fast-diffusing
component, extracted from the g-space analysis (Fig. 5b),
and the bulk ADC values (Fig. 5c) on the rotational angles
(as) is very similar. Moreover, the two indices do not
change significantly when o is changed in the range of
90 + 10°, i.e., when the diffusion is measured perpendicular
to the main axis of the fibers. The same phenomenon is
observed for as in the range of « =0 4 10°, i.e., when dif-
fusion is measured parallel to the main axis of the nerve.
Interestingly, the behavior of the slow-diffusing compo-
nent, extracted from the g-space analysis of the diffusion
data, is quite different. Fig. 5a shows that the rms displace-
ment values of the slow-diffusing components of the three
optic nerves investigated remain nearly constant for os in
the range of —10° to +80°, but change drastically when dif-
fusion is measured nearly perpendicular to the long axis of
the fibers, i.e., when oo =90 %+ 10°. For as from —10° to
+80° the changes in the rms displacement values of the
slow-diffusing component are relatively small.

Fig. 6 shows a data set run with the same parameters
obtained for the three newborn optic nerves examined in
this study. This set of data shows the same trends as those
observed for the mature optic nerves (compare Figs. 5 and
6). However, the effect of the rotational angle on the diffu-
sion indices extracted from the diffusion NMR experiments

appears less dramatic, as compared with those of the
mature nerves. Note that the main difference between
mature and newborn optic nerves is the reduced amount
of myelin in the latter [35]. This is clearly manifested in
the light- and electron-microscope images of the mature
and newborn optic nerves presented in Figs. 5d and 6d,
respectively. Despite the difference in the tissue characteris-
tics, and the reduced amount of myelin in the newborn
optic nerve, the rms displacement of the slow-diffusing
component is again the most sensitive index to the rota-
tional angle «. Here again, the rms displacement of the
slow-diffusing component is nearly constant for as in the
range of —10° to +80° but changes dramatically for
o =90+ 10°.

Fig. 7 presents the percentage changes in the extracted
bulk ADC and in the rms displacement of the slow- and
the fast-diffusing components, to quantify the sensitivity
of different NMR diffusion indices to the rotational angle.
These percentage changes for as of 0 4+ 5° and 0 4+ 10° are
relative to the values for o = 0°; for 85-95° (& =90 £ 5°)
and 80-100° (o« =90 4 10°), they are relative to the values
of o = 90° for both types of optic nerves. From this figure,
one can conclude that the most sensitive index for a fiber
orientation near o = 90° is the rms displacement of the
slow-diffusing component extracted from the g-space
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Fig. 7. The percentage change in the diffusion indices extracted from the NMR experiments as a function of the change in the rotational angle, «, at a 4 of
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relative to the values for o® = 0°, whereas the values for o = 90 £ 5° and 90 + 10° represent the percentage changes relative to the values for o« = 90°. The p
values represent the statistical significance of the percentage changes as obtained by Student’s #-test between the rms displacement of the slow component

and the ADC values.

diffusion NMR experiments. For example, for the mature
optic nerves at 4 =100ms, we found the percentage
change in the rms displacement of the slow and more
restricted component to be 8 +4% in the 85-95° range,
1e., « =90+ 5° and 22 £+ 6% in the 80-100° range, i.c.,
o =90 4+ 10°, but insignificant for the fast-diffusing compo-

nent. The ADC values for a mature optic nerve changed by
4+3% and 9 +4% for as from 85-95° and 80-100°,
respectively, and showed nearly no change for as of
0 4+ 5° and only 1.1 + 0.9% change for as of 0 4= 10°. Inter-
estingly, both rms displacements of the slow and fast-dif-
fusing components changed very little for as of 0 4 10°.
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For the newborn optic nerves, the same trend was observed
(Fig. 7b) but the differences were much less pronounced.
The numerical values for the percentage changes in the
three different indices studied are presented in Table 1.

We also examined the effect of the rotational angle on
the extracted indices when the diffusion time was set to
6.3 ms. As we showed previously, a diffusion time of
6.3 ms is long enough to observe a significant restriction
in the case of mature optic nerves, which have an average
axon size of 1.1-1.3 um [36]. Fig. 8 summarizes the
observed percentage changes in the bulk ADC values and
rms displacements of the fast- and slow-diffusing compo-
nents when the diffusion time was set to 6.3 ms. As shown
in this figure, although the differences between the diffusion
indices extracted from the NMR experiments are less sig-
nificant, and the percentage changes are lower for all rota-
tional angles, the same patterns of behavior are observed
for this short diffusion time and for both types of optic
nerves. Here again, the most sensitive index is the rms dis-
placement of the slow-diffusing component and for as of
90 + 10°. Note that the differences in the results obtained
for As of 7 and 100 ms do not arise from the T'1-filtering
effect of the signal. In 71 inversion recovery measurements
performed on mature nerves, we observed only one compo-
nent having a 7'1 value of 675 + 20 ms.

4. Discussion

In the present study we examined the dependency of the
rms displacements of the slow- and fast-diffusing compo-
nents, extracted from high b-value q-space NMR diffusion
experiments, on the rotational angle, «. In addition, we
investigated the influence of this parameter on the ADC
values obtained from low b-value conventional diffusion
MRS experiments. The dependency of the g-space rms dis-
placements and the ADC obtained from conventional DWI
was evaluated at two very different diffusion times and for
both mature and newborn optic nerves. As demonstrated
previously, at sufficient long diffusion times, i.e., longer
than 6 ms, the slow-diffusing component mostly represents
the restricted water (i.e., mostly intra-axonal and myelin
water), whereas the fast-diffusing component mostly origi-
nates from water that diffuses more freely between the
axons [35]. Since we have used a time to echo (TE) of
12.3 ms, which is relatively short, some contribution from
myelin water cannot be ruled out a priori.

Avram et al. showed that the diffraction patterns, as well
as the structural information obtained from g-space diffu-
sion NMR experiments performed on microtubes, are sen-
sitive to the rotational angle, o [34]. In this study,
diffraction patterns were observed only when diffusion
was measured nearly perpendicular to the long axis of the
cylinders, i.e., when 0=90 + 5°. These results motivated
us to explore the sensitivity to the rotational angle o of
the rms displacements of the slow- and fast-diffusing com-
ponents extracted from g-space diffusion MRS in optic
nerves. As a reference, we also evaluated the effects of «

Table 1

The percentage changes of the ADC and the rms displacement of the fast- and slow-diffusing components for different rotational angle ranges for both mature and newborn optic nerves for 4 values of

7 and 100 ms.

A (ms)

3)

Newborn optic nerve (N

Mature optic nerve (N = 3)

Diffusion indices

Rotational angle range®®

0+5°
0+0
0+0
0+0

Rotational angle range®®

0+5°

90 + 10° 0+ 10° 90 + 5° 90 £ 10°
8+4

242
5+3

90 + 5°
3+3

c

0+ 10°

341

0.7 £0.7

1.54+0.1
0.7+0.1
09+0.8

0+0
0+0

0+0

% Changes in the rms displacement of the slow-diffusing component
% Changes in the rms displacement of the fast-diffusing component
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Fig. 8. The percentage change in the diffusion indices extracted from the NMR experiments as a function of the change in the rotational angle, o, at a 4 of
7 ms for both (a) mature and (b) newborn optic nerves (N = 3 for each group). The values for o = 0 + 5° and 0 + 10° represent the percentage changes
relative to the values for « = 0°, whereas the values for « = 90 + 5° and 90 £ 10° represent the percentage changes relative to the values for o = 90°.

on the bulk ADC values obtained from low b-value diffu-
sion NMR. Since diffraction patterns are generally not
apparent in neuronal tissues [29-33,37], in contrast to what
we found for uniform micro-cylinders [34], we focused on
the rms displacement extracted from the FWHH of the
displacement distribution profiles obtained. In addition,
in a uniform micro-cylinders study [34], only a single
Gaussian was needed to fit the data, whereas in the present
study, bi-Gaussian functions were needed to fit the experi-
mental data. Importantly, it was found that from the three
indices examined in this study, the most sensitive one to the
rotational angle, o, is the rms displacement of the slow-dif-
fusing component. For rms displacement of the slow-dif-
fusing component, changing o from —10° through 0°
(parallel to the main axis of the fibers) to +80° had nearly
no effect, whereas a very dramatic effect was observed when
the rotational angle was changed from 80° to 90° (perpen-
dicular to the main axis of the fibers) and to 100° (i.e., for
o =90 + 10°).

For rms displacement of the fast-diffusing component
and the ADC values, the change in o had a gradual effect
on the extracted values. The largest change in those diffu-
sion indices occurred, in fact, for rotational angles between
20° and 70°. Interestingly, these angles do not coincide with
actual directional characteristics of the sample, i.e., the
direction of nerve fibers. The resemblance of the depen-
dency of the ADC values and rms displacement of the
fast-diffusing components implies that the ADC values
extracted from low b-value diffusion NMR, although rep-
resenting the average of all diffusing components in the
investigated sample, carries mostly information on the
fast-diffusing component. The ADC, being a weighted
average of the fast- and the slow-diffusing components,
showed an intermediate sensitivity to «. Since the orienta-
tions of the investigated nerve fibers were well defined, it
appears that the rms displacement of the slow-diffusing
component, which represents mostly restricted water, is
the most sensitive index for assessing fiber orientation. In
addition, the results imply that measuring the diffusivity
perpendicular to the long axis of the fibers may better pre-

dict of the fiber orientation, since the higher sensitivity to
the rotational angle is, in fact, in the rms displacement of
the slow-diffusing component obtained from the high b-val-
ues (high ¢) diffusion data.

Both tissue characteristics and experimental conditions
used in the diffusion experiment may affect the diffusion
results. The most important tissue characteristic in nerve
seems to be the myelin, whereas the most crucial NMR
experimental parameter is the diffusion time. Therefore,
we evaluated the effect of diffusion time and myelination
on the dependency of the different indices on the rotational
angle o. Indeed, we found that the sensitivity of the ADC
and rms displacements of the fast- and slow-diffusing com-
ponents on the rotational angle, «, depends on the level of
myelination and on the diffusion time used in the diffusion
NMR experiment.

Interestingly, when newborn optic nerves, which are char-
acterized by a much lower degree of myelination [29,35]
(Figs. 5d and 6d) were used, the same patterns of behavior
were observed for all three tested indices as in the mature
nerve. However, in the poorly myelinated newborn nerves,
the relative changes in the three investigated indices, when
the rotational angle was varied, were significantly smaller,
as can be concluded from comparing the data presented in
Figs. 7 and 8. These results show that myelin does restrict
water diffusion when diffusion is measured perpendicular
to the main axis of the fibers. In more myelinated tissues
the rms displacements are reduced, as compared with poorly
myelinated nerves when diffusion is measured perpendicular
to the direction of the fibers [29,38]. This result is in accor-
dance with recent DTI studies performed on shiverer mice
and g-space diffusion MRI of myelin-deficient rat spinal
cord [38-40]. Indeed, for all cases in our study, the rms dis-
placement of the slow-diffusing component, extracted from
the g-space analysis of the high b-value diffusion NMR
experiment, showed a very strong dependence on the rota-
tional angle for o = 90 + 10°.

For optic nerves, we previously showed that consider-
able restriction is observed at a diffusion time of about
6.3 ms or more [35]. Therefore, we expected that even for
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a diffusion time as short as 6.3 ms, the percentage change
for an « value of about 90° will be maximal for the rms dis-
placement of the slow-diffusing component, as we indeed
observed. As expected, at 4 =7 ms the difference in the
percentage change of the rms displacement of the slow dif-
fusing component for o =90 + 10° is less affected by the
degree of myelination. For 4 =100 ms these differences
are much more dramatic, as one can conclude by compar-
ing the results presented in Figs. 7 and 8 and in Table 1.
Taken together, these results indicate that the rms displace-
ment of the slow-diffusing component is the best index for
determining fiber orientation. Therefore, it may well be
that one should use the rms displacement of the slow-dif-
fusing component obtained from heavily diffusion weighted
MR data to tract fiber orientation. Note, however, that
obtaining such diffusion data with the appropriate SNR
may be time consuming, which in turn, may limit the appli-
cability of this approach.

5. Conclusion

This study demonstrates that from all three indices
investigated, the rms displacement of the slow-diffusing
component, extracted from g-space diffusion NMR, exhib-
its the most significant dependence on the rotational angle,
o. We found that the rms displacement of the restricted
component is nearly constant for as in the range of —10°
to +80° but changes dramatically when o« is 90 + 10°. This
phenomenon was found for both mature (myelinated) and
newborn (poorly myelinated) fixed optic nerves and for
short (4 =7ms) and long (4 = 100 ms) diffusion times.
These findings imply that the rms displacement of the
slow-diffusing component, as extracted from g-space diffu-
sion NMR, is the best predictor for restriction and fiber
direction. This finding may have implications concerning
determination of fiber orientation by using diffusion
NMR methodologies.
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