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Anisotropy in High Angular Resolution

Diffusion-Weighted MRI

Lawrence R. Frank”

The diffusion in voxels with multidirectional fibers can be quite
complicated and not necessarily well characterized by the stan-
dard diffusion tensor model. High angular resolution diffusion-
weighted acquisitions have recently been proposed as a
method to investigate such voxels, but the reconstruction
methods proposed require sophisticated estimation schemes.
We present here a simple algorithm for the identification of
diffusion anisotropy based upon the variance of the estimated
apparent diffusion coefficient (ADC) as a function of measure-
ment direction. The rationale for this method is discussed, and
results in normal human subjects acquired with a novel diffu-
sion-weighted stimulated-echo spiral acquisition are presented
which distinguish areas of anisotropy that are not apparent in
the relative anisotropy maps derived from the standard diffu-
sion tensor model. Magn Reson Med 45:935-939, 2001.
Published 2001 Wiley-Liss, Inc.t
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The sensitivity of NMR to diffusion (1) has long been
exploited as a method for investigating molecular motions
in complex systems by measurement of the diffusion co-
efficient (2—5). The recognition that NMR can be made
sensitive to the details of anisotropic diffusion in struc-
tured materials led to a formulation of the problem in
which the diffusion is modeled as a tensor (6,7), rather
than a scalar, as would be appropriate for a heterogenous
system with Gaussian diffusion. This technique has been
employed extensively in MRI to characterize regions of
anisotropic tissues, such as white matter (8,9). More re-
cently, this technique has been used as the basis for deter-
mining the orientation and connectivity of white matter
fibers (e.g., Refs. 10—12), which holds great promise as an
adjunct technique to functional MRI (fMRI) for mapping
connections between functionally active regions.

A voxel with a single-fiber direction can be described by
the diffusion tensor model, and therefore six measure-
ments (in addition to a normalizing seventh) are sufficient
to completely characterize the diffusion (6). Because the
orientation of fibers is generally unknown, these measure-
ments are typically acquired using diffusion-encoding gra-
dient directions uniformly distributed on the surface of a
sphere (13,14).
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However, a common situation in the imaging of fibrous
biological systems, such as white matter, is the existence
of multiple-fiber orientations within an imaging voxel, in
which case the simple diffusion tensor model is inappro-
priate (6,13,15). While this problem can be reduced with
higher-resolution acquisitions, voxels containing multi-
ple-fiber orientations are likely whenever the imaging res-
olution is significantly larger than the fiber dimensions.
The apparent diffusion coefficient (ADC) from such a
voxel can have a complicated shape. However, a method
for characterizing the diffusion from such a voxel, and a
principle upon which to determine the optimal number of
gradient directions required, have not yet been elucidated.
However, a natural extension of the single-fiber case, pro-
posed by Tuch et al. (16), is to acquire many gradient
directions, still equally distributed on a sphere, but with
angular resolution much higher than in the single-fiber
case.

An important consideration in diffusion imaging of vox-
els with multiple fibers is the structure of the diffusion
signal from a system with multiple compartments. The
measured diffusion signal depends on the individual vari-
ances of each of the different compartments, so that the
separability of the different components increases with
increasing b-value. (The b-value incorporates the gradient
strength and timing parameters that affect diffusion sensi-
tivity through the relation of the signal attenuation S(D) to
the diffusion D:S(D) « exp(—bD). See, for example Ref.
6).

The study by Tuch et al. (16) acquired high angular
diffusion resolution images with large b-values, and ex-
tended the diffusion model to multiple-diffusion tensors
within a voxel (16). This method of analysis requires an
estimation scheme capable of constraining such an ill-
posed problem to a reasonable solution (16). More re-
cently, Wedeen et al. (17) suggested that the general inad-
equacy of the tensor model can be circumvented by adopt-
ing the viewpoint of Cory and Garroway (18) that diffusion
sensitivity is generally a measure of the displacement
probability distribution, in which case the Fourier trans-
form of high angular resolution diffusion measurement
data measured within a spherical volume can be seen as a
measure of the distribution of fiber orientations.

In this work we point out that the shape of the surface of
the measured diffusion along multiple directions for a single
voxel in high angular resolution diffusion measurements can
convey more information than the diffusion tensor. This idea
leads to a very simple and practical method for the identifi-
cation of diffusion anisotropy without the necessity of invok-
ing the diffusion tensor formalism.
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THEORY

The measured diffusion coefficient along an arbitrary di-
rection is proportional to the variance of the projection of
the spin displacements (at the time of measurement) onto
the measurement axis (19). Therefore, although the pattern
of displacements of final spin positions is ellipsoidal, the
measured quantity in a diffusion-weighted MR experiment
is the projection of this ellipsoid onto the diffusion-sensi-
tized axis, and it is the variance of this projection that
gives the ADC D, . Therefore the shape of D,,, as a
function of the measurement directions can be quite com-
plicated. For example, if the diffusion is anisotropic and
cylindrically symmetric, the ADC measured with gradient
directions defined on the surface of a sphere and expressed
as the radius from the origin as a function of the spherical

b = 300 s/mm”>

b = 3000 s/fmm°

Frank

coordinates (0, ¢) (the azimuthal and polar angles, respec-
tively) has the shape of a peanut (Fig. 1 top).

In considering the case of crossed fibers, another prop-
erty of the measured diffusion signal that becomes impor-
tant is that it depends on the individual variances of each
of the different compartments, so that the separability of
the different components increases with increasing
b-value. This can be seen from the signal equation from a
voxel with two components with volume fractions a and
B =1 — «a, respectively:

S = Sylawe P 4 B tPran). 1]

For small b, S ~ S,e "P#» where D,,, = aD, ,,, +
BD, .pp is the weighted mean of the individual ADCs. In
this case, log(S/S,) =~ —bDapp and a plot of log(S/S,) vs.
b is a straight line with a slope proportional to the mean
ADC. However, for large b, this approximation cannot be
made, and the form of log(S/S,) becomes more compli-
cated. This property of the diffusion signal is, in fact, quite
important. Were the signal simply proportional to just the
sum of the ADCs, separation of the individual compart-
ments would not be possible.

As a function of (8, ¢), isotropic diffusion results in an
ADC that is constant as a function of these angles and
therefore forms a spherical surface. Anisotropic diffusion
deviates from this spherical surface in a manner that de-
pends upon the local diffusion. The deviation of the mea-
surements from a spherical shape is therefore a measure of
anisotropy. This does not depend on any characterization
of the diffusion other than its deviation from a sphere. This
is useful because although the surface due to diffusion
along a single fiber is well characterized by the diffusion
tensor, this is not necessarily so if there are multiple fibers
within a voxel since the diffusion in this case can be quite
complicated. However, it still possesses deviations from a
spherical surface, even though the shape of these devia-
tions is not well characterized.

This can be illustrated with a simple example, shown in
Fig. 1, in which diffusion in a voxel containing two fibers
is simulated. (Simulations were performed using MAT-
LAB (Mathworks, Inc., Natick, MA). Two identical fibers
are assumed to be coplanar and oriented relative to one
another by an angle 6. The fibers are modeled, following
Hsu and Mori (19), as cylindrically symmetric. The ratio of
diffusion coefficients along the principle axes is 10:1:1,
with the largest coplanar with the fibers. The maximum
diffusion coefficient is taken to be that of white matter,

FIG. 2. Two-fiber diffusion at low and high b-values
from crossed fibers with equal diffusion tensor compo-
nents but oriented at 90° relative to one another. The
diffusion tensor components are D, = .75 = 107
mm?/s, D, = Dy = D,/10. Distinction between the two
fibers increases with increasing b-value. The separabil-
ity of the diffusion compartments depends upon the
magnitude of the b-values because the diffusion signal
depends independently on the individual variances of
each of the different compartments.
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FIG. 3. Deviation about the azimuthal direction for the actual and
the reconstructed ADC expressed as the variations from the mean:
8D.pp = (Dapp — D
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D = .75 X 10~ ® mm?/s (13,15). The b-value is assumed to
be b = 3000 s/mm?. Shown in Fig. 1 are, from left to right,
the ADC as a function of the spherical coordinates (6, ¢) for
the two individual fibers (if they were in different voxels),
the ADC from a voxel containing both fibers, and the
estimated ADC that results from the diffusion tensor
model. The separability of the individual diffusion com-
partments as a function of the b-value for two fibers is
shown in a simulated voxel containing crossed fibers with
equal diffusion tensor components, but oriented at 90°
relative to one another (Fig. 2). It is readily apparent from
Fig. 1 that although the actual diffusion possesses a signif-
icant amount of structure, the ADC estimated from the
diffusion tensor model is completely symmetric in the x —
y plane, and therefore fails to reflect the inherent structure
in the diffusion. This is emphasized in Fig. 3 by plotting
the deviation about the azimuthal direction for the actual
and the reconstructed ADC. This problem can be avoided
by abandoning the diffusion tensor as the appropriate
model for diffusion from which to derive a measure of
anisotropy in favor of the variance of the measured ADCs:
V= var(D,,,(0, $)) = (D,,,*) = (D,pp,)* where D, =
—(1/b)log(A(b, 8, $)/A(b = 0)) on the surface of the
sphere defined by the gradient directions, computed from
the measured signal amplitudes A along the different gra-
dient directions. Here ( - ) denotes the average over all
measured gradient directions n: (1/n) 2% D, - The data
gives n measurements of D, at n uniformly angularly-
spaced directions, and the measure of anisotropy we pro-
pose is the variance of these measurements of D,,,,,,. This
will be termed the spherical diffusion variance V. This
method avoids the problem of fitting an inappropriate
model to the data, and allows the identification of regions
of diffusion anisotropy.

METHODS

Images were acquired on a GE SIGNA 1.5T Clinical Imager
with high-speed gradient hardware using a stimulated-echo
sequence with a stimulated-echo spiral acquisition. Diffu-
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sion-sensitive images were acquired on five normal human
subjects, with approval from the Human Subjects Committee
at UC-San Diego. The spiral acquisition component was that
designed by Glover (20), based on the work of Meyer et al.
(21), optimized to acquire data at a maximum rate within the
limits of gradient power and slew rate achievable by our
scanner. Fat suppression was always employed.

The stimulated-echo spiral acquisition employed has
not been previously described. Its utility in diffusion-
weighted MRI stems from the marriage of the high-diffu-
sion sensitizing capabilities of stimulated echoes with the
motion insensitivity and acquisition speed of spiral acqui-
sitions. Stimulated-echoes acquisitions are able to create
large b-values, while limiting T, decay (22,23), because
the diffusion sensitivity is proportional to the mixing time
T, between the second and third 90° pulse, during which
the magnetization is longitudinal and not subject to T,
decay. This has the added advantage that large diffusion
sensitivities can be created for fixed gradient strength by
varying the mixing time T,,, thereby reducing eddy cur-
rent effects. The penalty paid is the signal diminution by a
factor of 2 from the stimulated echo (22,23). Spiral acqui-
sitions are advantageous in diffusion studies because they
are relatively insensitive to motion (21), and their single-
shot capability essentially eliminates motion during acqui-
sitions while allowing reasonable scan times even with
multiple diffusion angle encoding. Moreover, their facili-
tation of short echo times further reduces T, signal loss.

Following the procedure of Tuch et al. (16), high angular
resolution diffusion encoding is achieved by generating gra-
dient directions equally spaced on a sphere by tessellations
of an icosahedron. This procedure produces directions that
are equally separated in angle from one another so as to not
bias measurements in any particular direction. The angular
resolution (equivalently, the density of points on the spher-
ical surface) is controlled by the tessellation level, which is
input by the operator. The resulting gradient pattern is auto-
matically generated by the pulse sequence. Results of this
procedure (shown, for clarity, at a much higher degree of
sampling) are shown in Fig. 4, in which the desired gradient
sampling profile is shown on the left and the actual gradient
directions computed by our pulse sequence are shown on the
right. The numerical method for this has been implemented
in a highly efficient manner that allows direct computation of
many hundreds of gradient directions at scan time, without
the need for storing large files of numbers, making the com-
putations transparent to the user.

However, although spirals are relatively insensitive to mo-
tion, motion between scans can still degrade the quality of
the diffusion data. In the present study, all images from a
particular slice (i.e., all diffusion directions and averages at
each direction) were registered using the image registration
program IMREG from the AFNI suite of programs (24). The
trade-off between the number of gradient directions acquired
and the increased noise variance due to motion during the
increased scanning time will be explored in future work.
Single-shot imaging also significantly reduces scanning time,
allowing the acquisition of many averages within a clinically
reasonable time. In the present study, single-shot images
were acquired at nine slices with the following parameters:
FOV = 24 cm, slice thickness = 3.8 mm, and matrix size =
64 X 64 for approximately (3.75 mm X 3.75 mm X 3.8 mm)
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isotropic resolution, TR = 2700 ms, TE = 52 ms. The diffu-
sion parameters were: diffusion gradient duration & = 20 ms,
stimulated-echo mixing time TM = 200 ms, and b ~ 3000
s/mm?, and 43 diffusion directions determined by the icosa-
hedral tesselations of a sphere (16). Twenty averages at each
diffusion direction were collected to ensure high signal-to-
noise, and resulted in a total scan time of ~34 min. A more
clinically reasonable implementation of this sequence cur-
rently used at our institution utilizes 43 diffusion-encoding
angles with only five averages, and only takes ~9 min. An
important consideration in the reconstruction of diffusion-
weighted spiral images is the effect caused by phase varia-
tions. Pulsed-gradient experiments are susceptible to phase
variations caused by eddy currents induced in the scanner by
the pulsed fields (25), and can cause strong phase variations
between images and subsequent strong spatial magnitude
variations. However, averaging of the magnitude images from
multiple excitations of the same diffusion encoding greatly
reduces these artifacts (26). This averaging does not correct
for eddy current distortions, however, and future work will
focus on their reduction.

RESULTS

In Fig. 5 are shown the results of the spherical diffusion
variance 7' computation along with those from the relative

FIG. 5. Anisotropy measurements in three slices (left
to right) from a spiral acquisition with 42 diffusion-
encoding directions isotropically distributed on the
surface of a sphere. The b-value was ~3000 s/mm?Z.
Arrows point to regions where the diffusion tensor
does not accurately predict diffusion anisotropy. a:
Relative anisotropy index. b: Spherical diffusion vari-
ance.

Frank

FIG. 4. Diffusion-encoding directions gen-
erated by the pulse sequence are spherical
tessellations of an icosahedron (16) of user-
specified order (shown here for clarity is
fifth-order tesselation). a: Surface of mea-
sured diffusion directions. b: Diffusion-gra-
dient directions (vertices in a). [Color figure
can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

anisotropy index (27) as determined from the diffusion
tensor, which is computated by fitting the full data from
the six unknown diffusion components by linear regres-
sion, as in Ref. 6. The spherical diffusion variance image
appears to show significantly more detail in the fiber struc-
ture, and is generally “cleaner.” The arrows in Fig.
5 illustrate the important difference between the two
methods of analysis. The images look similar in regions,
such as the corpus callosum, in which the intravoxel fiber
orientation is essentially unidirectional. However, in re-
gions of crossed fibers, such as the corona radiata (high-
lighted by arrows), the diffusion tensor is a poor model for
the local diffusion, and can result in an insensitivity to the
anisotropy, as seen by the dark areas in the relative anisot-
ropy map. The spherical diffusion variance, on the other
hand, in quantifying deviations from a spherical surface
that represents isotropic diffusion, is sensitive to devia-
tions not well represented by the diffusion tensor. This is
seen on the spherical diffusion variance map in Fig. 5, in
which the corona radiata reappear as a region of strong
diffusion variance. The reason for this improvement is
clear from the angular distribution of the ADC shown in
Fig. 6 for two voxels: one in the corpus callosum, the other
in the corona radiata. Referring back to Fig. 3, the aligned
fibers in the corpus callosum produce the characteristic
“peanut” shape of anisotropic diffusion within a single-
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FIG. 6. Single-voxel measurements of the ADC as a function of the
azimuthal and polar angles (6, ¢) from 42 measured gradient direc-
tions on the surface of a sphere. Surfaces were computed by
interpolating the measured data onto a grid in (6, ¢). a: Corpus
callosum. b: Corona radiata.

component voxel and are well characterized by the diffu-
sion tensor. The shape of the radial local diffusion in the
corona radiata, on the other hand, is similar to the crossed
fiber simulation, in which the diffusion tensor produces
spurious anisotropy measurements. These variations are
present, however, in the spherical variance calculation.
Close inspection of Fig. 5 reveals several such areas. Re-
sults from the other four subjects show similar patterns.

CONCLUSIONS

The local structure of the diffusion in voxels with multi-
directional fibers can be quite complicated, and is not
necessarily well characterized by a single diffusion tensor.
It has been shown that diffusion anisotropy measured in
high angular resolution diffusion experiments can be ex-
pressed using the variance of the ADC measurements,
which we have termed the spherical diffusion variance.
This method can reveal diffusion anisotropy in situations
in which the diffusion tensor formalism fails to accurately
reflect the local diffusion characteristics. Moreover, the
calculation is very simple and is significantly less compu-
tationally intensive than those required to estimate the
diffusion tensor, and much less so than those required to
fit multiple tensors. The technique presented here is ex-
pected to be increasingly important for studies with high
b-values in which multicomponent structure of the diffu-
sion becomes more apparent, as seen in Fig. 1, but it has
also proven useful at the lower b-values typically used in
clinical studies (b ~ 400 s/mm?*). An obvious difficulty
with our approach is the lack of any clear identification of
“direction,” such as afforded by the principal eigenvectors
of the diffusion tensor. This is the price paid for looking at
the magnitude of the deviations from isotropy. Future
research should quantify these variations in order to better
characterize the local diffusion characteristics.
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