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Observation of Microscopic Diffusion Anisotropy in the
Spinal Cord Using Double-Pulsed Gradient Spin
Echo MRI
M.E. Komlosh,1* M.J. Lizak,2 F. Horkay,1 R.Z. Freidlin,3 and P.J. Basser1
A double-pulsed gradient spin echo (d-PGSE) ﬁltered MRI sequence is proposed to detect microscopic diffusion anisotropy
in heterogeneous specimen. The technique was developed, in
particular, to characterize local microscopic anisotropy in specimens that are macroscopically isotropic, such as gray matter.
In such samples, diffusion tensor MRI (DTI) produces an isotropic or nearly isotropic diffusion tensor despite the fact that the
medium may be anisotropic at a microscopic length scale.
Using d-PGSE ﬁltered MRI, microscopic anisotropy was observed in a “gray matter” phantom consisting of randomly oriented tubes ﬁlled with water, as well as in ﬁxed pig spinal cord,
within a range of b-values that can be readily achieved on
clinical and small animal MR scanners. These ﬁndings suggest
a potential use for this new contrast mechanism in clinical
studies and biological research applications. Magn Reson
Med 59:803– 809, 2008. © 2008 Wiley-Liss, Inc.
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Diffusion tensor imaging (DTI) is a powerful tool for characterizing normal and abnormal brain development as
well as pathological changes and aging (1). It can readily
detect anisotropic diffusion in white matter comprised of
long coherent axons (Fig. 1d), whose extent usually exceeds the MRI voxel length scale (Fig. 1e). By acquiring
diffusion-weighted imaging (DWI) data (2,3) with a multiplicity of gradient directions, an apparent diffusion tensor
can be estimated, from which one can characterize the
degree of voxel-averaged diffusion anisotropy (1) (Fig. 1f).
However, difﬁculties in DTI anisotropy measurements
arise when the material’s local directors show a large
spread of orientations on the voxel length scale. Such is
the case for gray matter, which consists of multiple cell
types and axonal and dendritic ﬁbers (Fig. 1a) that may be
individually anisotropic, but are randomly oriented on a
voxel length scale (Fig. 1b). As a result, its apparent diffu-
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sion tensor appears considerably less anisotropic that than
of the white matter (4 –7) (Fig. 1c).
Unlike the single-pulsed gradient spin echo (PGSE) experiment (8), multiple PGSE experiments (9 –11) can detect microscopic anisotropy in materials that are macroscopically isotropic. These techniques extend the StejskalTanner PGSE sequence, which uses a single pair of
diffusion gradient pulses, to sequences having multiple
pairs of gradients pulses. In practice, all current multiple
PGSE methods use only two blocks of PGSE gradient pulse
pairs, where in most only two sets of experiments are
performed. In the ﬁrst experiment the gradients are applied along the same direction (i.e., are collinear) and in
the second gradients are perpendicular to each other (i.e.,
are orthogonal). For a PGSE experiment on an anisotropic
sample, such as an impermeable tube for example, the
echo attenuation resulting from diffusion along the tube
axis will differ from the diffusion perpendicular to the
tube axis. However, when those tubes are randomly oriented, the PGSE echo attenuations will become independent of the gradient pulse direction. The echo attenuation
resulting from two sequential PGSE blocks is essentially a
multiplication of the mean square displacement signal
resulting from each PGSE block, which is then integrated
over the entire sample. Thus, for randomly oriented tubes
the echo attenuation will depend on whether the two
PGSE blocks were collinear or orthogonal. In such a medium the echo attenuation will be greater when the PGSE
blocks are orthogonal than when they are collinear. A
difference between the collinear and orthogonal double
(d)-PGSE experiments reveals microscopic anisotropy in
the sample. Note that for an isotropic sample the resulting
echo attenuation is independent of the direction of the
applied gradient pulses in the PGSE blocks; thus, in both
sets of experiments the d-PGSE will be identical. One- and
two-dimensional d-PGSE NMR spectroscopy sequences
(12,13) have been used to characterize local anisotropy of
macroscopically isotropic materials, such as liquid crystals (11), prolate yeast cells (10), plants (14), and, recently,
gray matter (15).
These d-PGSE NMR techniques, however, are not adequate to characterize inhomogeneous specimen (e.g., consisting of multiple regions each with a unique microarchitecture) or in vivo samples, for which a d-PGSE MRI
sequence should be used. The ability to measure microscopic anisotropy in vivo in gray matter (and other complex tissue types) could lead to a new source of MR contrast capable of discriminating between subtle microarchitectural and microstructural tissue characteristics that
cannot currently be detected using DTI. d-PGSE MRI imaging was ﬁrst used by Koch and Finsterbusch (16), but for
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FIG. 1. a,d: Illustration of gray and white matter
microscopic architecture. b,e: Illustration of
gray and white matter structure at an MRI pixel
length scale. c,f: The resulting pixel-averaged
diffusion ellipsoids.

a different application—to calculate the size of restricted
tissue compartments. This was done by systematically
varying the angle between the q-vectors applied in the two
PGSE blocks, and ﬁtting the resulting echo attenuation
proﬁle to a formula proposed by Mitra (9) that depends
explicitly on the pore size. Although cell size can be measured using a d-PGSE sequence, the two PGSE blocks must
be applied consecutively, i.e., with no evolution or mixing
time between them (9,16).
In this study we implemented d-PGSE MRI by ﬁrst applying a d-PGSE NMR sequence as a “ﬁlter” that was than
concatenated to an MRI block (Fig. 2). We ﬁrst applied this
imaging method to conﬁrm that an isotropic liquid phantom was indeed spatially uniform and microscopically
isotropic. We then used this sequence to detect anisotropy
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FIG. 2. d-PGSE ﬁltered MRI pulse sequence. m, the mixing time, is
the time between the two d-PGSE blocks.

in a previously described “gray matter” phantom (15) and
evaluated the method by comparing imaging data we obtained to that obtained using d-PGSE NMR spectroscopy.
The d-PGSE ﬁltered MRI sequence was then used to obtain
d-PGSE weighted MRI (d-DWI) data in ﬁxed pig spinal
cord.
MATERIALS AND METHODS
As mentioned above, the d-PGSE MRI sequence used in
this study was constructed from a d-PGSE NMR block
followed by a gradient echo MRI block. In all d-PGSE
experiments the diffusion weighting was varied by keeping the gradient pulse duration constant while stepping up
strength simultaneously in both PGSE blocks. The d-PGSE
ﬁltered MRI sequence was ﬁrst tested on an isotropic sample of 5 cSt polydimethylsiloxane (PDMS, Sigma-Aldrich,
St. Louis, MO) to ensure system performance and to evaluate the possible disparity between the spectroscopy and
imaging echo attenuations. The experiment was performed
using nine different gradient combinations, three collinear
(X_X, Y_Y, Z_Z) and six orthogonal (X_Y, Y_X, X_Z, Z_X,
Y_Z, Z_Y). The set of diffusion parameters used for the
d-PGSE blocks are: diffusion gradient pulse duration (␦) ⫽
3 ms, diffusion time (⌬) ⫽ 40 ms, and mixing time (m) ⫽
15 ms. Sixteen values of gradients were used in the spectroscopy experiment with the strength (G) varied between
0 and 250 mTm⫺1. Five gradient values were used in the
imaging experiment, (G) ⫽ 0, 44.3, 73.8, 147.6, 221.4
mTm⫺1. The parameters used for the imaging block were:
matrix size ⫽ 128 ⫻ 64, ﬁeld of view (FOV) ⫽ 7 ⫻ 7 mm2,
slice thickness ⫽ 4 mm, echo time/repetition time (TE/
TR) ⫽ 6 ms / 4 sec, and acquisition time per direction of
8.5 min; signal-to-noise ratio (S/N) ⬇200. For measuring
the echo attenuation intensities a region of interest (ROI)
(Fig. 3) was taken within the center of the phantom to
avoid artifacts originating from Gibbs ringing (17).
A previously described “gray matter” phantom (15) was
used as a microscopically anisotropic, macroscopically
isotropic construct. It consists of 0.5-mm-long fused silica
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FIG. 3. d-PGSE ﬁltered MRI of PDMS obtained for the nine collinear
and orthogonal gradient combinations using a gradient strength of
73.8 mT m⫺1. The ROI used in the analysis is marked.

glass tubes with ID ⫽ 20 m and OD ⫽ 90 m (Polymicro
Technologies, Phoenix, AZ) ﬁlled with water and randomly immersed in deuterated 1,2-dichlorobenzene (Cambridge Isotope Laboratories, Andover, MA). The tubes
were ﬁlled with water by condensation of water vapor on
the inner walls of the tubes.
The d-PGSE ﬁltered MRI sequence was used to image
this phantom in the same nine different gradient combinations as the isotropic PDMS phantom described above.
Although in theory d-PGSE data obtained with one collinear and one orthogonal direction are sufﬁcient to detect
microscopic anisotropy of the phantom, the application of
all nine direction combinations provides an additional
control for scanner performance. The imaging data were
again compared to data acquired by the spectroscopic sequence of d-PGSE.
The set of diffusion parameters used for the d-PGSE
blocks were: ␦ ⫽ 3 ms, ⌬ ⫽ 40 ms, and m ⫽ 35 ms.
Twenty-one values of gradients were used in the spectroscopy experiment, the strength (G) varied between 0 and
241 mTm⫺1. Four gradient values were used in the imaging
experiment: (G) ⫽ 0, 73.8, 147.6, 221.4 mTm⫺1. The parameters used for the imaging block were: matrix size ⫽
32 ⫻ 32, FOV ⫽ 10 ⫻ 10 mm2, slice thickness ⫽ 4 mm,
TE/TR ⫽ 2.7 ms / 7 sec, and acquisition time per direction
of 15 min. In order to compare the echo attenuation intensities of the imaging experiment to the spectroscopy experiment (which measures the entire volume within the
RF coil) adequately, an ROI, which covers the entire image
(ROI-1 in Fig. 5) excluding its edge to avoid artifacts originating from Gibbs ringing, was chosen. Two additional
ROIs (ROI-2 and ROI-3) were chosen from different regions
within the phantom. The S/N of this experiment: ROI-1
⬇30, ROI-2 ⬇40 ROI-3 ⬇23.
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A formalin-ﬁxed pig spinal cord obtained from necropsy
was rehydrated and immersed in perﬂuoropolyether (Fomblin, LC/8, Solvay Solexis, Brussels, Belgium) to minimize
susceptibility differences between the tissue and its surrounding. Fomblin is immiscible in water and does not
produce a proton signal. The sample was placed in a
10mm NMR tube (Shigemi, Japan), and then capped with
a plunger. The long axis of the cord was oriented along the
tube’s Z-axis. The susceptibility of both the tube and
plunger matches that of D2O. This specimen ﬁxture design
ensures minimal susceptibility differences between the
specimen and container, while minimizing sample motion
during scanning. The d-PGSE MRI experiment was performed by applying three collinear gradient combinations:
X_X, Y_Y, and Z_Z, and two orthogonal ones: X_Y and
Y_X. The set of diffusion parameters used for the d-PGSE
blocks are: diffusion parameters: ␦ ⫽ 3 ms, ⌬ ⫽ 15 ms, m ⫽
75 ms. The experiment was performed using two gradient
strengths, 0 and 340 mTm⫺1. The parameters used for the
imaging block were: matrix size ⫽ 128 ⫻ 128, FOV ⫽ 12 ⫻
12 mm2, slice thickness ⫽ 1 mm, TE/TR ⫽ 3.11 ms/4 sec,
acquisition time per direction was 136 min. Six ROI were
chosen following (18): left lateral (LLW), right lateral
(RLW), dorsal (DW), and ventral (VW) white matter, and
right (RG) and left (LG) gray matter. The S/N of this experiment: LLW ⬇21, RLW ⬇22, VW ⬇26, DW ⬇18, LG ⬇27,
RG ⬇27.
All experiments were performed at a temperature of
20.8 ⫾ 0.1°C on a 7T vertical bore Bruker Avance MR
imaging system equipped with a Micro2.5 microimaging
probe, having a maximum gradient strength of 24.65
mTm⫺1Amp⫺1 in three orthogonal directions with a nominal peak gradient current supply of 60 Amp per channel.
The number of scans varied depending on sample sensitivity.

RESULTS
Figure 3 shows d-PGSE-weighted MRI of PDMS acquired
with a diffusion gradient strength of G ⫽ 73.8 mTm⫺1.
Collinear and orthogonal d-PGSE-weighted MRI are shown
to illustrate that in a microscopically isotropic specimen,
there are no differences observed between these two images. No visible imaging artifacts are observed, such as
susceptibility, eddy currents, RF inhomogeneity, etc.
Figure 4 shows the echo attenuations versus b-value
[␥2G2␦2(⌬-␦/3)] for d-PGSE ﬁltered MRI (ﬁlled symbols)
and d-PGSE NMR spectroscopy (open symbols) for the
isotropic PDMS sample. Echo attenuations using all nine
combinations of gradient directions coalesce, which indicates that there are no observable acquisition-related artifacts. Furthermore, attenuation proﬁles for d-PGSE spectroscopy and imaging are also very close, which demonstrates that adding the imaging block has a minimal effect
on the echo signal.
Figure 5 shows an image of the “gray matter” phantom
acquired with the d-PGSE ﬁltered MRI sequence with G ⫽
59 mTm⫺1. The intensity variation across the image is
most likely due to differences in the packing density of
tubes caused by aggregation and nonuniform sedimentation during the process of making the phantom. Neverthe-
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FIG. 4. Echo attenuation versus b-value for d-PGSE ﬁltered MRI
(ﬁlled symbols) and NMR spectroscopy (open symbols) in PDMS
with ␦ ⫽ 3 ms, ⌬ ⫽ 40 ms, m ⫽ 15 ms, Gmax ⫽ 440 mT m⫺1, matrix
size ⫽ 128 ⫻ 64, FOV ⫽ 7 ⫻ 7 mm2, slice thickness ⫽ 4 mm,
TE/TR ⫽ 6 ms / 4 sec.

less, artifacts resulting from the MR scanner are not observed.
Figure 6 shows the echo attenuation from d-PGSE versus
b-value for MRI (ﬁlled symbols) and NMR spectroscopy
(open symbols) in the “gray matter” phantom. The echo
attenuations resulting from the orthogonal PGSE block
combinations drop more rapidly with respect to b-value
than the echo attenuations resulting from the collinear
PGSE block combinations. This clearly indicates microscopic anisotropy. Experimental curves for the d-PGSE MR
imaging and spectroscopy coalesce, which further supports the ﬁndings that the addition of the imaging block
does not affect our localized d-PGSE spectroscopic measurements. Note, the attenuation resulting from the Z_Z
gradient direction combination appears less than that of
the other collinear directions. This difference might be due
to nonuniform sedimentation of the tubes during the preparation of the phantom. It seems that there is a slight
preference for tube settling in the perpendicular direction
to the NMR tube axis. This would result in somewhat more
restriction in the Z direction.
To examine the nonuniform tube sedimentation two
additional ROIs (ROI 2 and 3) shown in Fig. 5 were chosen.
Figure 7 shows the echo attenuation versus b-values for
ROI-2 (Fig. 7a) and ROI-3 (Fig. 7b), respectively, compared
with the spectroscopy results shown in Fig. 6. All the echo
attenuations resulting from the collinear gradient direction
combination in ROI-2 superimpose, which implies random tubes orientation in this part of the phantom, while
ROI-3 shows additional restriction along the z-axis. The
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FIG. 5. d-PGSE ﬁltered MRI in a “gray matter” phantom for the nine
collinear and orthogonal gradient combinations using a gradient
strength of 59 mT m⫺1. The three ROIs used in the analysis are marked.

spectroscopy echo attenuation appears to be the average of
signal from these two ROIs given that the signal is acquired
from the entire sample and the heterogeneous nature of the
phantom cannot be observed. The signal from the orthog-

FIG. 6. d-PGSE ﬁltered MR echo attenuation of ROI-1 versus bvalue in the “gray matter” phantom using MRI (ﬁlled symbols) and
NMR spectroscopy (open symbols). ␦ ⫽ 3 ms, ⌬ ⫽ 40 ms, m ⫽
35 ms Gmax ⫽ 221 mT m⫺1, matrix size ⫽ 32 ⫻ 32, FOV ⫽ 10 ⫻
10 mm2, slice thickness ⫽ 4 mm, TE/TR ⫽ 2.7 ms / 7 sec.
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FIG. 7. d-PGSE ﬁltered MR echo attenuation of (a) ROI-2 and (b) ROI-3 versus b-value in the “gray matter” phantom using MRI (ﬁlled
symbols) and NMR spectroscopy (open symbols). ␦ ⫽ 3 ms, ⌬ ⫽ 40 ms, m ⫽ 35 ms Gmax ⫽ 221 mT m⫺1, matrix size ⫽ 32 ⫻ 32, FOV ⫽
10 ⫻ 10 mm2, slice thickness ⫽ 4 mm, TE/TR ⫽ 2.7 ms / 7 sec.

onal direction combination is also affected by the slight
macroscopic anisotropy and in ROI-3 the attenuation is
less than in ROI-2. Nevertheless, even though slight macroscopic anisotropy can be observed in different regions of
the phantom, the difference between the orthogonal and
collinear echo attenuation is due to the microscopic anisotropy, as can be observed in the region of the phantom
where the tubes are completely random, such as in ROI-2.
Figure 8 presents the difference between the average
EX_X
EY_Y
EZ_Z
collinear signal,
⫹
⫹
3, and the average
E0
E0
E0
EX_Y
EY_X
EX_Z
EZ_X
EY_Z
orthogonal signal,
⫹
⫹
⫹
⫹
E0
E0
E0
E0
E0
EZ_Y
⫹
6, echo attenuation values versus b-value. Both
E0
imaging and spectroscopy data are similar. The magnitude
of the difference between the collinear and orthogonal
curves depends on the b-value, increasing to a maximum
at a gradient of 148 mTm⫺1 and then decreasing.
Figure 9a shows a non-d-PGSE-weighted MRI (i.e., with
G ⫽ 0) containing gray and white matter ROIs. Figure 9b
shows the ROI-averaged echo attenuation proﬁles. As expected, the echo attenuation proﬁles for the X_X and Y_Y
directions in both gray and white matter are similar, while
the attenuation proﬁles in the Z_Z direction are signiﬁcantly greater, which indicates macroscopic anisotropy in
the spinal cord. The echo attenuation for the Z_Z direction, however, is greater for white matter than for gray
matter, suggesting greater macroscopic diffusion anisotropy in white matter than gray matter, consistent with DTI
ﬁndings. The echo attenuation of the X_Y and Y_X orthogonal gradient combinations is greater than along the collinear directions of X_X and Y_Y, indicating an additional
microscopic anisotropy in the plane perpendicular to the
principal axis of the spinal cord.

冉
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冉

DISCUSSION
While we chose here to use a d-PGSE NMR block followed
by a gradient echo MRI block, any combination of doublepulsed gradient NMR and MRI blocks could be used. For
instance, for a specimen having a short T2 it would be
prudent to substitute the d-PGSE NMR block with a stim-
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FIG. 8. Difference between the collinear and orthogonal echo attenuation versus b-value proﬁles for d-PGSE MRI (ﬁlled symbols)
and NMR spectroscopy (open symbols) in the “gray matter” phantom.
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FIG. 9. a: d-PGSE ﬁltered MRI of pig spinal cord for
b ⫽ 0 with the gray and white matter regions of
interest (ROIs) marked. b: Echo attenuation for the
collinear and orthogonal direction using pixels from
the marked ROIs.

ulated echo variant, like the one used by Cheng and Cory
(10) and Khrapichev and Callaghan (19). We chose to use
the d-PGSE NMR sequence as a ﬁlter, rather than incorporating it within the MR imaging block itself, despite the
fact that the latter arrangement has better S/N characteristics, to avoid: 1) artifacts resulting from RF inhomogeneity
when using shaped pulses, and 2) cross-terms that invariably arise between the imaging and diffusion gradients,
particularly in micro-imaging applications.
The similarity of our spectroscopy and imaging results
in Figs. 4 and 6 clearly demonstrates that the d-PGSE
ﬁltered MRI sequence does not alter the resulting echo
attenuation proﬁles one would obtain using d-PGSE NMR
spectroscopy.
Figures 6 and 7 demonstrate the presence of microscopic
anisotropy in the “gray matter” phantom. The difference in
echo attenuations between the two families of curves, orthogonal versus collinear, indicates microscopic anisotropy and is a signature of local anisotropy. Although the
phantom theoretically supposed to be homogenous in nature consists of only one type of tubes, in practice the
sedimentation process was not uniform.

The difference curve obtained using the “gray matter”
phantom presented in Fig. 8 shows that although microscopic anisotropy can be detected in the low b-value
regime, there is a clear region where this anisotropy is
most visible. Acquisition of the entire curve using numerous gradient strength pulses as demonstrated in the
spectroscopy data in Fig. 6 can potentially provide information about the nature of the anisotropy and the
architecture of the sample and may eventually be ﬁt to a
suitable model (9 –11,15). However, this imaging experiment is time-consuming, which limits the number of
b-values that can be used when the study involves fresh
tissue, in situ, and in vivo specimens. In order to
achieve sufﬁcient special resolution while keeping the
experiment time short, only one b-value greater than
zero can be used currently. Performing the experiment
using only one optimal b-value where the anisotropy is
most visible could reduce experimental time for MRI
applications using this new contrast mechanism. Alternatively, teaming the d-PGSE ﬁlter with a fast imaging
method might enable the use of multiple b-values for
each gradient direction combination.

Local Anisotropy Using d-PGSE MRI

Indeed, owing to the low S/N of the ﬁxed sample and the
high resolution needed to observe ﬁne structures, d-PGSE
MRI experiments on the pig spine, shown in Fig. 8, were
performed using only one b-value that was chosen after
preliminary experiments were performed. Differences
among the intensities arising from different collinear gradient combinations observed in the spinal cord are an
indicator of macroscopic anisotropy. The echo attenuation
along the longitudinal axis of the spinal cord is greater
than along its two perpendicular axes. As expected, due to
the numerous collateral nerves (20) oriented perpendicular to the longitudinal axis of the spine, macroscopic anisotropy in the gray matter is somewhat lower than in
white matter (21,22). The echo attenuations resulting from
the orthogonal gradient direction combinations in both
white and gray matter are greater than those resulting from
the collinear gradient combination, indicating that microscopic anisotropy is present in the XY plane. This anisotropy is generally not apparent using conventional DWI
techniques, such as DTI, which measures similar diffusion
coefﬁcients along those directions. However, comparing
collinear and orthogonal gradient combinations using the
d-PGSE reveals microscopic anisotropy. This anisotropy
could originate in ﬁbers, which are randomly oriented in
that plane such as the collateral nerve ﬁbers that are
skewed.
CONCLUSION
A novel d-PGSE MRI sequence was presented to provide
new information about tissue microstructure. Speciﬁcally,
it can be used to detect microscopic diffusion anisotropy
even in macroscopically isotropic specimen. The addition
of an imaging block to a d-PGSE NMR sequence has a small
effect on the echo attenuation and does not appear to
change the ability to detect this anisotropy. The method
was tested on polymer and tissue phantoms, as well as in
ﬁxed pig spinal cord, where both macroscopic anisotropy
and microscopic anisotropy were detected in gray and
white matter. Microscopic anisotropy was also detected in
the low b-value regime, in a range accessible to many
clinical and small animal scanners. This ﬁnding suggests
that multiple-pulsed gradient MRI could provide a new
source of image contrast in biological research applications and possibly in clinical studies.
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