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Abstract

Diffusion NMR may provide, under certain experimental conditions, micro-structural information about confined compartments
totally non-invasively. The influence of the rotational angle, the pulse gradient length and the diffusion time on the diffusion dif-
fraction patterns and ¢-space displacement distribution profiles was evaluated for ensembles of long cylinders having a diameter of 9
and 20 um. It was found that the diffraction patterns are sensitive to the rotational angle («) and are observed only when diffusion is
measured nearly perpendicular to the long axis of the cylinders i.e., when o = 90° & 5° under our experimental conditions. More
importantly, we also found that the structural information extracted from the displacement distribution profiles and from the
diffraction patterns are very similar and in good agreement with the experimental values for cylinders of 20 pm or even 9 pum, when
data is acquired with parameters that satisfy the short gradient pulse (SGP) approximation (i.e., § — 0) and the long diffusion time
limit. Since these experimental conditions are hardly met in in vitro diffusion MRI of excised organs, and cannot be met in clinical
MRI scanners, we evaluated the effect of the pulse gradient duration and the diffusion time on the structural information extracted
from g¢-space diffusion MR experiments. Indeed it was found that, as expected, accurate structural information, and diffraction
patterns are observed when 4 is large enough so that the spins reach the cylinders’ boundaries. In addition, it was found that large ¢
results in extraction of a compartment size, which is smaller than the real one. The relevance of these results to ¢g-space MRI of
neuronal tissues and fiber tracking is discussed.
© 2004 Elsevier Inc. All rights reserved.

1. Introduction

Diffusion NMR and MRI are important tools for
studying porous media and biological tissues [1-3]. In
recent years diffusion has become an important contrast
mechanism in MRI of neuronal tissues, where applica-
tions range from fiber mapping to detection of a variety
of diseases [4-13]. Whereas k-space imaging provides
maps of molecular spin density, g-space analysis of
diffusion data yields information on the molecular dis-
placement probability, i.e., the diffusion propagator. In
the case of restricted diffusion, the displacement prob-
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ability is affected by the structural characteristics of the
confining compartment in which the diffusion is sampled
[14]. In fact, in the limit of long diffusion time, where all
molecules sample the entire confining compartment, the
displacement distribution profile becomes an autocor-
relation function of the spin density [15]. For well-de-
fined systems, diffraction-like patterns were predicted
and found for various systems when the signal decay
was plotted against the reciprocal space vector ¢ defined
as yGo/2n. Here, y is the magnetogyric ratio, G is the
gradient strength, and J is the duration of the pulsed
gradients. It was shown that these diffraction patterns
provide a means of obtaining the size and shapes of the
confined compartments in which the diffusion occurs
[16-21].
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King et al. [22,23] applied g-space diffusion MRS to
study cerebral ischemia in mice brain and Kuchel et al.
[24-26] were able to show that diffraction-like patterns
can be observed, in vitro, in red blood cells that are
characterized by a relatively regular size, and shape.
Recently, we have combined ¢-space diffusion with k-
space MR imaging with the aim of mapping the dis-
placement distribution profiles in each pixel in hetero-
geneous neuronal systems such as the spinal cord and
human brain [27-31]. As neuronal tissues are much less
regular systems as compared to porous media or even
red blood cells, diffraction patterns were not clearly
visible in these systems, at least when water diffusion
was measured in those neuronal tissues. In these neu-
ronal systems, the structural information was obtained
from the Fourier transform of the signal decay as a
function of ¢, as suggested by Cory and Garroway [32].
However, in order to obtain sufficient g-space resolution
for characterization of small compartments sampling at
high g-values is required. Therefore, in g-space diffusion
weighted MRI (DWI), high ¢-values are usually ob-
tained by long diffusion gradient pulses for which the
short gradient pulse (SGP) approximation (i.e., 6 — 0)
is violated. In some cases, even the long diffusion time
limit i.e., the condition in which 4 > [?/2D (where [ is
the size of the compartment in which spins with diffusion
coefficient D are diffusing), is hardly met. In clinical
DWI the condition in which 4 > ¢ is also often not
fulfilled.

Diffusion tensor MRI (DTTI) is increasingly used to
map fiber orientation, connection, and directionality by
exploiting the fact that water diffusion in CNS fibers
appears anisotropic. Here, the main concern is to find
the direction of the highest diffusivity. However, it was
found that this is not an easy task for pixels or voxels
with crossing fibers and where a complex network of
fibers exist [11-13].

We therefore decided to explore the effect of the ro-
tational angle («), the diffusion time and the pulse gra-
dient length on the diffraction pattern and the structural
information extracted from g-space diffusion NMR.
This structural information was extracted from the dif-
fraction pattern, when apparent, and more importantly

from the displacement distribution profiles obtained by
Fourier transform of the signal decays. We chose to
study ensembles of long open cylinders having a diam-
eter of 20 and 9 um that are characterized by a narrow
size distribution, but the sizes of which are relevant to
the cylindrical structures found in neuronal tissues. A
good agreement was found between the structural in-
formation obtained from the two methods of analysis.
The rotational angle («), i.e., the angle between the main
axis of the cylinders and the diffusion gradients direction
as shown in Fig. 1, was found to have a pronounced
effect on the diffraction-like patterns implying that the
diffusion diffractions, and the displacement distribution
profiles extracted thercof are indeed good markers for
restricted diffusion.

In addition, the diffusion time, (A — 6/3), and the
pulse gradient duration, J, were found to have a pro-
nounced effect on the appearance of the diffraction
pattern and on the accuracy of the structural informa-
tion obtained from the above methods of analysis. The
relevance of above observations to the extraction of
structural information in neuronal tissues and fiber
orientation in the CNS is briefly discussed.

2. Experimental section

NMR diffusion experiments were performed on
ensembles of hollow cylindrical tubes having an inner
diameter of 9 and 20um and an outer diameter of
150 um. (Polymicro Technologies, USA part Nos.
2000004(TSP010150) and 2000008(TSP020150), respec-
tively.) These NMR diffusion experiments were collected
on a 8.4 T Bruker—Avance NMR spectrometer equipped
with a Micro5 gradient system capable of producing
pulse gradients of up to 190 Gem™! in each of the three
directions. The fibers were cut into tubes of 4.5+ 0.5cm
in length and filled with water and aligned along the z
direction in the magnet. The tubes were first aligned in a
4mm NMR tube which was inserted into a 5 mm NMR
tube. For the angle dependence experiments we also
prepared tubes of 1.5+0.1 and 0.9 + 0.1 cm, which were
placed in the center of the RF and the gradient coils.
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Fig. 1. (A) Schematic representation of the sample studied and determination of the rotational angle () between the main axis of the cylinders and
the diffusion gradients direction. (B and C) Electron micrographs of the 20 pm tubes at two different magnifications.
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NMR diffusion measurements were performed using
the stimulated echo diffusion sequence [33]. The fol-
lowing parameters were used for the 20 um cylindrical
tubes: TR = 4.2s, TE = 20ms, 6 =2ms, and 4 of
1000 ms. The diffusion was measured for different angles
from the +z-direction (0°) to the —z-direction (180°). The
following rotational angles (as) were sampled: 0°, 45°,
67.5°, 78.7°, 84.4°, 88°, 90°, 92°, 95.6°, 101.3°, 112.5°,
135°, and 180°. For o = 0°, 45°, 67.5°, 112.5°, 135°, and
180°, G was incremented to 45 Gem™! in 16 steps while,
for all other angles, G was incremented to 160 Gem™! in
32 equal steps. For G =160Gcm™!, the resulting
gmax and by were 1274cm™! and 7.32 x 107 scm 2,
respectively. For the 1.54+0.1cm tubes the following
angles were sampled: 90°, 88°, 85°, 80°, 67°, and 82°
while only 80° and 90° were sampled for the 0.9+ 0.1 cm
tubes. These diffusion experiments were performed with
the above parameters.

For the 9 um tubes the same diffusion sequence was
used with the following parameters: TR = 3.6s, TE =
22ms, 0 = 3ms, and 4 of 400 ms. The following rota-
tional angles («s) were sampled: 0°, 45°, 78.7°, 84.4°, 88°,
90°, and 180°. For o = 0°, 45°, and 180°, G was incre-
mented to 45Gcem™! in 16 steps while for o = 78.7°,
84.4°, 88°, and 90°, G was incremented to 160 Gem™! in
32 equal steps. For Gpa,=160Gcm™!, the resulting
Gmax and by, were 1911 cm™! and 6.58 x 107s cm™2,
respectively.

In the 20 pm cylinders for o = 90°, we evaluated the
effect of the diffusion time on the observed diffractions. In
these experiments the PGSTE sequence was used with the
above parameters while 4 had the following values: 1000,
500, 200, 100, 50, 30, and 15ms. To evaluate the effect of
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the violation of the SGP approximation on the diffraction
pattern and the structural information extracted from the
displacement distribution profiles, water diffusion was
measured with the PGSTE sequence for o = 90° with the
following pairs of gradient duration (6) and maximal
gradient strength (Gpmax): 6 = 2ms, Gpax = 160G cem™';
d=4ms, Gmix = 80Gem™!; 6=8ms, Guux =
40Gem™!; § =16ms, Gpax = 20Gem™!; § = 32ms,
Gmax = 10Gem™!; 6 = 64ms, Gpax = 5Gcem™!. For the
9 um cylinders the following pairs of gradient duration (d)
and maximal gradient strength (Gp.x) were used:
0=3ms, Guux = 160Gem™!; §=6ms, G =
80Gcem™!';  =12ms, Gpax = 40Gem™!'; § = 24 ms,
Gmax = 20Gem ' 6 =48 ms, Gpax = 10Gem™!.

3. Results

3.1. The effect of the rotational angle (o) on the
diffraction pattern and on the structural information
extracted from the displacement distribution profile

Figs. 2A and B show the signal decay for an ensemble
of 45+0.5cm long cylinders having a diameter of
20 um as a function of the gradient strength, G, for two
rotational angles, (as), 90°, and 84.4°, respectively.
These spectra, which were acquired with exactly the
same experimental parameters, clearly demonstrate that
a diffraction-like pattern is observed only in the case of
o = 90°.

Figs. 3A-C show the same data for 1.5+ 0.1 cm long
cylinders having a diameter of 20 pm placed in the center
of the RF and gradient coils. Here, some diffraction was

0 - ppm

Fig. 2. '"H NMR signal decay as a function of the gradient strength (G) for water in 20 um cylinders having a length of 4.5 + 0.5 cm for the rotational

angles (as) of: (A) 90° and (B) 84.4°.
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Fig. 3. "H NMR signal decay as a function of the gradient strength (G) for water in 20 um cylinders having a length of 1.5+ 0.1 cm for the rotational
angles (as) of: (A) 90°, (B) 85°, and (C) 82°.

obtained when o = 85°, but no diffraction was observed the case of 20 um cylinders of 4.54+0.5 and 1.5+0.1 cm

for o = 82°. of length, respectively. Diffractions were observed for
Figs. 4A and B depict the signal decay as a function the ensembles of the 20 um cylinders having a length of
of the g-values for the different rotation angles studied in 4540.5cm only when the diffusion was measured
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Fig. 4. Normalized signal decay as a function of the g-values for the different rotational angles (as) for ensembles of 20 um cylinders having a length
of: (A) 4.5+£0.5cm and (B) 1.5+ 0.1cm. The results for the rotation angles (180°—a) were identical to those obtained for o and are therefore not
shown.
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nearly perpendicular (i.e., when o was 90°, 88°, and 92°)
to the long axis of the cylinders. In the case of the
1.540.1 cm long cylinders that were placed in the center
of the RF and gradient coils a very weak diffraction was
also observed when o = 85° (Fig. 4B). It was found, as
expected, that the actual diameters of the cylinders can
be obtained from the diffractions.

When the decay curve for the 20 um cylinders at
o =90° was compared with the prediction of Calla-
ghan’s formula for restricted diffusion in cylinders [19],
very good agreement was found between the experi-
mental values, and the simulated values as shown in
Fig. 5.

Here, the data for the 20 um cylinders (¢« = 90°) were
obtained with 6 and 4 of 2 and 1000 ms, respectively
implying that both the SGP approximation and the long
diffusion time limit are met or at least approached.
Consequently, there is very good agreement between the
experimental and simulated data. From the first minima
of E4) VS. q (qmin) it was possible to extract the di-
ameter of the cylinders. Indeed, 1.22 /g, as suggested
by Callaghan [19], gives a value of 19.8 um, which is in
good agreement with the 20 um value expected. Struc-
tural information can also be extracted from the dis-
placement distribution profiles obtained from the
Fourier transform of the signal decay as a function of ¢-
values [32]. Fig. 6 shows the displacement distribution
profiles obtained from the signal decay of water in the
20 um tubes for the different rotational angles. The nu-
merical values obtained from this analysis are shown in
Table 1.

It was found that, as expected, the minimal dis-
placement is indeed obtained when o = 90°. More im-
portantly, we found that 1.22A X, s, when AXjs is the
full width of the displacement distribution profile at
half-height (FWHH), generates the diameter of the
cylinders at least in the case of the 20 um cylindrical
tubes when o = 90° + 2°. For the 9 um tubes, however,
the extracted diameter was smaller than the expected
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Fig. 5. Experimental and simulated normalized signal decay as a

function of the g-values for the 20 pm cylinders. Simulations were
performed using the formula given in [19].
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Fig. 6. Displacement distribution profiles for the 20 pum cylinders as a
function of the rotational angles (os).

9um and was found to be 7.1 and 7.2 um for the value
extracted from the diffraction (1.22/gmiy), and dis-
placement distribution profile (1.22AXjs), respectively.
Since the deviation was observed in the two methods
used, we assumed that the deviation originates from the
fact that the SGP approximation is violated to a greater
extent in the case of the 9um cylindrical tubes even
when 6 was only slightly larger i.e., 3ms. In diffusion
MRI of in vivo systems, certainly when the data are
acquired with clinical scanners, where the diffusion
weighting is obtained from large o, this effect may be
even more pronounced. This effect may be even larger in
biological systems where many of the compartments are
smaller than 9 pm. We therefore decided to evaluate the
effect of the diffusion time and pulse gradient duration
(0) on the diffraction pattern and on the structural pa-
rameters extracted from the displacement distribution
profiles as will be described in the next section.

3.2. The effect of the diffusion time (A — 6/3) and pulse
gradient length (06) on the diffraction pattern and
extracted structural information

The extraction of structural information from the ¢-
space analysis of MR diffusion data was derived first for
the SGP approximation in the long diffusion time limit.
When we measured the signal decay in the 20 pm cyl-
inders for o = 90° as a function of the diffusion time we
indeed found that the diffraction-like pattern appears
less pronounced when the diffusion time decreased as
shown in Fig. 7. In these experiments the pulse gradient
duration, 6, was 2 ms.

It should be noted that very similar results were also
obtained for o = 88° (data not shown). We found as in
previous reports [18,19], that very pronounced diffraction
patterns have already been observed for diffusion times in
the order of /2/2D and not only when 4 > 1?/2D.
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Table 1

35

Structural parameters extracted from the full width at half-height (FWHH) of the displacement distribution profiles and the apparent diffusion
coefficient (ADC) as a function of the rotational angle («), for the 20 and 9 um cylinders®

“ 0° 45° 67.5° 78.7° 840.4° 88° 90°

20 um AXy5 (um) 142.4 108.5 58.1 33.7 21.9 17.5 16.9
1.22 - AXps (um) 1737 1324 70.9 41.1 267 21.3 (19.8)>  20.6 (19.8)°
0.425 - AXys (um) 60.5 46.1 24.7 14.3 9.3 74 7.1
ADC(x10~5 cm? s7') 1.991 0.812 0.263 0.094 0.048 0.031 0.028
(2*ADC*1y)"5¢(um) 63.1 40.3 229 13.7 9.8 7.9 7.5

9um AXys (um) 91.5 69.9 — 18.6 10.0 6.7 59
1.22-AXys (um) 111.7 85.3 _ 227 12.2 82 (7. 72 (7.1
0.425 - AXys (um) 38.9 29.7 _ 7.9 43 2.8 25
ADC® (x10-5cm? s71) 1.842 0.914 — 0.075 0.026 0.012 0.009
(2*ADC*1)"5(um) 38.4 27.0 _ 7.7 4.6 3.1 27

#The values of A and § were 1000 and 2ms for the 20 um cylinders and 400 and 3 ms for the 9 um cylinders, respectively.
Size extracted from the first minima of diffraction pattern (¢min taken as 1.22/qmin)-
¢ ADCs were calculated from the linear part of the signal decay of each curve.

A=1000 ms=10 /'/2D
A=200 ms=2 I'/2D
A=100 ms=1 I'/2D
A=50 ms=0.5 I'/2D
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Fig. 7. Normalized signal decay for the 20 um cylinders at a rotational
angle o of 90° as a function of the g-values for different diffusion times.
The pulse gradient length, ¢, was 2 ms.

The effect of the violation of the SGP approxima-
tion on the diffraction pattern and on the structural
information extracted from the displacement distribu-
tion profile was obtained by repeating the diffusion
experiments where the pair of parameters ¢ and Gpax
were changed in a way that kept g¢max constant.
Fig. 8A shows the signal decay as a function of the ¢-
values for the different diffusion experiments per-
formed with the different pairs of ¢ and Gy, while
Fig. 8B shows the displacement distribution profiles
obtained from the FT of the data shown in Fig. 8A.
The numerical values obtained from these analyses for
the 20 and the 9um cylinders are summarized in
Table 2.

It was found that as J is increased and the SGP
approximation is violated, the diffraction moves to
higher ¢, as predicted before by simulations [34], and
the displacement profile narrows thus indicating that
the diameter that would be extracted from these anal-
yses would indeed be smaller than the real diameter of
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Fig. 8. The effect of the pulse gradient duration (J) (in the long dif-
fusion time limit) for the 20 um cylinders for o =90° on: (A) the
normalized signal decay as a function of ¢, and on (B) the displacement
distribution profiles obtained from FT of the data shown in (A).

the confined compartment. For the 20 um cylinders it
was found that the deviation in the extracted diameter
is less than a factor of 2 when § is increased by a factor
of 32 from 2 to 64 ms. However, for the 9 um cylinders
the deviation in the extracted diameter with the in-
crease in 0 was found to be much more pronounced
(Table 2).
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Table 2

The effect of violation of the SGP approximation on the structural information extracted from the FWHH (AXjs) of the displacement distribution

profiles for « = 90°

G (Gem™)/§ (ms) 160/2 80/4 40/8 20/16 10/32 5/64
20 um AXos (um) 16.9 16.4 15.5 14.2 11.4 9.8
1.22-AXys (um) 20.6 20.0 18.9 17.3 13.9 12.0
G (Gem™)/8 (ms) 16073 80/6 40/12 2024 10/48
9um AXys (um) 5.9 49 3.8 1.8 1.6
1.22-AXy 5 (um) 7.2 4.6 22 2.0

4. Discussion and conclusions

In recent years it became apparent that, at sufficiently
high diffusion weighting, the water signal decay in neu-
ronal tissues is not mono-exponential [20,35-40]. In fact,
at least in white matter rich areas, there is a certain
water population that seems to exhibit restricted diffu-
sion in some directions [11-13,27-31,35-40]. As g-space
analysis of NMR diffusion data is a useful means for
detecting restricted diffusion it was suggested as a viable
approach to analyze high b-value DWI data at least in
white matter. In addition, using specific experimental
conditions, the g-space approach may be used for ob-
taining structural information of the neuronal tissues
[21,22,27-31]. In contrast to homogeneous periodic
samples, diffraction patterns are not observed in neu-
ronal tissues, probably because of size heterogeneity
[39], and exchange [26]. Therefore, in these tissues the
structural information should be obtained by computing
the displacement distribution profiles from the Fourier
transform of the signal decay versus ¢, as previously
suggested [32].

In the present study, long micro-cylinders, of precise
diameters, were used as a model of white matter fibers.
Using this model we were able to demonstrate that the
structural information obtained from the diffraction
peaks and the displacement distribution profiles pro-
vides very similar results that are in very good agree-
ment with the actual sizes of the 9-20 um cylinders. For
smaller compartments in the range of ~5pm it is clear
that the extracted sizes, although not tested experimen-
tally, will be smaller than the real ones, even when op-
erating with relatively strong gradient systems. This
deviation is expected to be more pronounced when such
analysis is performed on MR diffusion data acquired
with clinical scanners where diffusion weighting is
mainly achieved by using relatively long pulse gradients
(i.e., 0 in the order of tens of milliseconds). There, as
previously pointed out, the extracted mean displace-
ments are only apparent displacements [30,31]. For the
sciatic nerve for example it has previously been shown
that changing the 6 and Gp.x pair from 4.5ms and
160Gem™! to 72ms and 10Gcem™!, respectively re-
sulted in a decrease by a factor of two in the averaged
apparent mean displacement [30]. These results are in

accordance with the prediction of previously reported
simulations [34]. This means that there are deviations in
absolute values, however the trend in the values and the
relative sizes of the apparent mean displacements is
maintained, and therefore may be used as a diagnostic
tool as previously demonstrated [30,31]. Table 1 also
shows that, for rotational angles very different from 90°,
the mean displacements obtained from the Einstein
equation using the ADCs extracted by fitting the linear
part of the signal decay and from the 0.425A X 5 relation
afford similar mean displacement for the water mole-
cules as expected for free diffusion [32]. For o=
90° 4+ 2°, it is 1.22A X, 5 that provides the actual size of
the cylinders.

A somewhat surprising result of this study is the
relative sensitivity of the diffusion diffraction pattern on
the rotational angle (). For the long tubes, diffractions
were observed only for o = 90° + 2°. For the shorter
tubes of 1.54+0.1cm of length, placed in the center of
the RF and gradient coils, diffraction patterns were
observed for o in the range of 85°-95°, i.e., when the
diffusion is measured nearly perpendicular to long axis
of the cylinder. The more pronounced dependency of the
diffraction pattern in the case of the 4.5cm tubes prob-
ably originates from the non-linearity of the gradient
coils over the length of the tubes. To further verify this
point tubes of 0.9 £ 0.1 cm in length, placed in the center
of the RF and gradient coils, were measured. There, no
diffraction was observed for o = 80°. This suggests that
one can use diffusion diffraction to reveal the perpen-
dicular axis of the cylinder and hence to use it to de-
termine the principal axis of the cylinder along which the
diffusion is maximal by simple rotation. Therefore such
a diffraction, if observed in biological tissues, may assist
in the determination of the most restricted direction
from which one should be able to find the direction of
the maximal diffusivity. However, as stated before, dif-
fusion diffractions are not observed in neuronal tissues,
probably due to size distribution [39], and exchange [26].
Peled et al. [39] have shown that the apparent multi-
exponential signal decay observed in neuronal tissues is
in fact the sum of many diffractions from axons with
different sizes. Therefore, in such tissues one has to re-
sort to the displacement distribution profile, which is
efficient at characterizing the apparent slow diffusing
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component that was found to be sensitive to the direc-
tion of the applied diffusion gradients [27-31]. The
sharpest profile may thus indicate the most restricted
direction from which the main diffusivity can, in prin-
ciple, be determined by a simple rotation. Such an ap-
proach may provide good means for following the main
diffusivity in connected cylinders and may provide a
more robust means for following fibers. It should be
noted that the effect of the rotational angles on ADCs in
50 um tubes was recently reported [41].

The present study demonstrates that the micro-cyl-
inders may in fact be used as a model system for better
understanding diffusion in fibers that bear some rele-
vance to the kind of diffusion observed in white matter
fibers in the CNS. Both the diffractions, when observed,
and more importantly the displacement distribution
profiles provide very similar structural information that
is in good agreement with the real physical size of the
compartments. In addition, we found that diffraction
patterns of sufficient intensity are observed even for
relatively regular system, only within a narrow range of
rotational angles, i.e., when the diffusion is measured
nearly perpendicular to long axis of the cylinders. To
further explore the ability to extract structural infor-
mation from high b-value DWI, and its dependency on
the rotation angle, as an indicator for the fiber direc-
tionality we also plan to study these cylinders by adding
an extra-cylindrical space and by challenging the above
approach with crossing fibers.
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