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a b s t r a c t
In conﬁned geometries, the MR signal attenuation obtained from single pulsed gradient spin echo (sPGSE) experiments reﬂects the dimension of the compartment, and in some cases, its geometry. However,
to measure compartment size, high q-values must be applied, requiring high gradient strengths and/or
long pulse durations and diffusion times. The angular double PGSE (d-PGSE) experiment has been pro
posed as a means to extract dimensions of conﬁned geometries using low q-values. In one realization
of the d-PGSE experiment, the ﬁrst gradient pair is ﬁxed along the x-axis, and the orientation of the sec
ond gradient pair is varied in the X–Y plane. Such a measurement is sensitive to microscopic anisotropy
induced by the boundaries of the restricting compartment, and allows extraction of the compartment
dimension. In this study, we have juxtaposed angular d-PGSE experiments and simulations to extract
sizes from well-characterized NMR phantoms consisting of water ﬁlled microcapillaries. We are able
to accurately extract sizes of small compartments (5 lm) using the angular d-PGSE experiment even
when the short gradient pulse (SGP) approximation is violated and over a range of mixing and diffusion
times. We conclude that the angular d-PGSE experiment may ﬁll an important niche in characterizing
compartment sizes in which restricted diffusion occurs.
© 2009 Elsevier Inc. All rights reserved.

1. Introduction
Diffusion NMR [1] has become important in MR measurements
due to its ability to non-invasively measure the mean displacement
of molecules [2]. The single pulsed gradient spin echo (s-PGSE)
method employs one pair of pulsed magnetic ﬁeld gradients
(PFG) with amplitude and direction given by the vector G, which
are applied for a duration d, separated by a diffusion time, D, when
spins may diffuse due to Brownian motion. The resulting NMR sig
nal is governed by the phase distribution of molecules produced
during the diffusion time, D. The signal attenuation is directly re
lated to the root mean-squared displacement (rmsd) of the diffus
ing species, which in turn, is directly related to the diffusion
coefﬁcient, D, in the case of free diffusion. Since the D is also an
indirect measure of the size of molecules, diffusion MR is invalu
able for studying supramolecular systems and mixtures of sub
stances [3], degrees of aggregation [4], chemical complexes [5]
and even ligand-protein interactions [6].
In isotropic samples, where molecules are free to diffuse in all
directions, the logarithm of the NMR signal attenuation is directly
related to b = (cd|G|)2td, where c is the gyromagnetic ratio of the
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spins, and td is the diffusion time. Especially interesting is when
molecules diffuse in a conﬁned geometry, in which case the loga
rithm of the signal attenuation is no longer linear with respect to
b at high b-values [7]. In systems which do not exhibit free diffu
sion, only an apparent diffusion coefﬁcient (ADC) can be extracted
from the plot of the signal decay versus the b values. In recent years
it has been shown that the geometry and size of the compartment
can be inferred from such s-PGSE experiments, a property which
has been utilized in a variety of applications ranging from porous
media [8], to biological tissue [9,10]. By measuring the signal decay
in several directions, the diffusion tensor can also be estimated [11],
providing intrinsic MR parameters that are invariant to rotation.
While diffusion tensor imaging (DTI) studies are intended to be per
formed with low b values (b < 1500 s/mm2), others have conducted
diffusion measurements with high b values [9,10,12–16]. In isotro
pic freely diffusing systems characterized by one compartment, the
information that is extracted is the same for both high and low b
values, because the natural logarithm of the signal decays linearly
when plotted as a function of b. However, in systems characterized
by multiple compartments and/or in which different modes of dif
fusion exist, the attenuation curve deviates from linearity. A diffu
sion measurement in such systems with high b values can
suppress the fast decaying component and accentuate the slow
decaying components. Suppressing the fast component often leads
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to a better estimate of the compartment size [17,18], since the slow
component usually arises from spins that remain conﬁned in the
restricting compartment whose dephasing is limited.
One of the most important applications of s-PGSE experiments
in conﬁned geometries is to extract the size of the compartment.
Callaghan et al. showed that in diffusion NMR experiments in reg
ular, ordered conﬁned geometries, a phenomenon called diffu
sive-diffraction occurs, which is manifested by the nonmonotonicity of the signal decay when plotted as a function of
|q|, where q = (2p)t1cdG [19]. The size of the compartment can be
extracted from the minima of the signal attenuation curves when
plotted as a function of q or from the full-width-at-half-maximum
(FWHM) of the probability distribution function (PDF), i.e., from the
Fourier Transform (FT) of the signal decay, E(q), as a function of q,
provided that the diffusion time is sufﬁciently long to probe the
boundaries of the compartment [20–22]. Exact solutions have been
derived for idealized geometries [23–26] and some of these solu
tions were veriﬁed experimentally [22]. Several studies have shown
how variation of experimental parameters affects the compartment
size that was extracted, including variation of d, D and the rota
tional angle in both phantoms and neuronal tissue [21,22,27,28],
however, the need to apply very strong gradients limits the ability
to probe the ﬁnest spatial dimensions using high q experiments.
The double-PGSE (d-PGSE) experiment (Fig. 1), which has two
pairs of diffusion sensitizing gradients separated by a mixing time
(tm), was ﬁrst proposed by Cory et al. [29] and was applied to
studying porous media and ﬂow phenomena [30], 2D diffusion
measurements [31,32], suppression of convection artifacts [33],
and dispersion and velocity correlation [34,35]. Using the d-PGSE
sequence, Callaghan and Komlosh showed microscopic anisotropy
in macroscopically isotropic polymers [36]. Recently, Komlosh
et al. extended these ﬁndings to grey matter and grey matter
NMR and MRI phantoms [37,38].
Özarslan and Basser have recently studied the d-PGSE sequence
theoretically in the high q regime in conﬁned geometries when the
two gradients are parallel [39]. Their ﬁndings suggested some unex
pected phenomena such as zero-crossings in the NMR signal proﬁle
(which result in negative diffractions) that they predicted to be sen
sitive to prolongation of the mixing time. Shemesh and Cohen have
corroborated these ﬁndings experimentally, and have shown that,
as predicted by simulations in [39], the d-PGSE experiment is sensi
tive and robust (compared to the s-PGSE) for inferring structural
information that can be obtained from complex samples such as
mixtures of microcapillaries having different diameters [40].
A limitation of both single and double-PGSE diffraction experi
ments is that in order to extract the dimension of the restricting
compartment, relatively high q values must be reached. Since the
q value at which diffractions occur is proportional to the reciprocal
of the compartment size, the smaller the compartment, the higher
the q that one needs to measure the compartment dimensions. This
means that to probe small compartments, which are prevalent, for
example, in the central nervous system, there is a need to apply
very high q values [23,28], requiring either very strong gradients
or very long ds. In such experiments, the ﬁnite length of the pulsed
gradients makes matters worse, since ‘‘motional narrowing”
pushes the diffraction minima towards even higher q values, due
to a violation of the short gradient pulse (SGP) approximation. To
accurately measure the compartment size, d is assumed to be neg
ligible compared to D. In other words, the SGP approximation as
sumes that the mean-squared displacement of molecules during
the pulsed gradient is insigniﬁcant with respect to the meansquared displacement the molecules will experience during the
diffusion period. However, in small compartments, the D needed
for molecules to completely probe the boundaries of the restricting
compartment is very short; therefore, d becomes comparable to D,
violating the SGP approximation and resulting in inaccurate size

Fig. 1. Sequences and orientation schemes. (A) The d-PGSE experiment in which
the mixing time is deﬁned between the beginning of the second diffusion
sensitizing gradient and the beginning of the third diffusion sensitizing gradient.
(B) The d-PGSE experiment in which the mixing time is inherently 0. The second
and the third diffusion sensitizing gradients are superimposed. (C) The azimuthal
and polar angles u and h, respectively. (D) The orientation of the gradients in one of
the angular d-PGSE experiments used in this study, in which the azimuthal angle is
varied. In this experiment, G1 is set along the x-axis, i.e. with u = 0° and h = 90°, and
G2 is varied along u in the X–Y plane. Note that the cylinders are aligned with their
long axis parallel to the z-axis, which is also the direction of B0.

measurements. An alternative is to employ extremely strong gradi
ent amplitudes for very short periods; however, such strong gradi
ents also pose a challenge to hardware, and are unlikely to be
deemed safe for clinical use because of the large electric ﬁelds they
can induce. Therefore it remains a challenge to accurately extract
the size of small compartments with diffusion MR methods, partic
ularly in a biological or clinical setting.
Mitra studied the angular d-PGSE experiment as early as 1995
[41] in which he predicted the angular dependence of the signal
decay from d-PGSE experiments in conﬁned geometries. The the
ory developed by Mitra did not take into account ﬁnite durations
of the diffusion sensitizing gradients or the mixing time. However,
very recently, Özarslan and Basser addressed the angular depen
dence of the signal decay in conﬁned geometries theoretically
[42] with ‘‘arbitrary timing parameters”. This study shows, inter
alia, that when the ﬁrst gradient is ﬁxed along the axis perpendic
ular to the ﬁber, and the direction of the second gradient is varied
in the X–Y plane from 0° to 360°, the signal decay exhibits an angu
lar dependence, which can be interpreted as arising from micro
scopic anisotropy due to the borders of the conﬁning geometry.
The theory presented in [42] took into account the duration of
the gradient pulses and the mixing time. Moreover, Özarslan and
Basser showed that one could circumvent the need for high gradi
ents, and extract the compartment size, even in very small com
partments at low q values provided that, 2pqa < 1 for a
compartment of size ‘a’. Since this method obviates applying very
strong gradients for extracting sizes, we have sought to test and
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validate these theoretical predictions experimentally. Another re
cent study which utilized a variant of the d-PGSE and used Mitra’s
formulation has shown the ability to estimate sizes of restricting
compartments, to a certain extent, with relatively low q-values
[43]. However, that study was conducted on samples whose
dimensions are not exactly known and in which heterogeneity ex
ists. Additionally, sizes were extracted using Mitra’s formulation,
without accounting for the violation of the SGP approximation or
the effect of other experimental parameters.
Therefore, in this study, we aimed at testing the dependence of
the signal decay in angular d-PGSE experiments in a well-controlled
NMR phantom consisting of water ﬁlled microcapillaries with
known diameters. We compared the sizes extracted using the the
ory from both [42] and [41]. To mimic conditions in which diffusion
experiments are usually conducted, i.e., that violate the SGP approx
imation with a range of diffusion timing parameters, we tested the
dependence of the signal decay on experimental parameters such as
the gradient duration, and the mixing and diffusion times.
2. Materials and methods
All measurements were performed on a Bruker 8.4 T NMR spec
trometer capable of producing PFGs up to 190 G/cm in each
direction.
Hollow microcapillaries with inner diameters (IDs) of 5 ± 1,
9 ± 1, 10 ± 1 or 19 ± 1 lm (Polymicro Technologies, USA) were im
mersed in water for several days prior to each experiment. The
microcapillaries were packed into a 4 mm glass sleeve which was
inserted into a 5 mm NMR tube, aligned with the main axis parallel
to the z-direction of the magnet as described previously [21,28,40].
Typical linewidths of 5–15 Hz were obtained after shimming.
Fig. 1 shows the d-PGSE sequences used in this study. Fig. 1A
shows a d-PGSE sequence that employs two pairs of diffusion sen
sitizing gradients, with amplitudes and directions of G1 and G2, and
gradient durations of d1 and d2, respectively. The diffusion times D1
and D2 are deﬁned in Fig. 1. In a sequence such as in Fig. 1A, the
mixing time, tm is deﬁned as the time between the end of the D1
period and the beginning of the D2 period. Fig. 1B shows a variant
in which the second and third diffusion sensitizing gradients are
superimposed, yielding a single pulsed gradient deﬁned by
G1 + G2. For this sequence, tm = 0 ms, and in this study we set the
durations of the three diffusion sensitizing gradients, d, to be equal.
Fig. 1C deﬁnes the azimuthal angle, u, and the polar angle, h. In
each experiment, the ﬁrst gradient pair, G1, was aligned either
along the x-axis or along the z-axis, as shown in Fig. 1C. The orien
tation of the second gradient pair, G2, was varied (vide infra). For
example, Fig. 1D shows an angular d-PGSE experiment in which
G1 was aligned along the x-axis, and the orientation of G2 was var
ied in the X–Y plane. For all of the experiments in this study, the
amplitudes of the ﬁrst and second gradients were identical, i.e.,
|G1| = |G2|. For all experiments conducted in this study the repeti
tion time (TR) was 3.7 s and the echo times TE1 and TE2 (as deﬁned
in Fig. 1) were chosen to be as short as possible, and unequal to
avoid overlapping echoes. In all experiments performed on microcapillaries in this study, the q-values were chosen to fulﬁll the
requirement 2pqa < 1. However, in some cases, namely when we
used 9 ± 1, 10 ± 1 and 19 ± 1 lm microcapillaries, the highest q-va
lue measured, qmax, resulted in 2pqmaxa � 3.
The experimental data was rectiﬁed to avoid any phase errors.
2.1. Experiments
2.1.1. The angular d-PGSE experiment on an isotropic sample
A 5 mm NMR tube containing a �1:1 volumetric CH3OH:D2O
mixture served as an isotropic sample. The sequence shown in
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Fig. 1B was used. Experiments were conducted with the following
parameters: 4 q-values were collected with d = 5 ms with
Gmax = 55 G/cm, resulting in a qmax of 1170 cmt1, with D1 = D2 =
15.1 ms, and the number of scans = 32. In another set of experi
ments, d = 1.5 ms with Gmax = 55 G/cm, resulting in qmax =
351 cmt1, with D1 = D2 = 40 ms and with the number of scans = 32.
2.2. Varying the polar angle
2.2.1. Varying the polar angle when G1 is in the z-direction
For this set of experiments, microcapillaries with a nominal ID
of 9 ± 1 lm were used. The sequence shown in Fig. 1A was used.
For this set of experiments, the direction of G1 was set with
u = 0° and h = 0°, i.e., along the z-direction. The orientation of G2
was varied between h = 0° (i.e. along the z-axis) and h = 180° (i.e.,
along the z-direction) in 15° intervals, with u = 0° for all experi
ments (i.e., the axis of symmetry for the rotation of G2 was the xaxis). For each h value, 4 q-values were collected with d = 1.5 ms
and Gmax = 55 G/cm, resulting in a qmax = 351 cmt1, and with
D1 = D2 = 40 ms. The mixing time was set to 5 ms, and the number
of scans was set to 128. The results are shown for q = 129 cmt1
only. One point (h = 75°) was omitted due to an apparently spuri
ous signal ﬂuctuation.
2.2.2. Varying the polar angle when G1 is in the x-direction
The same experimental parameters were used, except the direc
tion of G1 was ﬁxed along the x-axis, i.e., with u = 0° and h = 90°.
2.3. Varying the azimuthal angle
The rest of the experiments presented in this paper were per
formed as follows: G1 was ﬁxed along the x-axis, i.e., with u = 0°
and h = 90° and the direction of G2 was varied between u = 0°
and u = 360° in 15° increments, with h = 90° for all experiments,
i.e., in the X–Y plane.
2.3.1. The effect of the compartment size on the signal from the
angular d-PGSE experiment
In this set of experiments, 3 separate samples of microcapillar
ies with nominal IDs of 5 ± 1, 9 ± 1 and 19 ± 1 lm were used. The
sequence shown in Fig. 1B was used with the following parame
ters: For both 5 ± 1 and 9 ± 1 lm ID microcapillaries, 4 q-values
were collected with d = 1.5 ms with Gmax = 55 G/cm resulting in a
qmax = 351 cmt1 and with D1 = D2 = 40 ms. The number of
scans = 32. For 19 ± 1 lm microcapillaries 4 points were collected
with d = 1.5 ms and with Gmax = 37 G/cm, resulting in a qmax of
236 cmt1, with D1 = D2 = 120 ms, and with 32 scans.
2.3.2. The effect of prolonging the gradient duration d
For this set of experiments, microcapillaries with ID = 10 ± 1 lm
were used, and the sequence shown in Fig. 1B was employed. Three
experiments were conducted in which 4 q-values were collected,
and d was set to 1.5, 4.5 and 7.5 ms with Gmax of 55, 18.33 and
11 G/cm, respectively, resulting in qmax = 351 cmt1 for all three
experiments. The diffusion periods were set to D1 = D2 = 40 ms
and the number of scans was 32.
2.3.3. The effect of prolonging the mixing time
For this set of experiments, microcapillaries with a nominal ID
of 10 ± 1 lm were used, with the sequence shown in Fig. 1B for
tm = 0 ms and with the sequence shown in Fig. 1A for tm > 0. The
following parameters were used: 4 q-values were collected with
d = 1.5 ms with Gmax = 55 G/cm resulting in a qmax = 351 cmt1
and with D1 = D2 = 40 ms. The number of scans = 32. The mixing
time was varied between tm = 0, 5, 20 and 100 ms.
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2.3.4. The effect of prolonging the diffusion periods, D1 and D2
For this set of experiments, microcapillaries with ID = 19 ± 1 lm
were used, with the sequence shown in Fig. 1B. The following
parameters were used: Four q-values were collected with
d = 1.5 ms with Gmax = 37 G/cm resulting in qmax = 236 cmt1. Three
experiments were conducted with D1 = D2 = 7, 30 and 120 ms with
number of scans = 32.
2.4. Theory and simulations
As described above, data at several q-values were collected. The
theory presented in [42] and [41] provide expressions for the qua
dratic term of the NMR signal decay. To reduce the effects of high
er-order terms in the restricted diffusion experiments, we ﬁtted a
function of the form

SðqÞ ¼ S0 t aq2 þ cq4

EðqÞ ¼ 1 t u2 q2 þ ðc=S0 Þq4 :
Clearly, the quantity u2 = a/S0 is analogous to a quantity propor
tional to the mean squared displacement in single-PGSE experi
ments since it is a measure of the signal decay rate near the
origin as can be seen from the expression

d log E
dq

:

2

What is different in double-PGSE acquisitions is that this quan
tity is a function of the angle between the two gradients (w) even
when the pore being probed is isotropic (i.e., spherical in 3D and
cylindrical in 2D).
In Ref. [42] explicit relationships for the dependence of u2 on
the experimental timing parameters d, D and tm are provided.
Although the theory in Ref. [42] includes generalizations of the
problem to different pore shapes, arbitrary tube orientation, orien
tation distribution functions, etc., here we provide the results rel
evant to the data collected in this study for brevity.
The NMR signal attenuation can be decomposed into a product
of two functions resulting from free and restricted diffusion. The
component of the gradient vector along the tube’s axis leads to
the part of the attenuation due to free diffusion whereas the gradi
ents’ component perpendicular to the cylinder’s axis will lead to
the signal decay due to restricted diffusion.
Note that u2 determines the signal attenuation value due to re
stricted diffusion at low q-values. The expressions for the experi
ments corresponding to the panels a and b of Fig. 1 are given by
u2a ¼ 8p2 r 2 ð2A þ B cos wÞ, and u2b ¼ 8p2 r2 ð2A þ B0 cos wÞ, respec
tively, where r is the radius of the cylinders. Here, A, B, and B are
given by the following sums:
1
X

"

1

2
bn2 ðbn2 t 1Þ xn d

n¼1

(

1
ðxn dÞ2

þetxn ðDtdÞ t 2etxn D þ etxn ðDþd
ðxn dÞt2

1

B
n¼1

t 1 xn d

1

xn dÞ

2

(
2 t 2etxn d

þ 2etxn ðDtdÞ t 4etxn D þ 2etxn ðDþdÞ t etxn ð2Dtd
)
þ2et2xn D t etxn ð2DþdÞ
In the above expressions, xn ¼ bn2 D=r2 , where bn is the nth root
of the derivative of the ﬁrst order Bessel function, i.e., it satisﬁes
the equation J 1 0 ðbn Þ ¼ 0.
The theory in Ref. [41] addresses only the limiting cases of the
and either
experimental timing parameters (i.e., d ? 0, D ?
tm ? 0 or tm ? 1). Although no explicit solution for cylindrical
pores is provided in Ref. [41], it is straightforward to show that
in the simple case of coherently oriented cylinders of radius r,
the expected angular dependence in the d ? 0, D ? 1, and
tm ? 0 regime is given by

where w is the angle between the two gradients, both of which are
applied perpendicular to the main axis of the cylinder. In this study,
the size estimates implied by this function are compared to those
obtained using the extended theory in Ref. [42], outlined above.
The NMR signal attenuation due to free diffusion, when the
pulse sequence of Fig. 1a is employed, is given by [42]

(
)
Efree
¼ exp t8p2 q2 DðD t d=3Þ ;
a
where D is the free space diffusivity. Similarly, when the pulse se
quence of Fig. 1b is used, the NMR signal attenuation resulting from
free diffusion is given by [42]

(
)
¼ exp t4p2 q2 D½2ðD t d=3Þ t ðd=3Þcos wl :
Efree
b

q¼0

A¼

2

1
2
2
n¼1 bn ðbn

u2 ¼ p2 r2 ð2 þ cos wÞ;

to the NMR signal from each direction. In the ﬁtting, a linear least
squares estimation algorithm was employed to estimate the quan
tities, S0, a, and c. For the NMR signal attenuation, EðqÞ ¼ SðqÞ=S0 ;
the above relation can be rewritten as

u2

B0 ¼

b2n ðb2n t 1
txn ðt m þdÞ

þe

2 t 2etxn d
)

etxn ðtm tdÞ t 2etxn tm
txn ðDþt m tdÞ

t 2e

3. Results
3.1. Dependence of the angular signal decay from an isotropic sample
In [42], an angular dependence was predicted for the pulse se
quence shown in Fig. 1b even for free diffusion, because of the
overlap of gradients having ﬁnite durations. Fig. 2 shows the re
sults from the angular d-PGSE experiment in which G1 was ﬁxed
along the x-axis and the orientation of G2 was varied in the X–Y
plane, performed on an isotropic sample (methanol in a 5 mm
NMR tube). Fig. 2A represents the regime in which the length of
the diffusion period is comparable to the diffusion gradient dura
tion (D1 = D2 = 15.1 ms, d = 5 ms). As predicted by the theory in
[42], an inverted bell-shaped function could be seen for the smaller
q values, with a minimum for the polar gradient angle u = 180°.
Fig. 2B shows the regime in which the diffusion periods are rela
tively long, as compared to the diffusion gradient pulse duration
(D1 = D2 = 40 ms, d = 1.5 ms), in which the signal exhibits almost
no angular variation, as indeed predicted by the theory.
3.2. Varying the polar angle

txn ðDþt m

þ 4e

t 2etxn ðDþtm þdÞ þ etxn ð2Dþtm tdÞ
)
t2etxn ð2Dþtm Þ þ etxn ð2Dþtm þdÞ

In the simulations of echo attenuation from the isotropic meth
anol sample as well as when the gradient orientation has a compo
nent along the main axis of the tubes, the above expressions for
free diffusion are employed.
In the estimation of the cylinder radius and the associated stan
dard deviation values, a non-linear curve ﬁtting algorithm that em
ploys Levenberg–Marquardt optimization was used.

3.2.1. Varying the polar angle with G1 set along the x or the z axis
In this experiment, G1 is ﬁxed along one axis, and the polar an
gle is varied for G2. The theory in [42] predicts that the signal decay
from such angular d-PGSE experiments should exhibit a bell
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Fig. 2. Angular d-PGSE performed on an isotropic sample with the sequence shown in Fig. 1B. The signal from three different q values is plotted against the azimuthal angle u.
(A) The diffusion periods (D1 = D2 = 15.1 ms) are comparable to the gradient duration (d = 5 ms). In this case, the theory predicts inverted bell shaped functions. (B) The
diffusion periods are long (D1 = D2 = 40 ms) when compared to the gradient duration (d = 1.5 ms). In this case, only marginal signal variations are expected from the theory.
The solid lines represent the simulations.

shaped function with a maximum at 90° when the signal is plotted
against the polar angle, h, and when the microcapillaries are
aligned with their main axis parallel to the static magnetic ﬁeld.
Fig. 3 shows the normalized signal obtained from such experi
ments, performed on microcapillaries with a nominal ID of
9 ± 1 lm, with q = 129 cmt1. Two separate experiments are
shown: One with G1 applied along the x-axis (red circles), and
one with G1 applied along the z-axis (black squares). The antici
pated bell-shaped functions can be easily seen in Fig. 3. The ex
pected maximum signal indeed occurs at 90° for both
experiments, and the simulations ﬁt the experimental points ni
cely. The signal from the experiment in which G1 was applied along
the z-axis exhibited a stronger attenuation of the signal when com-

pared to the experiment in which G1 was applied along the x-axis.
The percent signal difference that was measured between h = 0°
and h = 90° for both experiments was 38% of the maximum sig
nal. The IDs that were extracted were 8.39 ± 0.47 and
8.30 ± 0.07 lm for the experiments in which G1 was applied in
the z- and x-axes, respectively, which are in good agreement with
the 9 ± 1 lm nominal ID of the microcapillaries used.
3.3. Varying the azimuthal angle
All of the following experiments in this study were conducted
with G1 along the x-axis, and the azimuthal angle, u, of G2 was var
ied with h = 90° (i.e., in the X–Y plane). The expected bell-shaped
functions occur for each individual q-value (data not shown) ob
tained in our measurements, however, we decided to combine
the 4 q-values and plot the attenuation factor u2 versus u (see Sec
tion 2). The theory in [42] predicts an inverted bell-shaped func
tion for this kind of plot.
3.3.1. Dependence of the signal decay on the size of the compartment
Fig. 4 shows the attenuation factor, u2, as a function of u, for
three different samples of microcapillaries having nominal IDs of
5 ± 1, 9 ± 1 and 19 ± 1 lm. The expected inverted bell-shaped func
tions can be seen for all experiments. The sizes, extracted from the
ﬁt of the angular dependence, closely correspond to the nominal ID
and are summarized in Table 1. Note, that when extracting the sig
nal in the limiting cases of Ref. [41], the ﬁniteness of the durations
and separations of the gradients are not accounted for. Therefore a
smaller size is extracted for the 5 ± 1 and 9 ± 1 lm microcapillaries.
The violation of the SGP approximation is not as important for the
19 ± 1 lm microcapillaries, therefore both analyses resulted in
similar extracted sizes.

Fig. 3. Variation of the polar angle h. This set of experiments was performed with
the sequence shown in Fig. 1A on microcapillaries with a nominal ID of 9 ± 1 lm.
The angular signal dependence is shown for experiments in which G1 was applied in
the z (black square) or x (red circles) directions, and the polar angle of G2 was varied.
The bell shaped function can be easily seen. The solid lines represent the
simulations for these experiments. One point in one of the experiments was
omitted due to a signal ﬂuctuation. (For interpretation of color mentioned in this
ﬁgure the reader is referred to the web version of the article.)

3.3.2. Dependence of the angular signal decay on the gradient duration
To test the effect of violating the SGP approximation, we used
10 ± 1 lm ID microcapillaries and gradually prolonged d1 and d2.
Fig. 5A shows the dependence of the angular signal decay on the
duration of the gradients. The attenuation factor u2 values decrease
with increasing d, because of the gradual violation of the SGP
approximation. Note that in this set of experiments the amplitude
of the gradients was calculated such that the same q values were
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Fig. 4. Effect of the compartment size on the angular signal variation. The angular
d-PGSE experiment in which the azimuthal angle u is varied when G1 is ﬁxed along
the x-axis performed with the sequence shown in ﬁgure 1B on microcapillaries with
a nominal ID of 5 ± 1, 9 ± 1 and 19 ± 1 lm. The solid lines represent the simulations
for these experiments. For all of these experiments, the diffusion periods were long
enough to probe the boundaries of the restricting geometry.

Table 1
Summary of the sizes extracted using the theory in reference [42] (left column) and
the limiting case in reference [41] (right column). The results from top to bottom
indicate the different experiments shown in this study: the variation of size,
prolongation of the gradient duration, prolongation of the mixing time and variation
in the diffusion periods.
ID (lm) estimations
based on Ref. [42]

ID (lm) estimations
based on Ref. [41]

Variable ID
ID = 5 ± 1 lm
ID = 9 ± 1 lm
ID = 19 ± 1 lm

4.91 ± 0.12
8.48 ± 0.07
18.85 ± 0.08

3.82 ± 0.14
7.72 ± 0.08
18.46 ± 0.08

Nominal ID = 10 ± 1 lm
d = 1.5 ms
d = 4.5 ms
d = 7.5 ms

10.22 ± 0.05
10.34 ± 0.06
10.46 ± 0.09

9.56 ± 0.05
8.66 ± 0.06
7.97 ± 0.10

Nominal ID = 10 ± 1 lm
tm = 0 ms
tm = 5 ms
tm = 20 ms
tm = 100 ms

10.37 ± 0.03
10.33 ± 0.03
10.32 ± 0.04
10.37 ± 0.04

9.72 ± 0.04
9.24 ± 0.23
9.04 ± 0.32
9.06 ± 0.34

Nominal ID = 19 ± 1 lm
D = 7 ms
D = 30 ms
D = 100 ms

27.77 ± 1.85
19.08 ± 0.09
18.85 ± 0.08

12.08 ± 0.31
17.49 ± 0.11
18.46 ± 0.08

—

obtained for all d values. For ds of 1.5, 4.5 and 7.5 ms, the extracted
IDs were 10.22 ± 0.05, 10.34 ± 0.06 and 10.46 ± 0.09 lm, respec
tively, (Table 1), indicating that the gradient pulse duration was in
deed accounted for. The IDs that were extracted in the regime
considered by Mitra showed a reduction in the compartment size,
as expected from the violation of the SGP approximation.
3.3.3. Dependence of the signal decay on the mixing time (tm)
Fig. 5B shows the plot of the attenuation factor, u2, versus the
azimuthal angle, u, with different mixing times. When tm = 0 ms,
a clear inverted bell-shaped function can be seen. Successive pro
longation of the mixing time to 5, 20 and 100 ms resulted in a grad
ual loss of the inverted bell-shape. For tm = 0, 5, 20 and 100 ms the
extracted IDs were 10.37 ± 0.03, 10.33 ± 0.04, 10.32 ± 0.03 and

Fig. 5. The effect of experimental parameters on the angular signal variation. (A)
The effect of prolonging the gradient durations d1 and d2. (B) The effect of
prolonging the mixing time (tm). Both (A) and (B) were performed on microcap
illaries with a nominal ID of 10 ± 1 lm, with diffusion periods D1 = D2 = 40 ms, long
enough to probe the boundaries of the restricting compartment. (C) The effect of
concomitantly prolonging the diffusion periods D1 and D2, performed on microcapillaries with a nominal ID of 19 ± 1 lm with d1 = d2 = 1.5 ms, not long enough to
signiﬁcantly violate the SGP approximation. The solid lines in A–C represent the
simulations for these experiments.

N. Shemesh et al. / Journal of Magnetic Resonance 198 (2009) 15–23

10.37 ± 0.04 lm, respectively, (Table 1). The extracted sizes corre
spond very well to the nominal ID of 10 ± 1 lm, even for very long
mixing times. Note that these values are also in agreement with
those obtained by prolonging d.
On the other hand, the IDs extracted using Mitra’s formulae de
crease signiﬁcantly as mixing time is increased. As expected, the
best agreement was achieved at tm = 0. However, the sizes that
were extracted were consistently smaller, even at tm = 0, probably
because this method does not account for the ﬁnite duration of the
gradients (Table 1).
3.3.4. Dependence of the signal decay on the diffusion periods
In this set of experiments, the diffusion periods D1 and D2 were
concomitantly prolonged from 7 ms (i.e., not long enough to probe
the boundaries of the 19 ± 1 lm microcapillaries) to 30 and
100 ms. Fig. 5C shows that little angular dependence was observed
for the short diffusion times, while the simulations produced an
inaccurate estimate of the ID = 27.77 ± 1.85 lm. However, prolong
ing the diffusion period resulted in the expected inverted bellshaped functions, and accurate estimates of compartment size
from the simulations (Fig. 5C and Table 1). For the longest diffusion
period, Mitra’s formulation extracted an accurate size, probably be
cause the SGP violation is much less important for compartments
with larger radii (in this case, 19 ± 1 lm microcapillaries).
4. Discussion
Obtaining structural information from ordered arrays or packs
is important in a variety of problems related to porous materials
and biological tissues [8,13]. As diffusion NMR methods are non
invasive, they provide one of the most convenient means for
extracting the dimensions of the compartments of interest [10].
The s-PGSE experiment has been able to accurately extract pore
dimensions from a wide range of ordered samples, especially when
utilizing the diffusion–diffraction phenomenon [21,22,24–26,30].
The diffusion–diffraction patterns can accurately represent the size
and shape of the compartment, provided that the SGP approxima
tion is not violated. However, even the ﬁrst diffraction trough be
comes elusive in very small compartments, as the SGP
approximation is rapidly violated and the diffraction is shifted to
wards a higher, sometimes unattainable q value. This underscores
the need for methods that provide the same structural information
at lower q values, enabling the use of low-amplitude pulsed
gradients.
In this study, we have shown that the angular d-PGSE experi
ment may be used to accurately obtain the same structural infor
mation that can be obtained from high-q measurements. The
angular d-PGSE experiment appears to circumvent the need for
strong gradients, as the basic constraint is that 2pqa 6 1 (where
‘a’ is the compartment dimension). For example, the diffraction
from 5 lm ID microcapillaries is expected at q = 2440 cmt1. How
ever, to reach this q-value with our gradient system capable of pro
ducing 190 G/cm in all three directions, a d of at least 3.5 ms needs
to be employed, signiﬁcantly violating the SGP approximation and
shifting the diffraction towards even higher q-values. Therefore,
with our hardware, diffractions are not observable for 5 lm microcapillaries (data not shown). However, using the angular d-PGSE
experiment we could easily extract the accurate size. Interestingly,
when we used Mitra’s limiting values for the experimental param
eters to extract the compartment dimension, a smaller size was ob
tained, which is a result of violating the narrow pulse condition.
Note that the deviation from the correct values will be even more
signiﬁcant in smaller compartments when the timing parameters
are not taken into consideration. This is also manifested in the lar
ger standard deviations that were observed when sizes were ex
tracted using Mitra’s formulation with varying mixing times.
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In small compartments, one of the problems in extracting the
accurate compartment size is that the SGP approximation is easily
violated, even when the gradient duration is short. In this study,
we have shown that by using the formulations in [42], we could
correct for violation of the SGP approximation. Even when we set
d to 7.5 ms, which signiﬁcantly violates the SGP approximation in
10 lm ID microcapillaries, we could extract the accurate diameter
of the microcapillaries.
In this study, we have validated the anticipated bell-shaped
functions for angular d-PGSE experiments in which the polar angle
was varied. The maximum occurs when the second gradient is ap
plied perpendicular to the main axis of the microcapillaries. The
signal attenuation in the experiment in which G1 was set in the
z-direction was stronger when compared to the experiment in
which G1 was set in the x-direction. This can be explained by the
stronger diffusion weighting experienced by the spins undergoing
free diffusion during the ﬁrst encoding period in the z-direction.
Note that this type of angular d-PGSE experiment may be used to
reveal the orientation of the ﬁbers. However, since a signiﬁcant
portion of the signal attenuation is due to free diffusion in these
experiments, accurate estimation of the capillary size necessitates
a-priori knowledge of the bulk diffusivity. When both gradients are
applied perpendicular to the main axis of the microcapillaries, the
sensitivity of the estimated parameters to the errors in bulk diffu
sivity is signiﬁcantly reduced, suggesting that these kind of exper
iments are more suitable for extraction of compartment sizes.
In this study, we also performed the angular d-PGSE experiment
with different mixing times. Prolonging the mixing time reduces
the correlation between the two pairs of diffusion gradient enco
dings [39,40]. Therefore, the anisotropy induced by the boundaries
is diminished as tm is prolonged. This is manifested in a gradual
loss of the curvature in the bell-shaped functions. However, the
simulations could still accurately extract the pore dimension, even
at long mixing times.
When we tested the effect of shortening the diffusion periods
D1 and D2 we found that, as predicted [42], they have to be long
enough to probe the boundaries of the conﬁning compartment,
i.e., for pore of dimension ‘a’, this occurs when D = a2/2D. When
the diffusion periods are not long enough, simulations could not
extract an accurate size as can be seen from the D1 = D2 = 7 ms
experiments on 19 lm ID tubes, i.e., when DD/a2 = 0.155. The devi
ation from the expected ID does not suggest an error in the theory.
Rather, the percentage of the spins that feel the boundaries are so
small in such large tubes that restricted diffusion is not achieved.
In fact, for this combination of diffusion time and ID, the u2 value
that would be observed from purely free diffusion is
1000 lm2—only slightly above the experimentally observed val
ues. In addition, note that in small pores, the requirement of
D = a2/2D can be satisﬁed with rather short diffusion periods. For
example, in neuronal tissue, the axon may have diameters as small
as 1–2 lm, so a diffusion period of 5 ms would sufﬁce for water
to completely probe their boundaries. This was recently shown
to be the case in q-space single PGSE experiments performed on
nerves, in which the diffusion time was varied in small intervals
from very short to long diffusion times (i.e., D was varied from
3.7 to 99.3 ms) [17].
From our measurements, the optimal conditions of the angular
d-PGSE experiments are highlighted. Without correcting for viola
tion of the SGP approximation, an angular d-PGSE experiment
employing short gradient durations with low amplitude gradients
(such that 2pqa 1), with tm = 0 ms and diffusion periods that are
sufﬁciently long to probe the borders of the conﬁning geometry
will result in a pronounced bell-shaped function, from which the
size of the compartment can be extracted. Note that the sequence
shown in Fig. 1B is advantageous in that tm = 0 ms, however, it re
quires a stronger gradient system, as the middle gradient is a
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superposition of G1 and G2. This is not the case for the sequence
shown in Fig. 1A; the gradients are not superimposed. However,
in the sequence shown in Fig. 1A, the mixing time cannot be effec
tively set to zero, and must equal to at least d1. In pores of very
small dimensions, this may pose a problem. However, when ana
lyzing the results with the theory shown in [42], arbitrary timing
parameters can be used to extract the size accurately, provided
that the diffusion periods are sufﬁciently long to probe the bound
aries. The experiment in which G1 is ﬁxed along the x-axis and the
orientation of G2 is varied in the X–Y plane seems to have several
advantages: The sensitivity to microscopic anisotropy is larger as
both of the diffusion sensitizing gradient pairs are in the plane per
pendicular to the main axis of the ﬁber, the size estimates are
weakly dependent on the diffusion coefﬁcient, and the SNR is high
er because both gradient pairs encode restricted diffusion so less
signal is lost to dephasing.
In theory, if the pore shape is known a priori, one can extract the
size of the compartment even from low q s-PGSE experiments.
However, in this case, the observed signal attenuation will not re
veal whether the diffusion regime is truly restricted—only the dif
fraction minima, at high q-values provide the actual signature for
restricted diffusion. The advantage of d-PGSE is that it provides a
conclusive signature that arises from microscopic anisotropy
(angular dependence of the signal decay) for restriction at very
low q-values. Another point is that the best estimate for size is ob
tained when parameters are varied over a wide range. In s-PGSE,
this means going to higher q-values. In the low-q angular d-PGSE,
q is ﬁxed and the large range of parameters is achieved by varying
the angles between 0° and 360°.
Note that in all the phantoms we employed, the tubes were
aligned with the main magnetic ﬁeld (z-axis). Therefore, it was pos
sible to measure the diameter of the tubes simply by applying the
gradients in the transverse plane. Importantly, when the orienta
tion is not known a priori, it can be measured using a more general
sampling scheme and Eqs. (14–16) in Ref. [42], which would yield
the orientations as well as the diameters of the cylinders simulta
neously. Moreover, the subsequent formulation based on the rela
tions validated in this study makes it possible to obtain even an
orientation distribution function for tubes from the quadratic term
of the NMR signal attenuation. Measuring the pore size, orientation
and distribution may have applications in biological tissues, porous
media, and emulsions, all of which exhibit different levels of diffu
sion complexity; further studies are needed to demonstrate the full
capabilities of d-PGSE in characterizing these systems.
One potential limitation of the angular d-PGSE experiment is
that low gradients may be unstable (especially in systems capable
of producing very strong pulsed gradients) producing ﬂuctuating
MR signals even though the SNR is high. For clinical systems, how
ever, this should not pose a serious problem.
Although many angles are required to achieve high angular res
olution, these can be collected in a rather short time because the
minimum measurement involves acquisition of only two q-values.
Since the SNR is high due to the low q-values used, relatively few
averages are needed. Therefore, a high angular resolution can be
achieved in a time-efﬁcient manner.
Our ﬁndings imply that for relatively small pores, in which very
high q-values are needed to characterize the pore dimension, the
low-q regime angular d-PGSE experiment may provide an alterna
tive to estimating the pore dimension. We observed that in small
pores, the SGP approximation is easily violated and the diffusion
period easily probes the boundaries of the restricting compart
ment. As we have shown in this study, under these conditions,
the simulations can accurately characterize the compartment size
if the experimental timing parameters are taken into account.
Since the theory correctly accounts for the timing parameters,
more general acquisition strategies that involve angular variations

as well as variations in the timing parameters can be devised. Such
acquisitions, with increased dimensionality of sampled parameter
space, may help elucidate more features related to the microstruc
ture of the specimen. These ﬁndings are important in studying
small and complicated pore structures such as those found in bio
logical tissue.
5. Conclusions
We have demonstrated the feasibility of employing low ampli
tude gradients to estimate the pore dimensions in restricted com
partments. We can accurately estimate pore dimensions when the
timing parameters of the double-PGSE experiments are incorpo
rated into our simulations, provided that the diffusion times are
long enough to enable diffusing molecules to probe the boundaries
of the conﬁning compartment. This experimental study validates
the theory that was previously published [41,42]. We conclude
that for restricted diffusion in conﬁned geometries characterized
by small dimensions, the low q angular d-PGSE experiment may
be more advantageous than the s-PGSE experiment for extracting
structural information, as it employs low amplitude gradients
and inherently has a higher SNR.
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