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a b s t r a c t

Double-Pulsed-Field-Gradient (d-PFG) MR is emerging as a powerful new means for obtaining unique
microstructural information in opaque porous systems that cannot be obtained by conventional single-
PFG (s-PFG) methods. The angular d-PFG MR methodology is particularly important since it can utilize
the effects of microscopic anisotropy (lA) and compartment shape anisotropy (csA) in the E(w) profile
at the different tm regimes to provide detailed information on compartment size and eccentricity. An
underlying assumption is that the PFGs that are imparted to weigh diffusion are the only gradients pres-
ent; however, in realistic systems and especially where there are randomly oriented anisotropic pores,
susceptibility effects may induce strong internal gradients. In this study, the effects of such internal gra-
dients on E(w) plots obtained from angular d-PFG MR and on microstructural information that can be
obtained from s-PFG and d-PFG MR were investigated. First, it was found that internal gradients induce
a bias in the s-PFG MR results, thus creating an anisotropy that is not related to microstructure, termed
apparent-Susceptibility-Induced-Anisotropy (aSIA). We then show that aSIA effects are also manifest in
different ways in the angular d-PFG MR experiment in controlled phantoms and in realistic systems such
as quartz sand, emulsions, and biological systems. The effects of aSIA in some cases completely masked
the effects of lA and csA; however, we subsequently show that by introducing bipolar gradients to the d-
PFG MR (bp-d-PFG), the effects of aSIA can be largely suppressed, restoring the E(w) plots that are
expected from the theory along with the microstructural information that it conveys. We conclude that
when specimens are characterized by strong internal gradients, the novel information on lA and csA that
is manifest in the E(w) plots can indeed be inferred when bp-d-PFG MR is used, i.e. when bipolar gradi-
ents are applied.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The single-Pulsed-Field-Gradients (s-PFG) diffusion MR method-
ology (Fig. 1A) [1] offers information on molecular properties such as
the diffusion coefficient (D0) of chemical moieties in solution [2] and
can even utilize restricted diffusion processes [3] to report on micro-
structural properties such as pore size and anisotropy in porous sys-
tems ranging from chemistry [4] to material sciences [5,6] and rocks
[7], and even to biology [8,9] and medicine [10,11]. Compartment
sizes can be obtained from measuring the signal decay as a function
of the wavevector q (where q = (2p)�1cdG) up to high q-values; in
some cases diffusion–diffraction troughs emerge in the signal decay,
offering direct and accurate information on compartment size [12].
These diffraction minima disappear however when size distribu-
tions are present [13] and the signal then decays monotonously,
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but appears non-mono-Gaussian [14–16]. This E(q) signal can be
Fourier Transformed, and the root mean squared displacement
(rmsd) can be obtained from the resulting displacement probability
distribution function (PDF) [14–16]. When anisotropic compart-
ments are coherently organized about a certain axis, i.e. when
ensemble anisotropy (eA) exists [17], the macroscopic pore anisot-
ropy can be inferred from diffusion tensor analysis, which yields
quantitative and rotationally invariant information on the eigen-
values and eigenvectors [18]. However, it is difficult to infer on
anisotropy on a microscopic scale when pores are randomly ori-
ented since diffusion directors are averaged along all directions
and only isotropic signals are observed [19].

The double-PFG (d-PFG) MR methodology [20–22] (Fig. 2)
employs two gradient vectors G1 and G2, which have durations d1

and d2 respectively, and span the diffusion periods D1 and D2,
respectively. The timing between the two diffusion periods is
termed the mixing time (tm). Since two gradient vectors exist,
one can define the relative angle between them, termed w. Initial
studies included comparisons of high q-values E(q) measurements
in collinear and orthogonal gradient directions in gray matter [23]
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Fig. 1. s-PFG sequences. (A) The single-Stimulated Echo (s-STE) sequence. (B) The
bi-polar s-STE (bp-s-STE). D – Diffusion period, d – gradient duration, TE – echo
time. Black boxes represent 90� RF pulses, respectively.
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and spinal cords [24]. At w = 0� and tm = 0 ms, it was later predicted
[25] and then experimentally shown [26] that diffusion–diffraction
patterns in restricted systems take the form of zero-crossings of
the signal decay, which were theoretically predicted [17,25] and
then experimentally shown to be robust towards size [13] and ori-
entation [19] distributions. However, such experiments necessitate
strong gradients, and furthermore, information on compartment
shape is not directly available from the zero-crossings [27].

The angular d-PFG methodology [28] is capable of overcoming
some of these drawbacks. In angular d-PFG NMR, the gradient
amplitudes are set equal |G1| = |G2| and only the angle w is varied,
yielding the so-called angular dependence E(w) [17,28–30]. For
spherical pores, it was predicted that at short tm, a bell-shaped
E(w) profile should emerge, arising from microscopic anisotropy
(lA), which directly reports on compartment size even when
rather weak gradients are employed [28–30]. Indeed, this has been
Fig. 2. d-PFG sequences. (A) The double-Stimulated Echo (d-STE) sequence with finite m
gradient duration, TE – echo time, tm – mixing time. Black and grey boxes represent 90� a
the gradients in fact encode in the same sense. They graphically appear opposite owing
experimentally observed and validated in controlled systems in
spectroscopy [31,32], and, to a certain extent, also in MRI [33–35].

It was later predicted [17] that at short tm, lA is in fact coupled
to yet another parameter termed compartment shape anisotropy
(csA), which is in fact related to the local pore eccentricity.
Remarkably, it was predicted that at long tm, lA effects can be
decoupled from the effects of csA, thus yielding E(w) profiles that
are solely dependent on compartment eccentricity, even when
pores are completely randomly oriented [17]. At long tm, a
cos(2w)-like dependence was predicted for eccentric pores, with
increasing amplitude for increasing eccentricity [17], while a
w-independent profile was predicted for spheres. Indeed, very
recently, csA effects were detected for the first time in systems that
are not characterized by eA, including controlled porous media
[19], emulsions and quartz sand [36], and even isolated gray and
white matter of the CNS [37].

Recently, theoretical studies on extension of angular d-PFG
NMR to multiple concatenations [38,39], on tensor analysis of the
signal to obtain measures of anisotropy that are invariant to rota-
tion [40,41], and on the correlation of the signal with physical
interpretation of microstructure [42], as well as monte-carlo simu-
lations of the angular d-PFG MR signal [43] were reported.

In most cases, the applied PFGs are assumed to be the only sig-
nificant sources of diffusion weighting. However, in many cases,
strong internal gradients are additionally present, that are mostly
caused by susceptibility effects within the specimen [44–46]. The
effect of these internal, or ‘‘background’’ gradients is to add
cross-terms to the diffusion NMR signal decay [46]. These cross-
terms have been extensively investigated especially in the context
of obtaining accurate diffusion coefficients in systems that are
characterized by free diffusion [46]. It was shown that the cross-
term induced by a temporally constant internal gradient can be
effectively suppressed by replacing the PFGs with bipolar PFGs
and spacing the p pulses evenly [46,47]. Furthermore, in more
complicated scenarios where temporally varying internal gradients
exist, methods were suggested to minimize the effects of the cross-
terms [48,49]. Other studies in fact utilized the internal field as the
only source of gradients, and there it was shown that microstruc-
tural information can be inferred from the signal decay due to
internal field (DDIF) [7,50].

However, the effects of internal gradients on the microstructural
information that can be obtained have not yet been thoroughly stud-
ied. One study that investigated diffusion in coherently aligned
microcapillaries showed that diffraction troughs that are normally
ixing time. (B) The d-STE sequence with zero mixing time. D – Diffusion period, d –
nd 180� RF pulses, respectively. Note that in (A) the case where w = 0� is shown, i.e.
to the two 90� RF pulses in between.



Fig. 3. Bi-polar d-PFG sequences. (A) The bi-polar d-STE (bp-d-STE) sequence with finite mixing time. (B) The bp-d-STE sequence with zero mixing time. D – Diffusion period,
d – gradient duration, TE – echo time, tm – mixing time. Black and grey boxes represent p/2 and p RF pulses, respectively.
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observed and that offer direct microstructural information on pore
size [51–53] are lost owing to magnetic inhomogeneity [54]. There,
it was also shown that by applying bipolar gradients the diffraction
patterns can be fully restored, along with the microstructural infor-
mation they convey [54]. In another study it was shown that by
applying RF gradients (that are robust towards susceptibility related
artifacts), a diffraction trough can be restored in inhomogeneous
media [55]; in both cases, the microstructural information has been
recovered.

The robustness of double-PFG MR to size and orientation distri-
butions, along with its ability to portray compartment shape
anisotropy makes it a good candidate for uniquely characterizing
many types of porous systems where susceptibility effects may
be very significant. However, the effects of internal gradients on
the angular dependencies arising from d-PFG have not yet been
studied. Here, we study these effects in both controlled systems
as well as in several applications such as quartz sand, emulsions,
and even biological systems such as yeast cells. We first show that
internal gradients can induce an apparent anisotropy in both s- and
d-PFG experiments. Subsequently, we show experimentally that
bipolar d-PFG NMR (bp-d-PFG) NMR (Fig. 3) can effectively sup-
press the effects of internal gradients and offer accurate micro-
structural information in these systems.

2. Materials and methods

2.1. Preparation of the specimens used in this study

The preparation of the controlled porous media was previously
described [19]. Briefly, hollow microcapillaries with well defined
inner diameter (ID) (PolyMicro Technologies, Phoenix AZ, USA)
were manually cut to very small pieces and were filled by water
by immersing the particles in distilled water for several days.
The resultant porous media was poured into an eight or in some
cases 10 mm NMR tube containing Fluorinert (Sigma–Aldrich,
Rehovot, Israel).

The sand specimen was prepared simply by packing clean
quartz sand into an NMR tube and filling it with distilled water.
After the sand was clearly wet, the clear water layer above the sand
was aspired using a pipette. The NMR tube containing the sand
specimen was then used without any further process.
The yeast cells specimen was prepared as follows: The yeast
were hydrated with PBS, then centrifuged for 10 min with
1000 rpm. The yeast were then suspended in paraformaldehyde
(Sigma–Aldrich, Rehovot, Israel) fixative for 90 min, then washed
twice with Phosphate-Buffer-Saline (PBS) (Sigma–Aldrich,
Rehovot, Israel). The cells were centrifuged again for 10 min and
1000 rpm after the second wash, and the supernatant fluid was
removed. The yeast cells were then suspended in a small amount
of PBS, which was poured to an 8 mm NMR tube. The fixated cells
were allowed to settle overnight at 4 �C, and the water that
collected above the yeast was again removed prior to the NMR
experiments.
2.2. NMR experiments

All experiments were performed on an Bruker 8.4 T NMR spec-
trometer equipped with a Micro5 probe capable of producing nom-
inal pulsed gradients of up to 1900 mT/m in each direction. The
temperature was kept constant throughout the experiments. For
a general review on the angular d-PFG methodology, see [27].
Briefly, all angular experiments were performed using the follow-
ing methodology: the gradient amplitudes were set constant, i.e.
|G1| = |G2|, and G1 was fixed in the x-direction. The orientation of
G2 was varied in 25 equal steps along 360� in the X–Y plane (per-
pendicular to the direction of B0).

To infer on the presence of aSIA effects, both s-PFG and d-PFG
experiments were performed first using sequences employing con-
ventional, monopolar gradients (Figs. 1A and 2), and then the
experiments were repeated using sequences that replaced the
monopolar gradients with bipolar gradients, i.e. bp-s-PFG and
angular bp-d-PFG sequences (Figs. 1B and 3). The gradients in
monopolar sequences (Figs. 1A and 2) are characterized by their
duration d and their amplitude |G|. To maintain the same q-value
in the sequences employing bipolar gradients (Figs. 1B and 3),
the gradient amplitude |G| was kept identical to the monopolar
version, but the gradient pulse was split into two lobes having
duration d/2, and a p-pulse was symmetrically placed between
the two lobes [46,47], affording the bp-s-PFG or bp-d-PFG se-
quences shown in Figs. 1B and 3, respectively. For all experiments
the TR was set to 4.5 s.
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2.3. Experimental parameters for NMR experiments

2.3.1. Randomly oriented pores with ID = 29 ± 1 lm
Single-PFG and bp-s-PFG were conducted with the sequences

shown in Fig. 1A and B respectively, with the following parame-
ters: D/d = 250/3 ms, 9 q-values were collected with Gmax of
470 mT/m, resulting in a maximum q-value of 766 cm�1. The num-
ber of scans (NS) was set to eight. The SNR of the first q-value was
�6500.

2.3.2. Randomly oriented pores with ID = 10 ± 1 lm
To show compartment shape anisotropy, the angular d-PFG

experiments were performed as described above, with the mono-
polar and bipolar sequences shown in Figs. 2A and B and 3A and
B, respectively. The following parameters were used for long tm:
D1 = D2 = 250 ms, d1 = d2 = 3 ms and tm = 18 ms. For the short tm:
D1 = D2 = 250 ms, d1 = d2 = 3 ms and tm = 0 ms. The E(w) profiles
were measured for 2q = 255 cm�1 as well as 2q = 447 cm�1. The
SNR for both q-values was larger than 110 at w = 0� for both mono-
polar and bipolar angular d-PFG experiments. The NS was set to 32.

2.3.3. Quartz sand experiments
Comparison between conventional and bipolar d-PFG was per-

formed on the fine grains specimen with the following parameters:
The angular d-PFG experiments were performed as described pre-
viously, with the monopolar and bipolar sequences shown in Figs.
2B and 3B, respectively. The following parameters were used:
D1 = D2 = 50 ms, d1 = d2 = d3 = 3 ms and tm = 0 ms. The measure-
ments were performed at 2q = 631 cm�1, and the SNR at w = 0�
was larger than 150 for both monopolar and bipolar d-PFG exper-
iments. The NS was set to 24.

2.3.4. Yeast cells
The monopolar and bipolar angular d-PFG experiments were

performed with the sequences shown in Figs. 2B and 3B, respec-
tively with the following parameters D1 = D2 = 200 ms,
d1 = d2 = 3 ms and tm = 0 ms. The E(w = 180�) value for the monopo-
lar experiment was replaced with the average of the two neighbor-
ing points owing to a signal fluctuation. The measurements were
performed up to 2q = 2043 cm�1, and the SNR at w = 0� was larger
than 200 for both monopolar and bipolar d-PFG experiments at
2q = 2043 cm�1. The NS was set to eight.

2.3.5. Experiments on the emulsion
system. The angular d-PFG and bp-d-PFG experiments were

performed with the sequences shown in Figs. 2B and 3B, respec-
tively. The following parameters were used: D1 = D2 = 200 ms,
d1 = d2 = d3 = 3 ms and tm = 0 ms. The E(w) profiles were measured
Fig. 4. s-PFG NMR experiments on randomly oriented locally cylindrical pores with ID =
decays at different rates when s-PFG is used, leading to erroneous interpretation of pore
accurate isotropic decay.
for 2q = 283 cm�1 as well as 2q = 1604 cm�1. The NS was set to
eight. The SNR at 2q = 283 cm�1 and w = 0� was larger than 1000
for both monopolar and bipolar angular d-PFG experiments while
the SNR at 2q = 1604 cm�1 and w = 0� was larger than 15 for both
monopolar and bipolar angular d-PFG experiments.
3. Results and discussion

Fig. 4A shows s-PFG NMR experiments conducted on a con-
trolled specimen that has cylindrical pores that are completely ran-
domly oriented using the sequence shown in Fig. 1A. As could be
expected, the line width in this specimen is very large, �0.5 kHz,
manifesting the large susceptibility differences arising from all
the cylinders that are not parallel to the magnetic field B0. Surpris-
ingly, Fig. 4A shows anisotropy in the NMR signal decay, with dif-
fusion in the z-direction slower compared to diffusion in the x- and
y-directions, which appear very similar. The ground truth in this
specimen is well known, and the experimental results disagree
profoundly with diffusion in randomly oriented cylindrical
compartments, which should manifest isotropic diffusion in the
s-PFG MR experiment. The experimental results shown in Fig. 4A
could be consistent in fact only with coherently organized oblate
compartments, where diffusion in the z-direction is expected to
appear slower than diffusion in the x- and y-directions. Fig. 4B
shows bp-s-PFG NMR experiments conducted on the same phan-
tom with identical diffusion weighting but with the sequence
shown in Fig. 1B. Here, isotropic signal decay is clearly observed.
Moreover, the signal decay itself is different and decays more rap-
idly compared to the signal decay observed in monopolar s-PFG
MR experiments. As explained above, the isotropic signal decay is
expected since s-PFG MR can only detect eA, which is not present
in this specimen. Therefore, the anisotropy that is observed in the
s-PFG NMR experiments is in fact induced by susceptibility effects,
as clearly shown from the suppression of this anisotropy by the bp-
s-PFG NMR. Since experiments employing monopolar gradients
show anisotropy that is ‘‘apparent’’ but does not reflect the actual
geometry of the investigated system, and the apparent anisotropy
appears to be merely induced by background gradients, we term
this anisotropy ‘‘apparent-Susceptibility-Induced-Anisotropy’’
(aSIA).

At tm = 0 ms, the E(w) angular dependencies arising from angu-
lar d-PFG NMR experiments in randomly oriented anisotropic
compartments were predicted [17] and then experimentally
shown [19] to follow a modulated bell shaped curve. This behavior
is a manifestation of both lA and csA on the E(w) dependence,
from which the compartment size and its eccentricity can in prin-
ciple be extracted. To investigate how the effects of aSIA influence
angular d-PFG NMR measurements, we performed angular d-PFG
29 ± 1 lm. (A) monopolar s-PFG NMR and (B) bp-s-PFG NMR. Note that the signal
shape due to aSIA effects. The bp-s-PFG NMR corrects these effects, and yields the



Fig. 5. Stackplot of angular d-PFG NMR experiments on randomly oriented locally
cylindrical pores with ID = 10 ± 1 lm. (A) Angular d-PFG NMR note that here,
bipolar gradients are used. (B) Angular bp-d-PFG NMR (note that here, bipolar
gradients are used). An inverted angular dependence is observed when monopolar
gradients are used. Application of bipolar gradients produces the expected angular
dependence, from which accurate morphological features can be extracted.
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and angular bp-d-PFG NMR experiments on the same phantom
where the linewidth was about 0.5 kHz. Fig. 5 shows a stackplot
of the NMR signal from these experiments at 2q = 255 cm�1 and
at tm = 0 ms. Remarkably, and completely contrary to the theoreti-
cal predictions, Fig. 5A shows that E(w) decreases up to w = 180�,
and then increases back to its original value at w = 360�. The signal
decreases by more than a factor of 2 at w � 180�. These observa-
tions are clearly inconsistent with the expected E(w) profile in such
specimens; in randomly oriented cylinders, E(w) should be gov-
erned by lA, which gives rise to bell shaped dependencies, and
by csA, which modulates these E(w) curves. Therefore, a modulated
bell-shaped curve is expected [17]. The observed E(w) dependence
from angular d-PFG MR in this system (Fig. 5A) in fact does not
seem to represent the manifestations of neither of these important
microstructural parameters; rather, it seems that the effects of lA
and csA are being masked by the effects of aSIA. This can be ascer-
tained when the same experiments are performed but this time
with a sequence employing bipolar gradients (bp-d-PFG)
(Fig. 5B). Indeed, when angular bp-d-PFG NMR experiments were
performed, the E(w) signal returned to its expected form, showing
a modulated bell shaped dependence. Here, the signal decreased
only up to w � 90�, and then increased gradually up to w = 180�;
this behavior was mirrored subsequently up to w = 360�. These
modulated curves indeed represent the lA and csA present in
the specimen, from which the compartment size and eccentricity
can be accurately extracted [17,19]. Therefore, it seems that the ef-
fects of aSIA, which masked the effects of lA and csA in the E(w)
profile of angular d-PFG NMR experiments, is sufficiently
suppressed.

Fig. 6 shows angular d-PFG and bp-d-PFG experiments at both
short and long mixing times in a phantom where cylindrical com-
partments having ID = 10 lm that were randomly oriented (the
line width was again on the order of �0.5 kHz). The effects of aSIA
are clear in all conventional angular d-PFG NMR experiments, at
both mixing times, and at both q-values shown (Fig. 6A and C).
When monopolar gradients are used, the E(w) plots appear
inverted, and do not represent the effects of lA and csA on the
angular dependence. The inverted dependencies therefore cannot
be used to extract meaningful microstructural information from
the specimen. Importantly, it is impossible to infer on the presence
of csA, which reflects the eccentricity of the pores present in the
specimen; such unique information is one of the main advantages
of angular d-PFG NMR, since it inherently cannot be obtained from
s-PFG MR approaches. Therefore, the loss of this information owing
to aSIA represents a major drawback for the angular d-PFG meth-
odology in such specimens.

By contrast, for both tm regimes, when the bp-d-PFG NMR is
performed, the application of bipolar gradients seems to alleviate
the aSIA effects substantially, and the modulated angular depen-
dence appears in the E(w) plots (Fig. 6B and D). In a recent study
it was shown that indeed, these E(w) dependencies can be in fact
used to extract compartment size, and importantly, to infer on
the presence of compartment shape anisotropy from the short
and long tm regime, respectively. This information was completely
unavailable from s-PFG MR [19]. Indeed, in such scenarios where
compartments are randomly oriented, information on the underly-
ing compartment eccentricity can be uniquely obtained from angu-
lar d-PFG NMR at long tm; however, the results shown in Fig. 6
clearly demonstrate that bipolar gradients are imperative for one
to obtain a meaningful E(w) profile. Indeed, the data from conven-
tional d-PFG MR experiments was so distorted and the inverted
angular dependence was so different compared to the expected
modulated E(w) curves, that attempting to fit such data to the the-
ory seems problematic, and accurate compartment sizes could not
be obtained.

After observing the effects of aSIA in controlled phantoms, we
sought to investigate aSIA effects in more realistic specimens that
were recently characterized uniquely by angular bp-d-PFG NMR
[36]. We therefore conducted and compared angular d-PFG and
bp-d-PFG experiments in three different specimens: water
diffusing between quartz sand grains, the oil component of an
oil-in-water emulsion, and finally, a biological specimen, namely
fixed yeast cells. Fig. 7 shows the results of these experiments.

The line width of a pulse-acquire NMR experiment in the sand
specimen was �1.2 kHz, manifesting very large internal gradients
within the sand. Indeed, when the conventional angular d-PFG
NMR experiments were performed, the inverted angular depen-
dence was clearly observed, showing the masking of aSIA effects
on the E(w) profile, and the masking of the effects of lA and csA
on the E(w) profiles (Fig. 7A). However, when the angular bp-d-
PFG NMR experiments were performed, the inverted angular
dependence disappeared, giving rise to a pronounced, bell-shaped
E(w) profile, from which meaningful information could be obtained
[36].

In the fixed yeast cells, the line width was much smaller,
�30 Hz, and we therefore expected aSIA effects to be much less
pronounced. Indeed, the effects of aSIA were not apparent at the
low q-values; however, a different form of aSIA was observed at
higher q-values. Here, the angular dependence does not appear
inverted; rather, we observed a plateau-like feature in the E(w)
angular dependence in monopolar angular d-PFG experiments.
The plateau-like behavior was observed around w � 180 ± 90�
(Fig. 7B), and was also observed in other biological specimens such
as fixed optic nerves (data not shown). Note that the signal is not
exactly a plateau, and there is a slight decrease around
w � 180 ± 30�. When angular bp-d-PFG NMR experiments were
performed however, these effects seem to be largely suppressed,
and the expected bell shaped E(w) profile is observed. It should
be noted that under light microscopy, the cells appear spherical,
and therefore a smooth bell shaped curve is expected by the theory
for spherical compartments. Indeed, in a recent study, the angular



Fig. 6. Angular d-PFG NMR experiments on randomly oriented locally cylindrical pores with ID = 10 ± 1 lm. (A) Angular d-PFG NMR with monopolar gradients (tm = 0 ms). (B)
Angular bp-d-PFG NMR with bipolar gradients (tm = 0 ms). (C) Angular d-PFG NMR with monopolar gradients (tm = 18 ms). (D) Angular bp-d-PFG NMR with bipolar gradients
conducted (tm = 18 ms).
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bp-d-PFG NMR showed that the cells are in fact spherical from a w-
independent profile at long tm [36]. Here, the bipolar gradients in-
deed appear to correct the plateau-like effects at short tm, and
therefore it can be inferred that this is a different, more subtle ef-
fect of aSIA, that is manifested only at higher q-values when the
susceptibility effects are not severe.

In the toluene-in-water emulsion, the line width of the methyl
peak of toluene in a pulse-acquire NMR experiment was compara-
ble to that of the yeast cells, and the line width was �30 Hz. Here,
at low q-values, both d-PFG and bp-d-PFG angular experiments
provide very similar information, both showing a bell-shaped
E(w) profile (Fig. 7C). However, as the q-values are increased, again,
the effect of aSIA now does not appear as a plateau, but as a sym-
metrical decrease of the signal around w � 180 ± 90�. It may be
that this is the same effect as was found in the yeast cells, only
more pronounced in the emulsion. Again, it can be shown that this
is an aSIA effect, since it is suppressed when angular bp-d-PFG
NMR is used. In the angular bp-d-PFG MR experiments, the ex-
pected form is restored in the E(w) plots, i.e. a modulated bell-
shaped curve is in fact observed that manifests the effects of lA
and csA.

Komlosh et al. investigated the E(q) signal decay at long tm in
different collinear and orthogonal d-PGSE experiments in a ‘‘gray
matter phantom’’, which consisted of water filled capillaries having
a random orientation [23]. There, it was clearly observed that the
signal decreased from the X_X direction (which corresponds to
w = 0�) to the X_Y direction (which corresponds to w = 90�), and
then a further decrease was shown between X_X and X_�X (which
corresponds to w = 180�), and it was tentatively suggested that
these effects may be due to susceptibility, although other
mechanisms were proposed as well. The effects observed in [23]
are consistent with what was observed in the full E(w) profile in
this study (Fig. 5A), and can now be explained as an aSIA effect,
especially since the predicted [17] angular dependence was
restored by applying bipolar gradients. Another experimental
angular d-PFG study was recently conducted by Koch and
Finsterbusch using an imaging sequence on water diffusing
between packed acrylate beads, pig spinal cords, and radish [33].
In some of their data, inverted angular dependencies can also be
seen, that are likely effects of aSIA on the E(w) profiles.

Another previous study showed that the highly informative dif-
fusion–diffraction troughs that can be observed in s-PFG MR of
monodisperse compartments are in fact lost in the presence of
strong field inhomogeneity and are recovered once bp-s-PFG MR
is applied [54]. Recently, it was shown that when pores are ran-
domly oriented, the diffraction patterns are lost in bp-s-PFG MR,
but are recovered in bp-d-PFG MR since the diffraction patterns
originate from zero-crossing of the signal [19]. We note that there,
monopolar d-PFG MR did not exhibit zero-crossings, again owing
to aSIA effects, that were successfully suppressed when bipolar-
d-PFG MR was performed [19].

The effects of background gradients are usually analyzed in
terms of the effective gradient amplitudes in E(q) profiles [46],
leading to the cross-terms between diffusion and background gra-
dients. Here, the interaction of the background gradient with the d-
PFG MR gradients was shown at constant q-values, probably
emphasizing an angular dependence of the cross-terms. Further
theoretical studies examining the effect of background gradients
on the angular d-PFG MR will be needed to decipher the exact ori-
gin of the inverted curves observed here.



Fig. 7. Effects of aSIA on E(w) profiles at tm = 0 ms in realistic specimens using conventional angular d-PFG and bp-d-PFG NMR. (A) Specimen consisting of fine Quratz sand
grains (linewidth – 1.2 kHz). In d-PFG MR (squares), an inverted angular dependence is observed. However, in bp-d-PFG (circles), an angular bell-shaped function appears. (B)
Yeast cells (linewidth �30 Hz). In d-PFG MR (squares), the smooth bell-shaped profile that is expected from spherical compartments is distorted. This distortion was easily
corrected using bp-d-PFG (circles). E(w = 180�) was replaced with the average of the two neighboring points owing to a signal fluctuation in the conventional d-PFG data. (C)
Emulsion system (toluene peak, line width �30 Hz). The angular dependence at low q-values appears similar between d-PFG (squares) and bp-d-PFG experiments (circles).
However, at higher q-values, the angular dependence is distorted in d-PFG experiments (black upper triangles). The bp-d-PFG (red lower triangles) experiments show the
expected angular E(w) profile.
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4. Conclusions

The angular d-PFG methodology is emerging as a means for
obtaining novel and unique microstructural information on lA
and csA that cannot be obtained from conventional s-PFG MR
methods, especially in scenarios where eA is not present. We have
shown here that susceptibility effects can lead to anisotropy that is
not related to microstructure even in s-PFG MR; we subsequently
showed that aSIA is also observed in angular d-PFG NMR, masking
the effects of lA and csA and leading to E(w) that cannot be inter-
preted with respect to microstructure. Importantly, we have
shown that applying bipolar gradients in the angular bp-d-PFG
NMR methodology suppresses the effects of aSIA to a good extent,
and the information on the underlying microstructure can be
recovered. We conclude that angular bp-d-PFG NMR may indeed
become important in characterizing even highly inhomogeneous
porous media in different areas of both basic and applied research.
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