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a b s t r a c t

Microscopic diffusion anisotropy in porous materials can be quantified from diffusion NMR data acquired
with a combination of directional and isotropic diffusion encoding. A drawback with current pulses
sequences for isotropic encoding is that they all rely on spin echo sequences, which are only applicable
to pore liquids with long transverse relaxation times and porous materials with negligible internal mag-
netic field gradients. To mitigate these problems, we introduce a pulse sequence based on consecutive
stimulated echo blocks with bipolar gradient pulse pairs giving equal diffusion encoding in three succes-
sive directions. By varying the angles between these directions, the pulse sequence can be tuned to give
either directional or isotropic diffusion encoding. We demonstrate the new pulse sequence by experi-
ments on detergent/water liquid crystals with lamellar, bicontinuous cubic, and reverse 2D hexagonal
structures.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

Pore space anisotropy can be observed through its effect on the
translational diffusion of the pore liquids as measured with nuclear
magnetic resonance (NMR). When the porous material is aniso-
tropic on the macroscopic scale, the anisotropy is readily detected
by diffusion NMR measurements with diffusion encoding in multi-
ple directions [1,2]. Although the pore space is anisotropic, a wide
range of materials exhibit limited diffusion anisotropy on the mac-
roscopic scale if the anisotropic microcrystallites or ‘‘domains’’ lack
orientational order. Examples of such materials are lyotropic liquid
crystals [3], paper [4], inorganic porous solids [5,6], and brain
tissue [7].

We have recently shown that isotropic diffusion weighting in
conjunction with conventional directional measurements permits
quantification of both the microscopic diffusion anisotropy and
the orientational order of the microcrystallites [8]. Several pulse
sequences giving isotropic diffusion weighting have been sug-
gested [9–14], all of them relying on lengthy spin echo sequences
that are sensitive to the effects of transverse relaxation and inter-
nal magnetic field gradients caused by magnetic susceptibility
differences between the porous matrix and the pore liquid. Conse-
quently, our previous experimental protocols are of limited use for

studies of inorganic solids such as mesoporous silica or zeolites. In
order to extend the range of applicability, we here propose a pulse
sequence using stimulated echoes to reduce the influence of
transverse relaxation [15], and bipolar gradient pulse pairs to mit-
igate the effects of internal gradients and eddy currents [16]. The
same combination of remedies has previously been used for both
conventional directional diffusion weighting [17] and double
pulsed field gradient experiments [18].

2. Directional and isotropic diffusion weighting

Anisotropic Gaussian diffusion can be described with the diffu-
sion tensor D having the elements [19]

D ¼
Dxx Dxy Dxz

Dyx Dyy Dyz

Dzx Dzy Dzz

0
B@

1
CA: ð1Þ

The off-diagonal elements vanish in the principal axis frame. The
isotropic diffusivity Diso is obtained from the diagonal elements
according to

Diso ¼ ðDxx þ Dyy þ DzzÞ=3: ð2Þ

Diso is independent of the orientation of the principal axis frame
with respect to the lab frame.
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In diffusion NMR and MRI, the signal is encoded for transla-
tional motion by application of a time-dependent magnetic field
gradient G(t), from which the dephasing vector q(t) and the diffu-
sion weighting matrix b can be defined through [20,21]

qðtÞ ¼ c
Z t

0
Gðt0Þdt0 ð3Þ

and

b ¼
Z tE

0
qðtÞqTðtÞdt: ð4Þ

In Eqs. (3) and (4), c is the magnetogyric ratio and tE is the time of
echo formation, i.e. where q(tE) = 0. The effects of RF pulses are
included in G(t). The diffusion weighting b, the ‘‘b-value’’, is given by

b ¼
Z tE

0
qðtÞ2dt ð5Þ

or, equivalently,

b ¼ bxx þ byy þ bzz: ð6Þ

The signal intensity I is related to b and D through

I ¼ I0 expð�b : DÞ; ð7Þ

where I0 is the signal when b = 0 and b:D denotes a generalized sca-
lar product defined by

b : D ¼
X

i

X
j

bijDij: ð8Þ

In general, b:D depends on the orientation of the diffusion tensor
with respect to the lab frame. A special case is so-called ‘‘isotropic’’
or ‘‘trace’’ diffusion weighting [9], where the diagonal elements of b
are equal and all off-diagonal elements are zero. In this case, Eq. (5)
reduces to

I ¼ I0 expð�bDisoÞ; ð9Þ

which is invariant upon rotation of the diffusion tensor.

3. Pulse sequence

The triple-stimulated echo sequence for isotropic diffusion
encoding is shown in Fig. 1. The three stimulated echo blocks,

labeled with index i, encode the signal for diffusion in three
consecutive directions ni given by

ni ¼
xi

yi

zi

2
64

3
75 ¼

cos wi sin f

sin wi sin f

cos f

2
64

3
75; ð10Þ

where

wi ¼
2p
3
ði� 1Þ; i ¼ 1;2;3: ð11Þ

As shown in Fig. 2, the direction vectors are distributed around the
z-axis with threefold symmetry.

Evaluation of the b-matrix elements through Eqs. (3) and (4)
yields

bxx ¼ byy ¼ b
sin2 f

2
bzz ¼ b cos2f

bxy ¼ byx ¼ bxz ¼ bzx ¼ bxz ¼ bzx ¼ 0;

ð12Þ

where

b ¼ 3ðcGdÞ2 D� d
3
� s

2
� e

2
� e2

6d
þ e3

15d2

� �
ð13Þ

and the variables G, d, D, s, and e are defined in Fig. 1. Isotropic dif-
fusion encoding, i.e. bxx = byy = bzz = b/3, is achieved for the ‘‘magic-
angle’’ f = acos(1/31/2) � 54.7�, while standard directional encoding
corresponds to f = 0. In practice, it is beneficial to use a small, but
non-zero, value of f also for directional encoding in order to reduce
the need for RF and receiver phase cycling. The rationale for select-
ing the gradient directions in Eqs. (10) and (11) is that the b-value is
independent of the value of f as long as the timing parameters and
the gradient amplitudes remain constant. Any dependence of the
detected signal on the value of f can then be attributed to the pres-
ence of microscopic diffusion anisotropy.

Assuming exponential relaxation with the longitudinal and
transverse relaxation times T1 and T2, the value of I0 is given by

I0 ¼
1
8

I90
� exp �6s1 þ se

T2

� �
exp �3s2

T1

� �
; ð14Þ

where I90� is the signal after a single 90� pulse and the delays s1, s2,
and se are defined in Fig. 1. The factor 1/8 = 1/23 originates from the
fact that, for each of the three stimulated blocks, only half of the
magnetization is stored in the longitudinal direction.
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Fig. 1. Triple-stimulated echo pulse sequence for isotropic diffusion encoding of
pore liquids with short transverse relaxation time. Narrow and broad vertical lines
symbolize 90

�

x and 180
�

y RF pulses, respectively. The sequence comprises three
stimulated echo blocks, indicated with numbered braces, and a spin echo block
with duration se before signal acquisition. The magnetization is longitudinally
stored during the s2 delays. The 180

�

y pulses are located at the centers of the s1 and
se delays. Each stimulated echo block contains two bipolar gradient pulse pairs,
with D denoting the time between their leading edges. The magnification shows the
shape of one bipolar pulse pair with amplitude G, ramp time e, inter-pulse spacing
s, and effective area Gd. Each s2 delay includes a spoiler gradient (not shown). The
phases of the first 90� pulse and the receiver are cycled in two steps ±x. The three
gradient directions, symbolized with the colors red, green, and blue, are shown in
Fig. 2. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

n1

n2

n3

x
n1

n2

n3

y

x

y

z

ψζ

)b()a(

Fig. 2. Gradient directions for the pulse sequence in Fig. 1 shown as (a) 3D view and
(b) projection onto the xy-plane. The unit vectors n1 (red), n2 (green), and, n3 (blue)
are given by Eqs. (10) and (11). In spherical coordinates, the three vectors have the
polar angle f and the azimuthal angles w = 0�, 120�, and 240�. Directional and
isotropic diffusion weighting is obtained for the angles f = 0� and 54.7�, respec-
tively. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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