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The NMR of the Earth’s magnetic field is used for diffusion-
eighted imaging of phantoms. Due to a weak Larmor field, care
eeds to be taken regarding the use of the usual high field assumption

n calculating the effect of the applied inhomogeneous magnetic field.
he usual definition of the magnetic field gradient must be replaced
y a generalized formula valid when the strength of a nonuniform
agnetic field and a Larmor field are comparable (J. Stepišnik,
. Phys. Chem. 190, 51–62 (1995)). It turns out that the expression for
pin echo attenuation is identical to the well-known Torrey formula
nly when the applied nonuniform field has a proper symmetry. This
ind of problem may occur in a strong Larmor field as well as when
he slow diffusion rate of particles needs an extremely strong gradient
o be applied. The measurements of the geomagnetic field NMR
emonstrate the usefulness of the method for diffusion and flow-
eighted imaging. © 1999 Academic Press

Key Words: magnetic resonance imaging; self-diffusion; geo-
agnetic; earth’s magnetic field; magnetization prepolarization;

radient approximation; strong nonuniform magnetic field; con-
ection; weak magnetic field.

INTRODUCTION

In magnetic resonance a nonuniform magnetic field,Bg(r , t), is
sed to encode the molecule position in the phase of spin p
ion. It enables the detection of the translation displaceme
olecules via the change of spin precessional motion.
ethod is almost as old as NMR itself (2–5). It is a noninvasive
nd nondestructive method and, therefore, attractive to us
tudying the molecular random migration in various system
he magnetic resonance imaging (6) a nonuniform magnetic fie
s used for spin positional phase encoding to get the image o
istribution in sample. In the past decade NMR imaging techn
as been combined with motion encoding for mapping velo
nd diffusion (7, 8) to become a practice tool in science.
In this paper the nuclear magnetic resonance in the Ea
agnetic field is used to test the methods of diffusion-weig
easurements (1, 9, 10) in extremely weak magnetic fields.

s the first experiment in such a weak field where the met
or position and motion encoding are combined in order to
nformation about the spatial distribution of molecular mot

Particle migration across the inhomogeneous magnetic
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auses a dephasing of the spin induction, which leads t
ttenuation of the spin signal. The attenuation depends o
trength of the nonuniform magnetic field, its duration, and
ate of particle migration. The technique uses the spin-ech
equence in combination with pulses of the magnetic
radient. The spin relaxation limits the time of spin-e
equence, and sometimes a slow migration of molecule
uires application of a strong inhomogeneous magnetic
o strong that the approximation of the magnetic field “gr
nt” (MFG) fails. The gradient approximation is signific
hen a nonuniform magnetic field is weaker than the m
niform magnetic fieldBzo. Namely, the inhomogeneous ma
etic field at a point shifted from the initial position bydr can
e written as

B~r 1 dr , t! 5 Bo 1 Bg~r 1 dr , t! [1]

5 Bo 1 G~t!dr [2]

ith G being a tensor. According to Maxwell’s equations th
s always more than one field component different from z
n the case ofuBg(r , t)u ! Bzo the magnetic field componen
erpendicular to the static magnetic field can be neglected

he remaining row of the tensor is called the magnetic
radient. This approximation has no significance wheneve
pplied nonuniform magnetic field is on the order of, or la

han, the main magnetic field (1).
Herein, we are dealing with NMR in the Earth’s field
easure the self-diffusion and obtain diffusion-weighted N

mages. In such a weak Larmor magnetic field, only very w
onuniform magnetic fields can fulfill the gradient requ
ents, but the spins may not accumulate measurable s
ephasing in the interval between the gradient pulses. T

ore, a stronger nonuniform magnetic field must be applied
ay no longer satisfy the condition of the gradient appr
ation. Its strength could be greater than that of the m
agnetic field, and the perpendicular components of the
niform magnetic field must be taken into account. There

he usual formula for the diffusion spin echo attenuation m
e replaced with a more general expression that considers
strong nonuniform magnetic field (9).
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23SELF-DIFFUSION IMAGING BY SPIN ECHO
MIGRATING SPINS IN AN INHOMOGENEOUS
MAGNETIC FIELD

The signal of a pixel at positionRj is given by

S~R j, t! } r~R j!e
2t/T2~Rj!^O

i

ei *0
t gB~r i, t9!dt9& , [3]

here i runs over spins of pixel subensemble. For now
ant to describe the signal of one pixel so we can drop
ubscriptj . A random migration of spin-bearing particles in
onuniform magnetic field brings about a dephasing of
ignal. It results in attenuation of the spin echo (8) as

S~t! } O
i

e2b i~t!. [4]

n the case of an isotropic molecular random walk, the a
ation in Eq. [4] is

b i~t! 5 D E
0

t

uF~r i, t9!u2dt9 [5]

ith D being the self-diffusion coefficient and

F~r i, t! 5 E
0

t

¹veff
p ~r i, t!dt. [6]

ere

veff
p ~r i, t! 5 ~21!p~t!

3 Î~vo 1 gBgz~r i, t!!2 1 g2Bgy~r i, t!2 1 g2Bgx~r i, t!2,

[7]

here (21)p(t) denotes a unit function changing the sign a
achp pulse. Reference (9) shows the details of this calcu

ion.
In the gradient field approximation, the perpendicular c

onents of a nonuniform magnetic field are neglected,
igration along the gradient of a component parallel to
ain field is responsible for the signal attenuation. In our
ll the components of the magnetic field play a part. Instea

he gradient of thez component of the magnetic field, t
radient of the total magnetic field magnitude must be con
red. Thus, the spin dephasingF(r i, t) is the gradient o
armor frequencyveff(r i, t). By taking into account the rel

ion ¹ 3 B 5 0, spin dephasing is proportional to

¹v 5 g
~B¹!B

uBu . [8]
e
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hus the gradient of the effective Larmor frequency in Eq
s proportional to the change of the magnetic field along
irection of the field line. We call it “the line gradient of t
agnetic field” (LGMF) (1, 9). Now the spin dephasing do
ot result from the molecular motion along the gradient of
component of the magnetic field but along LGMF. At fi

ight the form of Eq. [5] may resemble Torrey’s formula,
here is significant difference in the definition of gradient. B
quations are identical only when a nonuniform magnetic
ith particular symmetry is applied (1, 9).
A quadrupolar gradient coil (11) with its axis perpendicula

o the main fieldBo creates a nonuniform magnetic field t
ogether with the main field gives the total field, which in
inear approximation is equal toB 5 (2Gz, 0, 2Gx 1 Bo).
ereG is the first derivative of a nonuniform magnetic field

he point where the co-ordinatesx, y, andz are zero. In ou
ase with a gradient coil of 35 cm diameter and 10 cm sa
pace, the linear approximation is justified and the grad
onlinearity (1) can be neglected. Thus, the gradient of
agnetic field magnitude is

¹uBu 5 G
~2Gx 1 Bo, 0, 2Gz!

uBu . [9]

ince its magnitude is

u¹uB\2 5 G2, [10]

he expression for the normalized echo attenuation, w
ollows from Eq. [5], is

ln S~t! 5 g2D E
0

t

uE
0

u

G~t9!dt9u2du. [11]

The axial symmetry of the field created by a quadrup
oils gives a spin echo diffusion attenuation of identical f
o that of Torrey’s well-known equation (4). However it is true
nly in the case of isotropic diffusion since all nonzero c
onents of strong nonuniform magnetic field have the s
rst derivative. Whenever the diffusion rate is direction
ependent, the spin attenuation becomes nonuniform w

he sample, and both equations are no longer identical (1, 12).
hus, the measurement or imaging of the diffusion in a w
agnetic field must fulfill certain requirements regarding

ymmetry of the applied nonuniform magnetic field.
Equation [3] describes the signal of one pixel. The comp

ignal is a sum of the signals of all the pixels, and each pi
ttenuation corresponds to the self-diffusion properties o
egion containing the pixel. Using the spin-warp imaging te
ique (6), we can extract the signal of each pixel from
omplete signal.
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24 MOHORIČ ET AL.
EXPERIMENTAL RESULTS

Measurements have been carried out on a phantom co
ng of three plastic, 5-cm diameter, 10-cm length cylind
ach filled with a different liquid: water, ethanol, or propa
he cylinders were stacked horizontally with their axes
nted perpendicular to the Earth’s magnetic field and alon
xis of the polarizing coil. The images were taken on a ho
ade setup for MRI in the Earth’s magnetic field. The sig
as amplified by polarizing the sample in a field of abou
T applied perpendicularly to the Earth’s magnetic field
rder to get polarized spins in the direction of the Ear
agnetic field the polarizing field was switched off slow

elative to the Larmor precession in the Earth’s field (abo
Hz). After spin excitation with ap/2 RF pulse, two LGMF
ulses with ap RF pulse in-between are applied to the
uence. The duration of each pulse isd, and the two pulses a
eparated byD. The p RF pulse is applied at timet. The
equence creates spin echo at time 2t.
The nonuniform magnetic field of a quadrupolar grad

oil with its axis perpendicular to the Earth’s magnetic fi
rovides the spin-echo attenuation as

b~2t! 5 g2G2d2DSD 2
d

3D . [12]

In our experimentG, D, andt were fixed whiled was varied
rom 0 to 250 ms. The strength of the gradient field wasG 5
.8 3 1023 T/m. This meansBg ' 0.7 3 1024 T at the
dges of the sample, which is larger than the Earth’s mag
eld being 0.53 1024 T. To obtain an image of the phanto

FIG. 1. The pulse sequence used for the 2D spin-warp imaging o
elf-diffusion distribution in a geomagnetic field: It starts with a prepolari
agnetic field, perpendicular to the main field, used to compensate for a
agnetization of the geomagnetic field. After excitation with ap/2 RF pulse

wo LGMF pulses directed perpendicular to the main field and parallel t
ylinder axis produce the diffusion attenuated of spin echo. At the mome
nticipated echo, the spin-warp imaging gradients are applied in the
erpendicular to the axis of the cylindrical phantom.
ist-
s
.
-
he
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l
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s
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t

tic

he spin-warp pulse sequence is applied at the time of the
cho. It is composed of a weak phase gradient parallel t
arth’s magnetic field (changed in steps) and a weak frequ

readout) gradient perpendicular to the main field. The
uence of fields and pulses and their directions are show
ig. 1. This sequence of pulses gives us a 2D distributio
lane projection of spin density attenuated by the diffu
rocess. We could get a 3D distribution if we use a s
election gradient during the excitation with ap/2 RF pulse.
Since the diffusion constants of the liquids in the cylind

re different, we expected different contrasts of their image
rder to get a real image of diffusion rate we must take
ccount different relaxation timesT2 of the liquids. It was don

e

ak

e
of
ne

FIG. 2. The sequence of images shows how self-diffusion attenu
ncreases with the durationd of LGMF pulse. The brightness of the wa
ample diminishes faster than that of the ethanol and propanol sample
atches at the bottom and top of the circles in the images are due
onvection flow.
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25SELF-DIFFUSION IMAGING BY SPIN ECHO
y normalizing the pixel intensity to one obtained without
trong gradient pulses,d 5 0. Indeed we can see in Fig. 2 h
he different diffusion rates of the liquids enhance the con
ifference between the samples. In the first image we ca
iffer between the liquids whereas in the last image the s
f water is some 8 times weaker than the signal of propa
he diffusion constants of water, ethanol, and propanol
espectively,

DWa 5 1.963 1025 cm2/s,

DEt 5 0.933 1025 cm2/s, and

DPr 5 0.513 1025 cm2/s

t the temperature of 20°C.
We noticed another interesting effect appearing as patch

he top and the bottom of the cells in Fig. 2. This effect
een amplified when we applied the sequence to a sampl
igger cell shown in Fig. 3b. The image of a cylindri
hantom filled with ethanol clearly shows shadows on

mage edges located at the top and the bottom of the cylind
rosssection of the bottle. Since the Earth’s magnetic fie
ilted 30° from the vertical axis, the phantom image is tur

FIG. 3. An image of ethanol taken without (a) and with LGMF pulses
learly shows an additional attenuation due to convection flow that is a
hen the ethanol is soaked in wadding (c).
st
ot
al
l.
e,

at
s
n a

e
al
is
d

he same angle from the vertical line of the figures. One c
peculate that these shadows appear as a result of nonlin
f the nonuniform magnetic field created by the quadrup
oil, which Eq. [5] may predict. However, one can obse
imilar shadows in the images of the smaller phantoms, F
here the shadows appear in the center of the image, whe
onuniform magnetic field is certainly perfectly quadrupo
owever, we cannot rule out the possibility of a convec
ow within the bottle. Although stationary velocity does
ttenuate the spin echo (it only changes its phase), the us
ignal averaging technique may produce a diminishing o
ensity. Namely, the summation of many slightly phase-sh
choes results in signal attenuation. When we suppresse
otion of the liquids by filling the bottle with wadding, t

mage shadows disappeared, Fig. 3c. It proves that the sha
re due to a natural convection flow in the phantom. It
esult from temperature differences between the segmen
iquid in the bottle. The observed attenuation can be caus

phase factor varying by an order of a radian on the time
f a duty cycle which is on the order of seconds (3 s). With
radient field being constant, the estimated variation of
elocity is on an order of 1/10 mm/s. The temperature grad
hich could invoke such motion is on the order of 13 1023

/m.
Despite the magnetic resonance in a very low magnetic

0.05 mT), the images are remarkably good. This is due t
xtremely good homogeneity of the Earth’s magnetic fi
hich allows a very efficient refocusing of the spin phase

hus the accumulation of sampling points in a wide interva
pin relaxation.

CONCLUSION

It is shown that the measurement and imaging of diffu
y NMR is not severely limited with respect to the strengt

he applied inhomogeneous magnetic field. Taking into
ount the LGMF approach the measurements of mole
igration by NMR in an extremely low magnetic field a

easible. One should however be cautious of the conve
ffects. The LGMF approach is useful also in other c
here a low magnetic field or a short spin relaxation limits
pplication of standard methods (short spin relaxation im
strong gradient field). We suggest its application to

iffusion measurements in solids. It may be used also with
PR spin echo for migration measurement. Thus in both c

he main restriction of a short spin relaxation time remain
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magnetic field for a self-diffusion measurement by NMR in the
Earth’s magnetic field, J. Magn. Reson. A 107, 167–172 (1994).

0. P. T. Callaghan, C. D. Eccles, and J. D. Seymour, An Earth’s field
nuclear magnetic resonance apparatus suitable for pulsed gradient
spin-echo measurement of self-diffusion under Antarctic condi-
tions, Rev. Sci. Instrum. 68, 4263–4270 (1997).

1. D. I. Hoult and R. E. Richards, The signal-to-noise ratio of the
magnetic resonance experiment, J. Magn. Reson. 24, 71–85
(1976).
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