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The NMR of the Earth’s magnetic field is used for diffusion-
weighted imaging of phantoms. Due to a weak Larmor field, care
needs to be taken regarding the use of the usual high field assumption
in calculating the effect of the applied inhomogeneous magnetic field.
The usual definition of the magnetic field gradient must be replaced
by a generalized formula valid when the strength of a nonuniform
magnetic field and a Larmor field are comparable (J. Stepisnik,
Z. Phys. Chem. 190, 51-62 (1995)). It turns out that the expression for
spin echo attenuation is identical to the well-known Torrey formula
only when the applied nonuniform field has a proper symmetry. This

causes a dephasing of the spin induction, which leads to tt
attenuation of the spin signal. The attenuation depends on tl
strength of the nonuniform magnetic field, its duration, and th
rate of particle migration. The technique uses the spin-echo F
sequence in combination with pulses of the magnetic fiel
gradient. The spin relaxation limits the time of spin-echc
sequence, and sometimes a slow migration of molecules r
quires application of a strong inhomogeneous magnetic fiels
so strong that the approximation of the magnetic field “gradi

kind of problem may occur in a strong Larmor field as well as when
the slow diffusion rate of particles needs an extremely strong gradient
to be applied. The measurements of the geomagnetic field NMR
demonstrate the usefulness of the method for diffusion and flow-

ent” (MFG) fails. The gradient approximation is significant
when a nonuniform magnetic field is weaker than the mail
uniform magnetic fielB,,. Namely, the inhomogeneous mag-
netic field at a point shifted from the initial position loy can

weighted imaging.  © 1999 Academic Press
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be written as

B(r +dr,t) =B, + By(r +dr, t) [1]
= B, + G(t)dr [2]

with G being a tensor. According to Maxwell’'s equations there
is always more than one field component different from zerc
In the case ofB,(r, t)| < B,, the magnetic field components
In magnetic resonance a nonuniform magnetic figj, t), is perpendicular to the static magnetic field can be neglected, a
used to encode the molecule position in the phase of spin predes- remaining row of the tensor is called the magnetic fiel
sion. It enables the detection of the translation displacementgsfdient. This approximation has no significance whenever tt
molecules via the change of spin precessional motion. Thpplied nonuniform magnetic field is on the order of, or large
method is almost as old as NMR itsef—5). It is a noninvasive than, the main magnetic field))
and nondestructive method and, therefore, attractive to use foHerein, we are dealing with NMR in the Earth’s field to
studying the molecular random migration in various systems. Ateasure the self-diffusion and obtain diffusion-weighted NMR
the magnetic resonance imagir®) & nonuniform magnetic field images. In such a weak Larmor magnetic field, only very wea
is used for spin positional phase encoding to get the image of sppnuniform magnetic fields can fulfill the gradient require-
distribution in sample. In the past decade NMR imaging techniqueents, but the spins may not accumulate measurable sigr
has been combined with motion encoding for mapping velocitephasing in the interval between the gradient pulses. Ther
and diffusion , 8 to become a practice tool in science. fore, a stronger nonuniform magnetic field must be applied the
In this paper the nuclear magnetic resonance in the Eartimsly no longer satisfy the condition of the gradient approxi
magnetic field is used to test the methods of diffusion-weightadation. Its strength could be greater than that of the mai
measurementsl( 9, 10 in extremely weak magnetic fields. Iltmagnetic field, and the perpendicular components of the no
is the first experiment in such a weak field where the methodsiform magnetic field must be taken into account. Therefore
for position and motion encoding are combined in order to gite usual formula for the diffusion spin echo attenuation mus
information about the spatial distribution of molecular motiorbe replaced with a more general expression that considers st
Particle migration across the inhomogeneous magnetic figldstrong nonuniform magnetic fiel@)(
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MIGRATING SPINS IN AN INHOMOGENEOUS Thus the gradient of the effective Larmor frequency in Eq. [8
MAGNETIC FIELD is proportional to the change of the magnetic field along th

direction of the field line. We call it “the line gradient of the

The signal of a pixel at positioR, is given by magnetic field” (LGMF) (, 9. Now the spin dephasing does
not result from the molecular motion along the gradient of the

S(R;, 1) = p(Rj)e TRy gl forBl thdry [3] z component of the magnetic field but along LGMF. At first

i sight the form of Eq. [5] may resemble Torrey’s formula, but
there is significant difference in the definition of gradient. Bott
wherei runs over spins of pixel subensemble. For now wequations are identical only when a nonuniform magnetic fiel
want to describe the signal of one pixel so we can drop théth particular symmetry is appliedL(9).
subscripi. A random migration of spin-bearing particles in the A quadrupolar gradient coill{l) with its axis perpendicular
nonuniform magnetic field brings about a dephasing of thie the main fieldB, creates a nonuniform magnetic field that

signal. It results in attenuation of the spin ecl8) &s together with the main field gives the total field, which in the
linear approximation is equal 8 = (—Gz 0, —Gx + B,).

S(t) o« > e B, [4] HereGis the first derivative of a nonuniform magnetic field at
i the point where the co-ordinatesy, andz are zero. In our
case with a gradient coil of 35 cm diameter and 10 cm sampl
In the case of an isotropic molecular random walk, the atteBPace, the linear approximation is justified and the gradier
uation in Eq. [4] is nonlinearity () can be neglected. Thus, the gradient of the
magnetic field magnitude is

t
Bl(t) = D j |F(ri’ t’)|2dt’ [5] _ (_GX+ Bov O, _GZ)
with D being the self-diffusion coefficient and Since its magnitude is
t B 2 __ 2 1
F(ri, t) =J Volr;, t)dt. 6] [V[B|> = G?, [10]
0

the expression for the normalized echo attenuation, whic

Here follows from Eq. [5], is

wg(ri, t) = (—=1)™®

t u
In S(t) = y?D j |f G(t")dt’|*du. [11]
X \f/(wo + yBgz(rii t))z + ’Yngy(rii t)2 + ’Yngx(rii t)zn 0Yo0

[7]
The axial symmetry of the field created by a quadrupola

C1)7® - i i i L : g . e
where (~1)™" denotes a unit function changing the sign aftely;js gives a spin echo diffusion attenuation of identical form
each pulse. Referenced) shows the details of this calcula-; that of Torrey’s well-known equatiod). However it is true

tion. S o _ only in the case of isotropic diffusion since all nonzero com:
In the gradient field approximation, the perpendicular comynents of strong nonuniform magnetic field have the sam
ponents of a nonuniform magnetic field are neglected, afgk; derivative. Whenever the diffusion rate is directionally
migration along the gradient of a component parallel to thgpendent, the spin attenuation becomes nonuniform with

main field is responsible for the signal attenuation. In our cagg, sample, and both equations are no longer identigdld.
all the co_mponents of the magnetic field play a pgrt..lnsteadﬁt,usl the measurement or imaging of the diffusion in a wea
the gradient of thez component of the magnetic field, themagnetic field must fulfill certain requirements regarding the

gradient of the total magnetic field magnitude must be CO”S'§7mmetry of the applied nonuniform magnetic field.
ered. Thus, the spin dephasifgr;, t) is the gradient of " pqyation [3] describes the signal of one pixel. The complet
Larmor frequencyweq(r;, t). By taking into account the rela- signa| is a sum of the signals of all the pixels, and each pixel
tion VX B = 0, spin dephasing is proportional to attenuation corresponds to the self-diffusion properties of th
region containing the pixel. Using the spin-warp imaging tech
Ve — (BV)B 8] nique @), we can extract the signal of each pixel from the
=Y Bl complete signal.
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the spin-warp pulse sequence is applied at the time of the sp

\ echo. It is composed of a weak phase gradient parallel to tt
prepolarization Earth’s magnetic field (changed in steps) and a weak frequen
RE Tlil/z T r |signal  (readout) gradient perpendicular to the main field. The se
1 m guence of fields and pulses and their directions are shown

: Fig. 1. This sequence of pulses gives us a 2D distribution c
attenuation gradient m m : plane projection of spin density attenuated by the diffusiol
— St : process. We could get a 3D distribution if we use a slice

selection gradient during the excitation withnd2 RF pulse.
Since the diffusion constants of the liquids in the cylinder:

readout gradient Do —

phase gradient j are different, we expected different contrasts of their images. |
i P 3 A § order to get a real image of diffusion rate we must take int
6 * X account different relaxation timéds, of the liquids. It was done
T 27

FIG. 1. The pulse sequence used for the 2D spin-warp imaging of tF-
self-diffusion distribution in a geomagnetic field: It starts with a prepolarizin 5=0
magpnetic field, perpendicular to the main field, used to compensate for a w

magnetization of the geomagnetic field. After excitation with/a RF pulse,

two LGMF pulses directed perpendicular to the main field and parallel to tl

cylinder axis produce the diffusion attenuated of spin echo. At the moment water
anticipated echo, the spin-warp imaging gradients are applied in the ple eThC]nOl
perpendicular to the axis of the cylindrical phantom.

EXPERIMENTAL RESULTS Dr0p0n0|

-3
Measurements have been carried out on a phantom cons G=1.810 T/m
ing of three plastic, 5-cm diameter, 10-cm length cylindel
each filled with a different liquid: water, ethanol, or propano A=150 ms =175 ms
The cylinders were stacked horizontally with their axes o
ented perpendicular to the Earth’s magnetic field and along t
axis of the polarizing coil. The images were taken on a ho
made setup for MRI in the Earth’s magnetic field. The sign
was amplified by polarizing the sample in a field of about 5
mT applied perpendicularly to the Earth’s magnetic field. |
order to get polarized spins in the direction of the Earth
magnetic field the polarizing field was switched off slowl
relative to the Larmor precession in the Earth’s field (about
kHz). After spin excitation with ar/2 RF pulse, two LGMF
pulses with ar RF pulse in-between are applied to the se »
guence. The duration of each pulséjsnd the two pulses are 6=200 ms 6=250 ms
separated byA. The m RF pulse is applied at time. The
sequence creates spin echo at time 2
The nonuniform magnetic field of a quadrupolar gradie
coil with its axis perpendicular to the Earth’'s magnetic fiel
provides the spin-echo attenuation as

B(27) = y2G282D<A - 2) . [12]

In our experimenG, A, andr were fixed whiled was varied

from 0 to 250 ms. The strength of the gradient field v@as FIG. 2. The sequence of images shows how self-diffusion attenuatior
1.8% 103 T/ ) Thi B ~ 07X 10°4T at th increases with the duratiod of LGMF pulse. The brightness of the water
: m. IS meanssg ~ U. a € sample diminishes faster than that of the ethanol and propanol samples. T

edges of the sample, which is larger than the Earth’'s magngfigches at the bottom and top of the circles in the images are due to
field being 0.5x 104 T. To obtain an image of the phantomconvection flow.
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G=1.810°T/m the same angle from the vertical line of the figures. One coul
G=0 $=200 mMs speculate that these shadows appear as a result of nonlinea
of the nonuniform magnetic field created by the quadrupola
coil, which Eq. [5] may predict. However, one can observe
similar shadows in the images of the smaller phantoms, Fig. :
There the shadows appear in the center of the image, where 1
nonuniform magnetic field is certainly perfectly quadrupolar
However, we cannot rule out the possibility of a convectior
flow within the bottle. Although stationary velocity does not
attenuate the spin echo (it only changes its phase), the use ©
signal averaging techniqgue may produce a diminishing of in

14 cm

b tensity. Namely, the summation of many slightly phase-shifte
echoes results in signal attenuation. When we suppressed 1

G=1.810°T/m motion of the liquids by filling the bottle with wadding, the
§=200 ms image shadows disappeared, Fig. 3c. It proves that the shado

are due to a natural convection flow in the phantom. It ma
result from temperature differences between the segments
liquid in the bottle. The observed attenuation can be caused |
a phase factor varying by an order of a radian on the time sca
of a duty cycle which is on the order of seconds (3 s). With the
gradient field being constant, the estimated variation of flov
velocity is on an order of 1/10 mm/s. The temperature gradiet
which could invoke such motion is on the order o110
K/m.
C Despite the magnetic resonance in a very low magnetic fiel
, _ _ (0.05 mT), the images are remarkably good. This is due to tf
FIG. 3. Animage of ethanol taken without (a) and with LGMF pulses (bh yemely good homogeneity of the Earth’s magnetic field
clearly shows an additional attenuation due to convection flow that is abser%lil_ C . . .
when the ethanol is soaked in wadding (c). which allows a very efficient refocusing of the spin phase an
thus the accumulation of sampling points in a wide interval o
spin relaxation.

Ethanol soaked in
wadding

by normalizing the pixel intensity to one obtained without the CONCLUSION
strong gradient pulses,= 0. Indeed we can see in Fig. 2 how
the different diffusion rates of the liquids enhance the contrast|t ijs shown that the measurement and imaging of diffusior
difference between the samples. In the first image we canmgtNMR is not severely limited with respect to the strength of
differ between the liquids whereas in the last image the signgk applied inhomogeneous magnetic field. Taking into ac
of water is some 8 times weaker than the signal of propangbunt the LGMF approach the measurements of molecul:
The diffusion constants of water, ethanol, and propanol af@igration by NMR in an extremely low magnetic field are
respectively, feasible. One should however be cautious of the convectic
effects. The LGMF approach is useful also in other case
Dywa= 1.96X% 107° cn/s, where a low magnetic field or a short spin relaxation limits the
Do = 0.93% 10 5 cn#/s, and application of _stand_ard methods (short_spin rel_axa_tion implie
a strong gradient field). We suggest its application to self

Dp, = 0.51X 107° cn?/s diffusion measurements in solids. It may be used also with th
EPR spin echo for migration measurement. Thus in both cas
at the temperature of 20°C. the main restriction of a short spin relaxation time remains.

We noticed another interesting effect appearing as patches at
the top and the bottom of the cells in Fig. 2. This effect has
been amplified when we applied the sequence to a sample in a
bigger Ce”_ ShOW_n in Fig. 3b. The image of a cylindrical 1. J. Stepisnik, Violation of the gradient approximation in nmr self-
phantom filled with ethanol clearly shows shadows on the iffusion measurements, Z. Phys. Chem. 190, 5162 (1995)
image edges located at the top and the bottom of the cylindrical g. L. Hann, Spin-echoes, Phys. Rev. 80, 580-594 (1950).
crosssection of the bottle. Since the Earth’s magnetic field i . v. carr and E. M. Purcell, Effects of diffusion on free precession
tilted 30° from the vertical axis, the phantom image is turned in nuclear magnetic resonance, Phys. Rev. 94, 630-638 (1954).
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