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As a consequence of the strong field gradients required In the absence of the diffusion effects to be discussed
here, one would expect a susceptibility shift artifact. A simu-for extreme spatial resolution, the contrasts in NMR micro-

graphs tend to be diffusion weighted (1–6) . Recently, edge lation is shown in Fig. 3. In addition to such shift artifacts,
diffusion produces a symmetrical dark ring structure alongenhancement effects in liquid-filled capillaries were de-

scribed and analyzed by several researchers (1–3, 5) . These the boundary between the Pr-loaded and the unloaded algi-
nate region. This can be seen in Fig. 4. This ‘‘negative edgephenomena are due to the restriction of the random walks of

diffusing particles by impermeable walls. The perpendicular enhancement’’ was observed in several hundred images of
ion-exchange processes envolving different species of lightdiffusive displacement of molecules in the vicinity of the

walls is smaller than in the bulk liquid. If bipolar gradients, rare-earth ions. Only in experiments with Yb3/ ions where
the intrusion front is much smoother, the artifact was foundsuch as the read gradient with its refocusing part, are used,

the echo attenuation due to diffusive movement in gradient to be very faint and smeared out.
In order to corroborate this observation, further experi-direction is therefore smaller for spins close to a wall than for

those in the bulk liquid. That is, ordinary edge enhancement
effects are caused by variations of the diffusive propagator
due to partially reflecting walls or spatially varying diffusion
coefficients. In Ref. (4) , there is also an account of varied
diffusive attenuation due to additive or subtractive superpo-
sition of the imaging gradient and stray gradients produced
by an impermeable object of different susceptibility in the
sample.

In this contribution, by contrast, observations of diffusion
artifacts in samples with a spatially nearly uniform diffusive
propagator are presented: such samples can be produced
from polyelectrolyte gels. The effect was first observed with
tubes of Ca alginate during ion-exchange experiments with
light rare-earth ions. The preparation and the properties of
the samples used in these experiments are discussed in detail
in Refs. (7–11) . The properties most important for this
context are: ( i) Due to their magnetic moments, most rare-
earth ions are paramagnetic. For some ion species such as
Pr3/ and Nd3/ , the relaxation times of alginate gels bound
to these ions are relatively long so that there is still an
appreciable signal intensity from the respective regions of
the sample at short echo times. ( ii ) Most rare-earth ions
have been found to intrude into alginate gels with a steep

FIG. 1. NMR imaging of ion exchange in Ca-alginate tubes: (a) experi-reaction front (see Figs. 1 and 2, Refs. (8, 10, 11) . ( iii )
mental setup, (b) cross section of an alginate tube after 7 h exposure to 1Neither the edges of the alginate objects nor the reaction
mM Gd3/ , TE Å 11 ms, (c) after 7 h to 1 mM Nd3/ , TE Å 20 ms, (d)fronts perceptibly affect the short-time water diffusion coef-
after 13 h to 1 mM Pr3/ , TE Å 7 ms. Note the sharp reaction fronts in all

ficients (12) . images. Other image parameters: gradient-echo sequence with TR Å 250
ms, 1 mm slice thickness, and (75 mm)2 in plane resolution, 128 1 128
pixels. The bright bar corresponds to 1 mm. For further experimental details,* Present address: MPI für Festkörperforschung, Heisenbergstraße 1, D-

70569 Stuttgart. see (8, 10, 11) .
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FIG. 2. Concentration profiles evaluated from quantitative susceptibility
images [see (10, 11)] for Pr3/ ions (solid curve) and Yb3/ ions (dashed
curve). The concentration profile for the Pr ions is probably even steeper
than the graph suggests; the front is spoiled by diffusion and shift artifacts
which have not been fully corrected.

ments with a ‘‘static’’ sample without reactions and flow
were performed: This sample consisted of a Ce-alginate cyl-
inder immersed in pure water (Fig. 5) . It is known that for
short diffusion times in polyelectrolyte gels with high water
content, the diffusion coefficients are only slightly lower
than those in free water (12) . That is, a susceptibility step
occurs but no diffusion barrier.

The negative edge enhancement depends on the echo time:
Fig. 5b (short echo delay) exhibits a simple shift artifact at
the shortest echo time. At longer echo times, the negative
edge enhancement becomes more and more pronounced.
Qualitatively, the negative edge enhancement may be under-
stood by the following consideration: Without refocusing
pulses, the signal attenuation of spins diffusing in a linear

FIG. 4. Observed artifact structure in an alginate tube after 13 h loadingmagnetic field gradient G for a time t is given as
with 1 mM Pr3/ at an echo time TE Å 10 ms. The dark parts of the expected
shift artifacts (marked 1 and 2 in the small picture) are clearly visible. Instead
of the bright shift artifacts, a symmetrical dark line—the ‘‘negative edge

S( t)
S0( t)

Å e0 (1 /3)g2G2Dt3
, [1]

enhancement’’—can be seen all around the sample (3). The additional struc-
ture marked with 4 is not a systematic one. It is probably due to a mirror
artifact. The bright bar again corresponds to 1 mm.with D denoting the diffusion coefficient, g the gyromag-

netic ratio ot the nuclei, S( t) the signal intensity with diffu-

sion, and S0( t) the signal intensity in the absence of diffusion
(13, 14) .

Assuming that D is uniform and that the variation of the
gradient is negligible on the length scale of the displace-
ments, we may generalize

S(x , y , t)
S0(x , y , t)

Å e0 (1 /3)g2[G (x ,y ) ]2Dt3
. [2]

As the susceptibility-induced gradient is particularly strong
at the susceptibility interfaces (Fig. 6) , strongly attenuated
fringe patterns are expected wherever a susceptibility step
without diffusion barrier occurs. Despite the crude assump-
tions on which Eq. [2] is based, it permits one to judgeFIG. 3. Simulated image of the shift artifacts to be expected in an

alginate tube partially loaded with paramagnetic ions. whether the observed artifacts can be accounted for as diffu-
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sive attenuation in susceptibility-induced local field gradi-
ents: Assuming a front width of about 100 mm, a concentra-
tion difference of about 33 mmol/ l and a molar susceptibility
5.5 1 1009 m3/mol for Pr3/ ions at room temperature, one
can calculate the magnetic field gradient according to

dB(x)
dx

Å xM

3
dc(x)

dx
B0 . [3]

For a 200 MHz (4.7 T) magnet, this leads to a gradient
of about 35 mT/m. Based on Eq. [2] , this gradient and a
self-diffusion coefficient of water of 2.29 1 1009 m2/s and
an echo time of 10 ms suggest a signal attenuation of about
20%. For an echo time of 12 ms, the attenuation is already
increased to about 35%. These values for the attenuation are

FIG. 6. Concentration profile c(x) , longitudinal component of the field
in a reasonable accord with the experimental findings. gradient G(x) , and additional signal attenuation due to diffusion in the

To conclude, we have observed and characterized a new gradient G(x) computed according to Eq. [2] . All quantities are in arbitrary
units. One clearly can recognize the reduced signal intensity (i.e., the nega-form of image artifact occurring in samples with a homoge-
tive edge enhancement) at the edges of the concentration profile.neous diffusive propagator if susceptibility steps are present.

Such steps are not limited to internal boundaries in polyelec-
trolyte gels and polyelectrolyte–water interfaces but they microimaging resolution. Further studies of the phenomena
also should be observable in various biological samples at in phantoms made from polyelectrolytes might be helpful in

order to gain a better understanding of the effects in more
complex biological specimens. Polysaccharide samples have
already been used for quite a long time in medical imaging
(15) . Most probably, the relatively big pixel sizes in such
purely medical studies were the reason that negative edge
enhancement was never observed in these experiments.
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