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In NMR microscopy the effect of molecular diffusion is usually to degrade resolution and sensitivity due to destructive inter-
ference of signals from the moving spins. In samples there may exist regions that differ markedly in the translational diffusion
coefficient of the molecules whose spatial distribution is being imaged, and in particular, samples may contain barriers imperme-
able to the translating spins. We present an experimental demonstration that, in the presence of a magnetic field gradient, a
reduction in the translational mean free path of liquid molecules, due to barriers, results in the enhancement of magnetization
near barriers. Monte Carlo simulations are compared with experiments. The observed effects are induced by barriers, not com-
partmentalization. This edge enhancement may provide a means through NMR microscopy of visualizing small impermeable

structures that might otherwise be invisible.

1. Introduction

NMR microscopy has been shown to be feasible
by several groups using a variety of samples (see refs.
[1-19] for examples). This technique faces the same
limitations .on sensitivity as conventional NMR
spectroscopy. In order to be able to detect signals
from increasingly smaller volumes of material with
increasingly greater spatial resolution, applications
of NMR microscopy have been concentrated on im-
aging the distribution of the signal from protons in
water, or other abundant, highly mobile solvent spe-
cies within the system of interest.
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Because NMR imaging techniques use a magnetic
field gradient for encoding spatial information, the
sensitivity of NMR microscopy is less than that of
NMR spectroscopy when imaging resolutions are
employed that are on the order of the diffusion length
of the molecules whose signal is being observed. The
random diffusional displacements of different spins
which originate in the same volume result is destruc-
tive interference of the oscillating magnetic fields
emitted by the spins, causing loss of signal. (For a
more complete discussion of diffusion and resolu-
tion in NMR microscopy, see refs. [20,21].) The
characteristic diffusion length for water at room
temperature is about 1 um/ms. If the resolution is
increased to the point where the loss of signal due to
diffusion becomes significant, then the loss, even un-
der optimal conditions, is proportional to the reso-
lution and independent of the method (phase or fre-
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quency encoding) used to encode spatial information
[20]. The practical result is that higher resolution is
gained at a cost of longer data acquisition times and
smaller samples. The best resolutions achieved ex-
perimentally using NMR microscopy are currently
of the order of 4 to 10 um [3,6,7,18]. Estimates in-
dicate that it will not be practicable to achieve im-
aging resolutions of higher than about one cubic mi-
cron using NMR microscopy in reasonable periods
of time (see ref. [18], for example) without some
unforeseen dramatic increase in the sensitivity of the
technique. It would seem, therefore, unlikely that
NMR microscopy could be of great utility in visu-
alizing subcellular structures.

Most analyses of diffusion in NMR microscopy
have, however, assumed that the diffusion coeffi-
cient does not vary within the sample. To be appli-
cable to heterogeneous samples, such as cells of bi-
ological tissue, a thorough analysis of the effects of
diffusion in NMR microscopy should take into ac-
count effects of variations in the translational dif-
fusion coefficient across the sample. In particular,
barriers impermeable to spins will decrease the mean
free path length of molecular diffusion in the sample
near the barrier. Previous theoretical analyses [22-
24] indicate that this would result in relative mo-
tional narrowing of the resonances of water spins near
the wall of a cylindrical capillary, which then would
result in a ring of enhanced intensity in two-dimen-
sional projection-reconstruction images of the cross
section of the capillary. Some of the authors
(Schoeniger, Blackband) have also experimentally
observed edge enhancement effects in NMR mi-
croscopy using Fourier encoding techniques. In this

Letter, we describe systematic experimental obser- .

vations of diffusional edge enhancement in one- and
two-dimensional Fourier encoded NMR microscopy
and compare the observations with numerical
simulations.

2, Theory and experimental design

The physical observable of NMR is the transverse
magnetization. The magnitude M(¢) of the trans-
verse magnetization of a sample of diffusing spins
precessing in a magnetic field gradient decays with
time according to the formula
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M(t)=M,exp(—t/T;) exp(—4y*G*Dt®), (1)

where the initial magnetization is assumed to be uni-
form, and boundary effects are ignored [25,26]. Here
M, is the initial magnetization, T, is the relaxation
time (relaxation in the absence of diffusion and field
inhomogeneities), y is the gyromagnetic ratio for the
spins in s~!G~!, G the field gradient strength in G/
cm, D the diffusion coefficient for the spins in cm?/
s, and ¢ the time that the gradient is applied. Eq. (1)
is not valid for samples where D is non-uniform. In
particular, it does not apply to regions containing
diffusional barriers.

In addition to diminishing signal amplitude, dif-
fusion will also interfere with the process of fre-
quency or phase encoding of spatial information us-
ing magnetic field gradients. In frequency encoding,
diffusing spins appear to be at their average position
over the readout period. In the absence of bounda-
ries or non-uniformities in D, such averaging would
be the same everywhere, and therefore not detect-
able. Boundaries, however, distort the averaging by
a process similar to motional narrowing in NMR
spectroscopy. Such distortions in the frequency re-
sponse have been predicted to cause an apparent in-
creased signal near boundaries in the transformed
(image) data set, or even bright rings or bright spots,
a phenomenon referred to here as motional narrow-
ing edge enhancement (MONET) [22-24]. In prin-
ciple, any frequency-encoding method employing a
gradient will produce a MONET effect, although it
may not be noticeable.

Eq. (1) can be derived by considering a random
walk in a field gradient [27]. Although eq. (1) is not
valid where D is non-uniform, a random walk ar-
gument can also be formulated in a situation of dif-
fusional boundaries. In general, in the presence of a
magnetic field gradient, spins that are initially pre-
cessing in phase will become increasingly dephased
in relation to their relative displacement parallel to
the gradient: the larger the displacement, the larger
the dephasing. Spins near diffusional boundaries,
then, are on average less displaced, and therefore less
dephased. This can lead to a very high proportion of
magnetization near boundaries, i.e. an edge en-
hancement due to a partial retention of phase
coherence.

It is of practical importance that while MONET
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can only appear during a readout period, the effects
of translational diffusion on the microscopic distri-
bution of the phases of spins precessing in a mag-
netic field gradient will exist whether or not that gra-
dient is being used to encode spatial information in
the sample.

An experimental NMR pulse sequence designed to
study these effects may be envisioned as follows:
Functionally, the experiment is divided into two in-
dependent parts. First, transverse magnetization is
excited using a radio frequency (rf) pulse, and then
a relatively long, relatively weak “diffusion weight-
ing” gradient pulse Gp is applied which serves to es-
tablish a certain spatial distribution of magnetiza-
tion. Gp must be such that it imparts no net phase
dispersion across the sample, as would, for example,
a bipolar gradient or a unipolar gradient with a 180°
refocusing pulse in the middle. (Numerical simula-
tions were employed to determine values of gradient
strength and durations which should produce a no-
ticeable edge enhancement.) Next, a sequence of
gradient pulses is applied which encodes informa-
tion about the spatial distribution of the magneti-
zation, The observation pulse sequence should have
the property that the spatial information should be
encoded and recorded in a brief time period, in or-
der that the effects of diffusion on the magnetization
during that period be minimal. For this we have used
a fast gradient echo sequence.

This experimental design has the advantage that,
in contrast to MONET, the readout gradient is not
required to both encode spatial information and pro-
duce an edge effect. Since it takes time for the dif-
ferential attenuation of spins near versus far from
boundaries to produce markedly different magneti-
zations, a signal will be affected by MONET only
after there has been a great deal of phase dispersion
across the sample due to the frequency encoding gra-
dient, and, therefore, after the signal has become very
weak. In the experiment we describe above, the gra-
dient area (product of gradient strength and dura-
tion, equivalent to the maximum radius reached in
reciprocal space) needed to produce the edge effect
may be much larger than that needed to encode the
image information to a reasonable resolution. In the
experiments presented here, the difference was about
a factor of two. This makes it difficult in practice,
then, to obtain an adequate signal to noise ratio to
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observe MONET; nevertheless, preliminary studies
in our lab indicate that in careful experiments such
an effect does occur.

3. Experimental methods

Imaging studies were performed using a homebuilt
imaging probe, consisting primarily of a set of quad-
rupolar field gradients and a 1.5 mm diameter 5-turn
solenoidal receiver/transmitter coil supported in a
novel concentric tuning assembly [20]. The axis of
the radio frequency (rf) solenoid (Y direction) is
perpendicular to the direction of the static (Z) mag-
netic field. The probe is capable of producing 21.5
G/cmA in the Y direction and greater than 90 G/
cmA in the X and Z directions. Gradient switching
times are less than 10 ps. The probe is interfaced with
a Bruker AM-360 8.5 T spectrometer sited at Johns
Hopkins Hospital in Baltimore, Maryland. The spec-
trometer is equipped with microimaging accessories,
including gradient and rf waveform boards, a linear
rf amplifier, gradient power supplies, and image dis-
play capabilities. l

Samples consisted of glass capillary tubes filled
with water, Capillaries used in this experiment were
either 600 or 190 pm in diameter. The smaller di-
ameter tube was formed by heating and pulling one
of the larger tubes, and its diameter determined by
imaging its water filled cross section.

The two-part pulse sequence is shown in fig. 1.
Diffusion weighting is first applied along a direction
perpendicular to the axis of the capillary using a
carefully balanced, relatively long, relatively weak

. gradient pulse of total duration 27, with a 180° rf

pulse applied in the middle of the gradient after time
T.

Spatial information was encoded separately using
a brief, strong frequency-encoding gradient pulse
(and intense phase-encoding gradient pulses in 2DFT
experiments) that is defocused by gradient reversal
prior to data acquisition and centered about the spin
echo. For the data used in this Letter, the dephasing
lobe of the gradient echo was —122.5 G/cm for 0.98
ms, and the readout lobe was 49 G/cm for 5.12 ms,
yielding an imaging resolution of approximately 9.4
um. For diffusion weighting, we used values of 27
between 20 and 70 ms in increments of 10 ms with
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Fig. 1. The pulse sequence used in the experiments reported in this Letter andeBfed using numerical simulations. Radiofrequency
(rf) pulses are indicated by vertical dashed lines and the tip angle is given in deg. Magnetic field gradient pulses are indicated by
rectangles. The diffusion weighting gradient was applied in the same direction across the sample as the frequency encoding gradient. The
areas on either side of the 180° pulse were precisely balanced by first exactly ceniering the gradient echo in the absence of the weighting
gradient, and then turning on the weighting gradient and carefully adjusting the timing of the refocusing pulse in order to recenter the
echo. This procedure allowed the authors to compensate for the fact that the time course of the gradient rise and fall are not identical,

and ensured that none of the observed effects are due to asymmetric sampling of reciprocal space. The refocusing 180° pulse had a
duration of 23 ps, so that resonant offset effects were negligible.

gradient strengths G of 3.7, 4.9, 5.4, 6.1, 7.4, 8.6 G/
cm. Each data set acquired was the average of 64
scans with a relaxation delay (TR) of 2 s.

Two-dimensional imaging was performed using
two-dimensional Fourier encoding [28,29] where the
phase encoding pulse was applied immediately prior
to the dephasing lobe of the gradient echo pulse. Two-
dimensional data sets were formed by averaging two
sets of scans, each with 128 phase gradient incre-
ments of 0.5 G/cm per increment, and a relaxation
delay (TR) of 3 s between scans. The duration of the
phase gradient was 2.56 ms. The diffusion weighting
gradient used had a strength 4.9 G/cm with a total
duration of 40 ms.

For one-dimensional profiles, 128 complex data
points were collected, and for two-dimensional im-
ages, 128 phase encoding steps were employed, cre-
ating a 128X 128 point complex data set. One-di-
mensional or two-dimensional magnetization
distributions were reconstructed using the appropri-
ate one- or two-dimensional discrete Fourier trans-

form without digital filtering. One-dimensional im-
ages were recorded with and without slice selection;
two-dimensional images were recorded with slice
selection.

Monte Carlo techniques for numerical simulations
of diffusing spins precessing in a magnetic field gra-
dient are described in ref. [23]. These simulations
allow us toobtaiii the magnetization in any region
as the vector sum-of all of the magnetic moments
within that region. Magnetization profiles produced
by complex gradient time courses in nearly arbitrar-
ily shaped cavities can be simulated with this
technique.

Simulations were employed in the design of ex-
periments and in the analysis of experimental re-
sults. By simulations we were able to look for ex-
perimental parameters that would result in the
greatest edge enhancement and to evaluate the effect
of the readout pulse sequence on the diffusion
weighting. To this end, we examined by simulation
the spatial distribution of magnetization at time g in
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fig. 1. Such magnetization profiles were then com-
pared with Fourier transforms of the FID signal, ac-
quired by a simulated pulse sequence. We found that
the rapid defocusing and readout gradients did not
noticeably distort the magnetization profiles.

4. Results
4.1. Experimental

Fig. 2 displays experimental and simulated mag-
netization profiles measured as a function of the dif-
fusion weighting gradient strength Gp for two dif-
ferent capillary diameters. For 27=50 ms, with
gradients considerably weaker than 3.7 G/cm, the
shape of the profile does not deviate significantly
from the unweighted parabolic one-dimensional
projection of the cylinder of water. For gradients
considerably stronger than 5.4 G/cm no discernible
information remains after the diffusion weighting.

Smaller 7 values increase the acceptable range of
Gp, and we observe the 7 dependence of edge en-
hancement in a second set of experiments. The re-
sults are presented in table 1 where they are char-
acterized by two ratios: the edge peak height divided
by the center height C, and the edge peak height di-
vided by the edge valley height V' (unity if no edge

600 um

190 pm

3.7 G/cm
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peak exists ). There are three possibilities: (1) If C<1
and V'~ 1, then the profiles are hardly distorted from
a parabola. Even slight distortions, however, may give
rise to rings if a filtered back-projection is used for
reconstruction [22]. (2) If C~1 and V>1, then
sharply discernible peaks are visible but of lower in-
tensity than the center. (3) If C>1 and V> 1, then
edge peaks are both sharp and intense. Profiles which
were only very weakly distorted are marked by a
“~” symbol. In this second set of observations, many
profiles were unsymmetric about the center, and this
is reflected in the high uncertainties. Importantly,
however, even reconstructions created from dis-
torted profiles show a clear, bright edge enhance-
ment. Characterizations of the observations and
simulations in fig. 2 have been included in table 1 for
reference.

In order to ensure that the observed profiles are
not distorted by sample misalignment of rf inho-
mogeneities along the length of the coil, we also re-
corded profiles of a slice along the axis of the tube
obtained by using a selective 90° excitation pulse in
the presence of a magnetic field gradient along the
axis of the tube. Other than the expected loss of sig-
nal, the magnetization profile of a 0.6 mm slice was
identical to the profile obtained using a non-selective
90°-pulse in which case the excitation profile along

5.4 G/cm

Fig. 2. Observed (solid) and simulated (dotted) magnetization profiles by Fourier transform (absolute value) of the FID signal after
diffusion weighting of duration 27=>50 ms. The columns present the gradient strengths Gp=3.7, 4.9 and 5.4 G/cm (left to right); the
rows present two capillary diameters: 600 um (upper row) and 190 um (lower row). The profiles are the real channel of an unfiltered
DFT of the gradient echo signal; the amplitudes have been normalized. Cf. corresponding rows of table 1 for 600 pum diameter.
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Table 1
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Characteristic ratios of observed magnetization profiles of a 600 pm capillary as a function of Gp (columns) and 27 (rows), as defined
in the text and in the form C/ V. The simulation results (marked by “sim.”) correspond to the upper row of profiles in fig. 2

2t (ms) Gp (G/cm)
3% 4.9 54 6.1 7.4 8.6
20 - -
30 - 0.5/1.0%+0.1/0.1 0.6/1.0%0.2/0.1 0.6/1.0£0.1/0.1
40 - 0.6/1.0£0.2/0.1 0.9/1.3+£0.1/0.3 1.6/2.2+0.3/0.3 3.5/3.5+0.8/0.8
50 0.5/1.0+0.2/0.2 1.3/1.6+£0.2/0.3 2.3/29%0.1/0.2 4/4%0.2/0.2 8/8+2/2 >4/>4
50sim. 1.0/1.9%0.1/0.2 2.9/3.6+0.7/0.6 3.0/3.8%£0.9/1.7
60 1.3/1.6%£0.2/0.1 6/6%2/2
70 4/41+0.1/0.1

the tube is nearly a Gaussian with a width of 1.2 mm
at half-height.

We have predicted that edge enhancement should
appear as a bright edge in an image. We therefore
produced cross sectional images of a 600 um capil-
lary tube filled with water. On each scan, the trans-
verse magnetization was diffusion weighted using a
gradient pulse as described in section 3. The result-
ing images are shown in fig. 3. Edge-enhancement

effects can be clearly seen as bright crescents at the
margins of the tube. In follow-up experiments we
verified that the location of the crescents depends
only on the orientation of the diffusion weighting
gradient. Indeed, when we rotated the diffusion
weighting gradient by 90°, i.e. perpendicular to the
readout gradient, we found bright crescents perpen-
dicular to the readout gradient. We conclude that the
edge enhancement is not an artifact of the methods

Fig. 3. Fourier encoded cross-sectional images of a 600 um internal diameter glass tube filled with water. In all images the frequency
encoding gradient was applied horizontally, and the phase encoding gradient vertically. The bright crescents are the result of diffusional
edge enhancement. The diffusion weighting gradient was applied in the same direction as the frequency encoding gradient in (a) and
(b). In image (c) the gradient was applied in the direction of the phase encoding gradient. The single image at left (a) and the pair of
images at right (b) and (c) were observed in two separate experiments, and were processed differently. In images (b) and (c) the sign
of the dephasing and readout gradients was flipped from that shown in fig. 1, eliminating the Gibbs ringing seen in image (a) and in the
weakest gradient profiles of fig. 2.
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chosen for data collection of processing.
4.2. Theoretical

In accordance with experimental observations, the
numerical simulations were quite sensitive to the
choices of Gp, 7, and, additionally, the self-diffusion
coefficient of water D. Using values that coincide
with the experiments and D=2.3x10~3 cm?/s, we
have found reasonable agreement (cf. fig. 2), but the
characteristic ratios (as presented in table 1) of the
simulation results are 1.0/1.9£0.1/0.2 while the ex-
perimental results yield 0.5/1+0.2/0.2. Excellent fits
could be found for smaller D, as shown in fig. 4. For
D=1.63x10"5 cm?/s the characteristic ratios are
0.6/1.1£0.03/0.03, in close agreement with exper-
iment. The significance of such a low value of D is
not yet known (see also section 5).

On the left-hand side of fig. 4 we observe that the
7 dependence by simulation has the same character
as that of the experiments. The characteristic ratios
are 1.0/1.9%£0.1/0.2, 0.6/1.1£0.1/0.1 and 0.34/
1.0£0.02/0.01 from top to bottom.

5. Discussion

The change in the edge enhancement effect as a
function of diffusion weighting gradient strength Gp
and duration 7 argues against susceptibility artifacts,
as does the replication of the Gp, and 7 dependencies
by simulations. What is more, imaging artifacts, such

Sty ™,
v LT

Fig. 4. Simulation results for the full pulse sequence shown in fig.
1 for a capillary diameter of 600 pm with Gp=3.7 G/cm. Right:
Effect of the self-diffusion coefficient D for water, where D= 1.6,
2.0, 2.3, 3.0 10~% cm?/s from top to bottom with 27=50 ms.
We have overlayed (light solid line) the corresponding experi-
mental result of fig. 2. Left: Effect of diffusion weighting time 7
with D=2.3%10~% cm?/s where 27=230, 40, 50 ms from top to
bottom. Left and right heavy solid curves are identical except for
scale.
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as sample orientation, have been excluded by switch-
ing the orientation of the diffusion weighting
gradient.

The ratio of edge to center intensity is very sen-
sitive to the choice of gradient strengths and timings.
One may observe, in the figures and table, that the
edge-enhancement effect is less sensitive to the dif-
fusion coefficient D than to the gradient strength Gp,
and most sensitive to the diffusion weighting dura-
tion 7. This can be understood through eq. (1), where
these terms appear in the exponent in sequentially
increasing powers. .

It has already been mentioned that the simulations
have resulted in peaks that are sharper (i.e. have
larger characteristic ratios) than the corresponding
experiments. Simulations can be made to fit the ex-
perimental results by lowering the self-diffusion
coefficient of water, as seen in fig, 4, but there is no
physical justification for this. On the other hand, an
enhanced relaxivity of the glass walls seems plausi-
ble. Additional experiments could be undertaken to
test this, perhaps by adsorbing paramagnetic metal
ions onto the glass capillary walls, in order to satu-
rate any ion binding sites on the walls of the tube.
Furthermore, simulations could be performed where
both the diffusion coefficient and the wall relaxivity
are fit to experimental data.

It is also possible that the susceptibility differences
of air, glass, and water could give rise to field in-
homogeneities near the capillary walls which could,
in turn, lead to enhanced relaxation at the edges - an
effect contrary to edge enhancement. Such an effect
may indeed play a small role in reducing the edge
enhancement, perhaps alongside the wall relaxivity
mentioned above. For a perfectly cylindrical (or el-
lipsoidal ) glass capillary, however, the differences in
susceptibility between air and glass, and glass and
water have no effect on the shape and homogeneity
of the field in the water which fills the capillary. The
susceptibility differences serve only to modify the
amplitude of the field inside the capillary walls and,
in fact, negligibly so — on the order of a few ppm.
This can be verified by a straightforward magnetos-
tatics calculation [30].

On the other hand, imperfections in the surface of
the capillary walls can lead to significant, yet short-
ranged inhomogeneities. Consider a small, say one
um high, glass bump in the capillary surface. The
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bump, to first order, produces a dipolar field dis-
tortion. Magnetostatics shows that this can produce
a maximum field difference on the order of 1000 G/
cm across the surface. A water spin passing through
such an inhomogeneity can be additionally relaxed
by about 13%, as given by the Hahn-Torrey term,
yet the dipolar field causes negligible relaxation for
spins more than a micron or two away from the
bump, since it is the square of the gradient of a di-
polar field which enters into the Hahn-Torrey term,
and this gives a r —® dependence to the relaxation in-
duced by the bump where r is the distance from its
center [31]. Thus, small irregularities in the glass
capillary walls can induce large, but very short-
ranged, magnetic field inhomogeneities. Since water
spins experience a net displacement of about one mi-
cron in a millisecond, not all spins may be expected
to get within a micron of the walls in 60 ms, but spins
already in the vicinity of the walls can experience
some extra relaxation. Nevertheless, as we observe
experimentally, this does not eliminate the bound-
ary-induced phase coherence which produces visible
edge enhancement.

Finally, we emphasize that the edge-enhancement
effect is not due to compartmentalization. It would
also occur at a boundary between two infinitely ex-
tended distribution of spins.

6. Conclusion

Systematic experimental observations of the the-
oretically predicted effect of edge enhancement in
NMR microscopy due to restricted diffusion at
boundaries are reported here for the first time. This
is a potential technique for contrast enhancement in
NMR microscopy, and may provide a means for de-
tecting boundaries in NMR micrographs, even when
the actual boundaries themselves cannot be resolved.

We have demonstrated, both experimentally and
theoretically, that under suitable conditions, a bi-
polar gradient pulse may be used to annihilate any
magnetization which is not immediately next to a
boundary. In addition to applications in imaging, this
effect could potentially be exploited to study a va-
riety of processes occurring in inhomogeneous lig-
uid/solid samples, such as surface-catalyzed chem-
ical reactions, relaxivity of surfaces, or mobility of
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spins near surfaces, because it allows one to obtain
a spectroscopic signal from only those spins near sur-
faces - the nearness depending on the diffusion coef-
ficient of the bulk liquid and the gradient strength
and duration employed in the puise sequence. The
effect should not only occur near impermeable bar-
riers, but any region of abrupt transition in diffusion
coefficient. This letter provides the understanding
needed to avoid such effects where they are not de-
sired, as well as to exploit edge-enhancement effects
for imaging microscopic structures in tissues and bi-
ological samples, such as bone matter, cells, or pos-
sibly even cell organelles.
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