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ABSTRACT
By scaling down the receiver and gradient coils,
it is possible to achieve resolution below 0.1 mm
in NMR imaging. The intrinsic limits to
resolution in NMR microscopy are considered
along with the effects of molecular self-diffusion
and magnetic susceptibility inhomogeneity.
Examples of microscopic applications are
reviewed.
Among the contrast schemes
considered is the use of Pulsed Gradient Spin
Echo phase contrast. This method of Dynamic
NMR microscopy allows the determination of
velocity and diffusion maps.
INTRODUCTION
The microscopic and macroscopic worlds of
imaging are divided by the 0.1 mm resolution
boundary. This is the finest detail which can be
resolved by the human eye at the unaided nearpoint of vision. Despite its recent "discovery" in
the scientific literature, Nuclear Magnetic
Resonance Microscopy is a subject which has
been re-invented. It is as old as NMR imaging
itself and many of the early demonstrations of
NMR imaging(l>2>3) achieved a resolution close
to 0.1 mm. Indeed one of the original imaging
papers contains the term microscopy in its titleW.
The investment of effort in scaling up NMR
apparatus for medical imaging applications
caused the small scale application to be
temporarily forgotten. In fact, microscopic
resolution is only possible if the receiver and
gradient coils are very small. The practicality of
microscopy is a great deal more straightforward
than that of whole body imaging and there is no
reason why NMR microscopy should not become
a routine facility on the commercial spectrometer.
This review considers three aspects of the
subject. How is NMR microscopy performed?
What are the limits to resolution? What use is
NMR microscopy?
THEORY
Image Reconstruction
The theory of image reconstruction in NMR
image has been thoroughly described
elsewhere^5'6-7). When acquired in the presence

of a magnetic field gradient, the NMR signal is
conjugate to the spatial coordinates of the sample
according to the usual Fourier relation

S(t) = Jp(r) expti-yG.rt] dr

(1)

where p(r) is the image spin density and G is the
gradient in the polarizing field, VBo- It is usual
to define the conjugate k-space as
k = (2jt)"1Gt

(2)

In order to reconstruct p(r) it is necessary to
sample S(k) with a raster in three dimensions, or
two where a selective rf pulse is used to first
excite a two-dimensional layer of spins. This
sampling involves an evolution of the spin
system in the presence of gradients whose
magnitude and direction cause k-space to be
mapped in a well-defined manner. The two
rasters commonly used are polar and Cartesian.
The respective if pulse sequences for these are
shown in figure 1 for the normal case of imaging
in the plane. Note that the polar raster involves a
simultaneous application of" orthogonal gradients
in such a manner that the magnitude is constant
while the direction is successively stepped. This
method of reconstruction is termed Filtered Back
Projection (FBP). By contrast, the Cartesian
raster works by successive application of
orthogonal gradients with data acquisition
occuring during the final (read) gradient. The
influence of the preceding (phase) gradients is to
cause an evolution along an orthogonal axes in
k-space. Note that it is conventional to
selectively excite the spin system with a sine
modulated rf pulse and to centre the origin of
sampling on an echo. The use of echoes reduces
the influence of transients associated with the
switching of gradient fields. In the Cartesian
case (Fourier Zeugmatography) the phase
gradient is usually of variable magnitude and
applied for a fixed duration, a variant commonly
known as spin warp imaging. In both methods
of 2-d reconstruction it is necessary to sample
S(k) in only two quadrants because of the reality
ofp(r).
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Figure 1. Pulse sequences for a) Spin-Warp Fourier Zeugmatography and b) Filtered Back Projection.
High Resolution Imaging: The T2 limit
Any attempt to increase the resolution
corresponds to a reduction in the smallest volume
element (voxel) observed. In NMR, such a
reduction in "sample size" is limited by the need
to retain acceptable signal in the face of the
Johnson noise generated by the receiver coil.
This signal strength consideration effectively
restricts microscopy to proton NMR although
some high resolution images have been obtained
recently using 17 O NMR on enriched samples®.
Signal averaging can assist in maintaining the
proton NMR signal-to-noise ratio but in this case
the imaging time depends on the sixth power of
the voxel size! The problem can be understood
quantitatively as follows.
In image
reconstruction from conjugate space the spatial
resolution obtainable is determined by the
maximum value of k sampled. Increasing either t
or G will therefore increase the resolution. Both
changes however spread the signal "thinner" in
frequency space, thus reducing the image signalto-noise ratio. For a finite number of pixels, N,
the increase in sampling time, NT, corresponds
to a slower acquisition rate and hence a narrower
sampling bandwidth, 1/T where T is the sampling

interval. By this reasoning the image signal-tonoise will be proportional to G~ 2 (l/T) 2 .
However, because reduction of the digitization
bandwidth permits the narrowing of the bandpass
signal filter, this offers the prospect of
simultaneously reducing the noise. Consequently
the image signal-to-noise is proportional to G"
2
( 1/T)3/2. Ultimately however, a lower
bandwidth is reached where the intrinsic T2linewidth corresponds to the pixel separation.
This bandwidth is termed "optimal". The spatial
resolution is then determined by the frequency
spacing of next-nearest neighbor pixels, 2/NT
and the resolution, Ax, is (2/NT)(2TC/TG). While
Ax can be reduced by increasing G, this process
causes the image to spread out in the frequency
domain and therefore causes the pixel signal-tonoise ratio to deteriorate. Thus it is the desired
signal-to-noise ratio and the frequency linewidth
which together limit the resolution.
The relationship between Ax and G at fixed
signal-to-noise ratio is illustrated in figure 2 (for
2-dimensional imaging) where G"2(l/T)3/2 is kept
constant. A crossover from pixel-limited to T2limited resolution is apparent at the gradient value
chosen to reproduce the desired signal-to-noise
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ratio at the optimal bandwidth, n/T)=(N/7tT2).
Using these conditions we obtain^) the following
proton NMR expressions for Ax in the case of
both FZ and FBP reconstruction.
Ax(FZ) =

(3)

logf

1

G4/3

pixel spacing (1/NT)

These expressions account for the desired signalto-noise ratio, po/of, the slice thickness, Az, the
rf coil radius, a, the coil proximity factor,
a (typically 5), and the spectrometer noise
figure, F (ideally 1). Table 1 summarizes the
transverse and voxel resolutions predicted by
equation 3 for a variety of experimental
conditions.

G2/3

diffusive broadening ( Af ^jf)

relaxation broadening (1/ 7tT2)

logG
log Ax

logG

Figure 2. Logarithmic plot of frequency broadening and spatial resolution for constant image signal-tonoise ratio as G is varied.
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TABLE 1
Transverse and Voxel Resolution for and Image signal-to-noise ratio of 20 at total accumulation number
(NaccN) of 1000 and N = 256. 100 |im slice transverse resolutions are given both for zero diffusion and
(in brackets) for D = 2 x 10"9 m 2 s"1.
Resolution (|im)
at 400 MHz

at 60 MHz
T 2 (ms)
500
100
50
10

Optimal
Bandwidth (Hz)
163
815
1630
8150

100 urn
slice

Voxel

15 (36)
23 (36)
28 (36)
41 (41)

29
38
42
56

One method of enhancing sensitivity is by the
summation of multiple echoes in a CPMG train.
In this process signal-to-noise is improved by
signal averaging but the acquisition bandwidth
must be increased above the T2-optimal limit to
allow for several echoes under the T2-envelope.
Now the intrinsic linewidth no longer limits the
resolution and an apodization filter may be
applied to trade off the noise increase resulting
from the wider bandpass filtering. The resulting
resolution limits(9) are essentially the same as
those shown in Table 1 but with the significant
advantage that these can be achieved at any
desired bandwidth. Filtered Back Projection
provides a slight bonus in this approach because
of the higher density of raster points near the
origin of k-space.
The diffusive limit
Because the acquisition of the NMR signal is
undertaken in the presence of a magnetic field
gradient, the diffusion of molecules will cause a
line broadening. The influence of molecular
diffusion can be appreciated by considering the
imaging acquisition scheme with total period NT.
The additional attenuation factor resulting from
the application of the steady gradient is
exp(-^G 2 Dt 3 /3). In the frequency domain the
image is broadened by the convolution of the
spectrum with the point spread function resulting
from this attenuation. The appropriate frequency
spread is
Afdif = 0.6(y2G2D/3)1/3

(4)

The effect of diffusive broadening illustrated in
figure 2. Following the previous analysis it may

100 urn
slice
2.8
4.4
5.4
7.9

(12)
(12)
(12)
(12)

Voxel
9.6
13
14
18

be shown(10) that this expression leads to a new
transverse resolution limit given by
Ax = 1.34[AxdifAxopt2]l/3

(5)

where AxOpt is the T2-limited resolution of
equation 3 and Axdjf is the distance diffused by a
molecule over the optimal acquisition time, 7CT2.
Thus
Axdif = (2D7CT2)1/2

(6)

where D is the molecular self-diffusion
coefficient. It should be noted that equation 5
applies in the case Axd;f > A x o p t . This is
certainly the case in Table 1 for a water molecule
with T2 = 500 ms where Axdjf is 60 Jim.
Transverse diffusive resolution limits are shown
in Table 1 for the case of a 100 ^im slice.

Susceptibility-limited
limited resolution

and

Dipolar-

Inevitably the very inhomogeneity which we seek
to elucidate in NMR microscopy will have the
effect of introducing small magnetic field
imperfections owing to local variations in
magnetic susceptibility. These effects will be
more severe, the higher the applied polarizing
field strength. An inhomogeneous susceptibility
Xm will lead to a field offset ABo(r) distribution
which will depend on the geometry of the
boundaries between regions of differing
susceptibility. Furthermore the presence of
ABo(r) will introduce image distortions which
depend on the reconstruction method employed.
In the usual k-space formalism the relationship
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between the time domain signal and the original
image density p(r) can be expressed as
S(k) = fp(r) exp[iyABo(r)t] exp[i27tk.r] dr
(7)
The reconstructed image is
Pl(r) = Js(k) exp[-i27ik.r] dk

(8)

pi(r) is not equal to p(r) because of the additional
spatially dependent precession in equation 7. The
precise effect of ABo(r) depends on the image
geometry. Solutions have been obtained^ 1 ) for
spherical and cylindrical features embedded in a
uniform plane where it is apparent that spatial
displacements and distortions occur in these
images. It is important to note that these effects
scale as XmBo/G. This means that it is necessary
to raise G if the spatial extent of the effects are to
be reduced. Such a change results in the need for
a bandwidth much greater than optimal.
Consider the case of %m = 0.3 x 10"6 with a
200 MHz Larmor frequency and 20 kHz
bandwidth. This corresponds to a gradient of
5 gauss cm"1 across a sample of 1 mm diameter.
In this case the susceptibility influence on
resolution is significant at around 600 Hz or
30 ^im. In order to avoid susceptibility
influences it is necessary to employ very large
gradients and echo summation imaging to restore
the signal-to-noise ratio, or alternatively to use
pulse sequences which refocus field
inhomogeneity terms but retain the evolution due
to the applied gradient^2).
Because of the large dipolar-linewidth associated
with NMR in solids, high resolution micrographs
are generally obtained from molecules in the
liquid state. However, the use of elegant linenarrowing methods( 1 3 ' 1 4 ' 1 5 ) involving a
combination of magic angle spinning and MREV8 pulse trains, have resulted in solid-state NMR
micrographs with a transverse resolution as low
as 50 ^im. The use of magic angle spinning
requires that the imaging gradients are
synchronously rotated. By adjusting the rotating
gradient phase angle a polar raster can be applied
and the image reconstructed by Filtered Back
Projection. This highly sophisticated method,
developed by Cory, Veeman and co-workers,
holds considerable promise in the application of
NMR microscopy to solid-state materials science.

APPARATUS

In common with medical MRI, NMR Microscopy
relies on the usual reconstruction and image
processing software. The provision of this
software and of rf modulation for the generation
of selective pulses represents the largest difficulty
in adapting a conventional spectrometer for
imaging based on liquid state molecules. Unlike
MRI, NMR Microscopy requires the optimization
of signal-to-noise ratios and the use of rapidl/
switched gradients in excess of 10 gauss cm"'.
This however is not a difficult provision.
Microscopic imaging benefits from the scaling
down of the respective coil dimensions, a, the rf
sensitivity improving as a' 1 and the gradient
strength improving as a"2. The reduction in
gradient coil inductance and resistance implies the
need for quite modest current supplies in
comparison with those used in MRI.
Furthermore the reduction in the stray field as the
gradient coil is scaled down means that induced
eddy currents are less problematic and clean rise
and fall times of order 50 \i s can be achieved
without the need for waveform pre-emphasis.
While not entirely necessary in wide-bore
superconducting polarizing magnets, it is now
customary to employ shielded gradient coils(16),
especially if substantial metal surfaces are in close
proximity. It should however be noted that there
is an inductance and resistance price to be paid in
using shielding. This price necessitates the use
of higher powered current supplies.
Microscopy can be performed very effectively in
the lower field of electromagnets. We have
obtained good micrographs at 60 MHz, for
example the plant stem shown in figure 3, while
Lauterbur has obtained quite superior resolution
using three-dimensional projection reconstruction
at 90 MHz( 17 ). The use of three-dimensional
reconstruction avoids the need to selectively
excite and means, in effect, that one can work
with stepped steady gradients and hard rf pulses.
Lauterbur's approach is therefore ideally suited
for simple spectrometer adaptation. The
electromagnet offers three principal advantages.
First the geometry conveniently allows the use of
solenoidal rf coils for maximum sensitivity.
Second the geometry allows easy access for plant
stems or other samples attached to external
objects. Finally it permits the application of very
large gradient pulses without the need for
shielding. This proves especially useful in
Pulsed Gradient Spin Echo contrasting^).

Vol. 11, No. 3/4

221
Unlike medical imaging where voxel sizes and
signal strengths are much larger, NMR
microscopy is ill-suited to real-time studies on the
second timescale. Typical image acquisition
times are of order 1000 s so that changes in
image features can only be monitored if these
occur on a timescale longer than this, for example
in following the gradual penetration of solvent
into a solid matrix. Such methods have recently
been applied in polymer studies.
It is however the variety of contrasting schemes
which makes NMR microscopy so powerful.
The panoply of NMR measurements which until
now have been performed on homogeneous
samples, can be spatially localized in
heterogeneous systems.
The potential
applications in biology, food technology and
materials science are enormous. Contrasting is
achieved by incorporating a preconditioning
phase in the pulse sequence. An example of this
is shown in figure 4 where we have used a
pulsed gradient spin echo (PGSE) sequence
before the image acquisition in order to impart
phase shifts arising from molecular displacements
over the time between the PGSE gradient pulses.
This method, which we have termed dynamic
NMR microscopy, is discussed in detail
elsewhere(19).

Figure 3. Plant Stem image( 42 ) (Cyperus
Eragrostis) obtained using 60 MHz imaging.
IMAGE CONTRAST
The plant stem image shown in figure 3 has a
transverse resolution of around 30 ^m in a slice
thickness of 1 mm. This is considerably poorer
than the spatial resolution associated with optical
microscopy where slice thicknesses are of order
100 \im with transverse resolution of order 1 p.m.
The advantage of NMR microscopy is its noninvasive character and molecular specificity, the
proton NMR signals in figure 3 being
predominantly due to water molecules.
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Figure 4. Pulse sequence for dynamic imaging showing contrast and resolution phases.
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The effect of the preconditioning can be seen in
figure 5 where a succession of in-phase and
quadrature-phase images obtained under
increasing PGSE pulse amplitudes, g, is shown
for water flowing through a 700 Jim diameter
capillary. The phase shifts resulting from the
local molecular velocity increase towards the
centre of the capillary while diffusive effects
cause a gradual image attenuation as g is
increased. Fourier analysis of these effects leads
to a set of pixel displacement profiles from which
velocity and diffusion maps can be obtained. The
method lends itself to high resolution velocimetry
experiments in systems undergoing steady state
molecular motion. Dynamic NMR microscopy
has the added advantage that the local molecular

self-correlation functions, P s (r-ro,t), are
obtained^ 1 8 ). These functions express the
probability that a molecule in the pixel concerned
will move by a displacement r-ro over the spin
echo timescale t. In examples where Brownian
motion is superposed on flow, velocity profiles
are obtained in conjunction with self-diffusion
maps. Alternatively where diffusive motion is
hindered by barriers in heterogeneous systems,
the barriers dimensions may be determined by
obtaining the t-dependence of Ps(r-i*o,t). The
method provides a "dynamic probe" over a
distance scale some orders of magnitude smaller
than that associated with static imaging
resolution.

Figure 5. Real/Imaginary data images obtained under successively higher PGSE gradients for water
flowing through a 700 (im diameter capillary.
More common contrast schemes include those of
chemical shift, Ti and T2 relaxation. Examples
of applications are shown in Table 2. Also
shown in Table 2 are applications of microscopy
in which the successive, real-time evolution of

the image is observed in a non-steady state
system and applications where dynamic NMR
microscopy reveals localized velocity and
diffusion maps in a steady-state system.

TABLE2
Applications of NMR microscopy
Reference

Sample

Molecule

Nucleus/Frequency

Pixel (urn) /
Slice (urn)

HIGH RESOLUTION
1986 Eccles
and Callaghan^20)

plant stem

water

l

U 160 MHz

12
1500

Contrast
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1986 Aguayo et al(21)

toad ovum

water

!

1986 Johnson et al( 22 )

rat brain

water

l

1986 Kamei
and Katayama^23)

plant stem

water

!

1986 LauterbuK17)

snail

water

1 H / 90 M Hz

1987 Connelly et al( 24 )

water

l

1987 Samoilenko^2^

plant stem/
maize root/
mungbean
polymer rods

1987 Kuhn
and Mattingley(26)

H / 400 MHz

H/ 60 MHz
H / 270 MHz

VL 1200 MHz

15
250
50
1000
80
80
20
70
70
590

T2

T2
real-time

polypropylene/ *H / 200 MHz
polymethylmethacrylate/
polyurethane

100

Real-time
T2

polymer beads

water

*H / 300 MHz

18

T2

quail egg

water/
lipid

*H / 300 MHz

115
275

Chemical shift

1987 Gassner
and Lohmam27)

locust egg

*H/ 200 MHz

wheat grain

1988 Meyer and Brown(29)

mouse brain

water

!

1988 Callaghan et al( 19 )

capillary tube

water

!H / 60 MHz

1988 Jenner et al(3°)

wheat grain

water

l

1988 Harrison etal^ 31 )

acetabularia cap

water

*H / 270 MHz

100
500
30
1300
25
500
10
1000
30
1000
35

Chemical shift

1988 Eccles et al( 28 )

water/
lipid
water

1989 Listerud et al^32)

water

!

water

17

1989 Cory et al<33)

tobacco
horn worm
mouse/
plant stem
solid polymer

polybutadiene/
polystyrene

!

1989 Cory and Veeman^34)

solid polymer

1989 Mateescu et al(^)

*H / 60 MHz
H / 4 0 0 MHz

H 160 MHz

H / 200 MHz
O / 54 MHz

H / 180 MHz

13

Diffusion
Diffusion
Ps(r-ro.t)/
velocity/diffusion
P S (r-ro,t)/
velocity/diffusion
Ti
Real-time

35
1000
50
3000
50
750

C/45MHz

LOW RESOLUTION
1984 Rothwell et al( 35 )
1985 Rothwell 3
and Vinegar ")
1985 Rothwell
and Gentempo^'/
1988 Tamiya et al( 38 )

polymer
composites

water

!H/35MHZ

500
15000

sandstone

water

1

H/35MHz

500
60000

T2

polystyrene
rod
mimosa

toluene

l

H 1200 MHz

water

]

H/85MHz

200
2000
250
(5000)

T2
Real-time
Real-time
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1988 Hayashi et al<39)

A12O3 slip

1

H/42MHz

250
8000

Real-time

1988 Marechietatf 40 )

polymethyl-

*H / 85 MHz
methacrylate

600
2000

Real-time

1989 Chang
and Komorowskiv+l)

rubber/
polybutadiene

*H / 200 MHz

400
2000

T2

CONCLUSION
Table 2 indicates the spectrum of possible
applications for NMR microscopy. In midical
science the development of high resolution
imaging and localized spectroscopy will permit
the study of physiological and biochemical
processes in rats on a relative distance scale
previously obtainable only in large animals and
human subjects. NMR microscopy has enabled
in vivo physiological studies in plants and in
small organisms, including single cell structures.
The potential uses in Food Science and Materials
Science are especially promising given the
contrast schemes available. One possibility
concerns the monitoring of changes in watemipid
distributions in food products during various
stages of cooking. The dynamic imaging contrast
can elucidate barriers to diffusion, thus providing
a sub-micron probe of structural features, 't can
also be used to investigate porosity in m neral
structures. In studies involving complex f luids,
the facility to simultaneously image velocit y and
diffusion can provide
a link in our understa iding
r
of rheological properties and their molecular
basis.
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