
666 Experientia 44 (1988), Birkh/iuser Verlag, CH-4010 Basel/Switzerland Reviews 

117 Stump, R. F., Robinson, K. R., Harold, R. L., and Harol d, F. M., 
Endogenous electrical currents in the water mold Blastocladiella 
emersonii during growth and sporulation. Proc. natl Acad. Sci. 
(USA) 77 (1980) 6673-6677. 

118 Teller, W. H., Woodruff, R. I., and Huebner, E., Electrical polarity 
and cellular differentiation in meroistic ovaries. Am. Zoo. 21 (1981) 
675-686. 

119 Thornton, C. S., The relation of epidermal innervation to limb 
regeneration in Amblystoma larvae. J. exp. Zool. 127 (1954) 577- 
601. 

120 Troxell, C. L., Scheffey, C., and Pickett-Heaps, J. D., Ionic currents 
during wall morphogenesis in Micrasterias and Closterium. Prog. 
elin. Biol. Res. 210 (1986) 105-112. 

121 Verachtert, B., and DeLoof, A., Electrical fields around the poly- 
trophic ovarian follicles of  Sarcophaga bullata and the panoistic 
follicles of Locusta migratoria. Prog. clin. Biol. Res. 210 (1986) 173- 
180. 

122 Waa]and, S. D., and Lueas, W_ J., An investigation of the role of 
transcellular ion currents in morphogenesis of Griffithsia pac~ca 
Kylin. Protoplasma 123 (1984) 184-191. 

123 Weisenseel, M. H., Control of  differentiation and growth by endoge- 
nous electric currents, in: Biophysics, chap. 12, pp. 460-465. Eds 
W. Hoppe, W. Lohmann, H. Markl and H. Ziegler. Springer-Ver- 
lag, Berlin 1983. 

124 Weisenseel, M. H., Dorn, A., and Jaffe, L. F., Natural H + currents 
traverse growing roots and root hairs of barley (Hordeum vulgate 
L.). Plant Physiol. 64 (1979) 512-518. 

125 WeisensceI, M.H. ,  and Jaffe, L. F., The major growth current 
through lily pollen tubes enters as K + and leaves as H +. Planta 133 
(1976) 1-7. 

126 Weisenseel, M. H., and Kicherer, R. M., Ionic currents as control 
mechanism in cytomorphogenesis, in: Cytomorphogenesis in Plants, 
pp. 373-399. Ed. O. Kiermayer. Springer-Verlag, New York 1981. 

127 Weisenseel, M. H., Nuccitelli, R., and Jaffe, L. F., Large electrical 
currents traverse growing pollen tubes. J. Cell Biol. 66 (1975) 556- 
567. 

128 Wiley, L. M., and Nuccitelli, R., Detection of transcellular currents 
and effect of an imposed electric field on mouse blastomeres. Prob. 
clin. Biol. Res. 210 (1986) t97-204. 

129 Winkel, G. K., and Nuccitelli, R., Strong ionic currents leave the 
midline of the 7.5 day postimplantation mouse embryo. J. Cell Biol. 
105 (1987) 256a. 

130 Woodruff, R. I., and Anderson, K. L., Nutritive cord connection 
and dye-coupling of the follicular epithelium to the growing oocytes 
in the telotrophic ovarioles in Oncopehus fasciatus, the milkweed 
bug. Wilh. Roux Arch. 193 (1984) 158-163. 

131 Woodruff, R. I., Huebner, E., and Teller, W. H., Electrical proper- 
ties of insect ovarian follicles: some challenges of a multicellular 
system. Prog. clin. Biol. Res. 210 (1986a) 147-154. 

132 Woodruff, R. I., Huebner, E., and Teller, W. H., Ion currents in 
Hyalophora Ovaries: the role of the epithelium and the intercellular 
spaces of the trophic cap. Devl Biol. 117 (1986b) 405-416. 

133 Woodruff, R. I., and Telfer, W. H., Polarized intercellular bridges in 
ovarian follicles of the cecropia moth. J. Cell Biol. 58 (1973) 172- 
188. 

134 Woodruff, R. I., and Telfer, W, H., Electrophoresis of proteins in 
intercellular bridges. Nature 286 (1980) 84-86. 

0014-4754/88/080657-1051.50 + 0.20/0 
�9 Birkhg.user Verlag Basel, 1988 

Prospects for NMR imaging in the study of biological morphogenesis 

J. A. B. Lohman ~ and R. G. Ratcliffe* 

a Oxford Research Systems Limited, Nuffield Way, Abingdon, Oxon OX14 1RY (England), and Department of Plant 
Sciences, University of Oxford, Agricultural Science Building, Parks Road, Oxford OXI 3PF (England) 

Summary. Small objects can be visualised with a spatial resolution that approaches microscopic dimensions using the 
technique of high resolution nuclear magnetic resonance (NMR) imaging. Some important features of the method 
are described and the prospects for using the technique to study morphogenesis are discussed. It is concluded that 
NMR imaging, in conjunction with the related method of localised spectroscopy, is capable of producing novel 

structural information. 
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Introduction 

Many isotopes, some of them naturally abundant (e.g. 
IH, 31p) and others not (e.g. 13C, 15N), have nuclear 
magnetic moments, and it is possible to detect such iso- 
topes using the techniques of nuclear magnetic resonance 
(NMR). The phenomenon was first observed more than 
40 years ago, and since that time NMR has developed 
into a versatile technique with many applications in 
physics, chemistry, biology and medicine. NMR detects 
transitions between the energy levels associated with the 
nuclear magnetic moments, and much of the success of 
the technique can be attributed to the fact that the mea- 
surable properties of these transitions depend on the 
molecular environment of the nucleus in a predictable 
way. Thus, NMR spectroscopy is arguably the most ver- 
satile technique for structural analysis in the chemistry 
laboratory e0, and it also finds many applications in bio- 
chemistry 4~ for example in the characterisation of the 

structural and dynamic properties of macro-molecules in 
solution s s. 
NMR techniques can be applied to living systems and the 
methods of particular interest are high resolution NMR 
spectroscopy and NMR imaging. In the spectroscopic 
approach, signals are detected from metabolites in the 
intracellular fluids and the metabolites are monitored 
under different physiological conditions 26. Although the 
insensitivity of the technique limits it to metabolites pre- 
sent at relatively high concentrations, NMR spectrosco- 
py has found many applications in vivo, including appli- 
cations to mircroorganisms 4, plant tissues 48 and animal 
tissues 4, 56. The very small fraction of this work that has 
been concerned with developing systems (table) has con- 
centrated on two areas: (i) the analytical problem of 
correlating changes in metabolite levels with the onset of 
developmental changes; and (ii) the role of intracellular 
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pH as a possible controlling factor in the regulation of 
development 12, 41. 
Most of the work summarised in the table was done with 
collections of organisms at the same developmental 
stage, rather than with individuals, and the NMR spectra 
were averages over the total population. The convention- 
al spectroscopic approach to living systems ignores the 
cellular heterogeneity of the sample and in so far as it is 
possible to obtain spatial information from such spectra, 
this information is usually at the level of identifying met- 
abolic pools with particular spectroscopic properties 8. 
This lack of spatial information is a disadvantage in 
studies of developing systems and it explains why NMR 
spectroscopy has been of only limited use in this area. 
In contrast, NMR imaging exploits the heterogeneity of 
a sample to produce an image based on the spectroscopic 
properties of a bulk fraction distributed within the sam- 
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ple. In living systems, the bulk fraction is usually water 
and spatial information is encoded in the NMR signal by 
means of externally applied magnetic field gradients 39. 
NMR imaging is well established as a clinical tool 33, but 
the clinical version of the technique, in which large ob- 
jects are imaged at low spatial resolution, is unlikely to be 
of much interest to developmental biologists. However, 
recent developments in high resolution imaging, which 
enable small objects to be imaged with a spatial resolu- 
tion that approaches cellular dimensions, together with 
the current trend towards combining the imaging and 
spectroscopic methods in various forms of localised spec- 
troscopy 3 suggest that this situation is changing. These 
new methods for visualising developing systems non-in- 
vasively are reviewed here and their potential contribu- 
tion to studies of morphogenesis is discussed. 

Developmental changes investigated by NMR spectroscopy 

Developmental change Organism NMR method Observations 

Saccharom yces 13C/labelling 
cerevisiae (yeast) 

A canthamoeba t 3 C /31p 
castellanii (protozoan) 

Sporulation 

Encystment 

Arousal from dormancy 
(a) Cysts Artemia salina alp 

(brine shrimp) 
Artemia sp. ~ Xp 

(b) Spores Pichia pastoris (yeast) 13C/labelling 

Phycornyces 1 H 
blakesleanus (fungus) 

Onoelea sensibilis (a fern) 31p 

(c) Seeds Miscellaneous 13C/31p 

Fertilisation and embryonic development 
(a) Sea urchins Various alp 

Strongylocentr otus 31 p 
purpuratus 

(b) Amphibians Rana pipiens 31p 

R. pipiens 23Na 
Xenopus laevis 31p 
Z. laevis 31p 

(c) Birds Domestic fowl 31p 

Somatic embryogenesis 
Medicago sativa 15N/soli d state 
(alfalfa) cultures 
M. sativa 31P/solid state 

Miscellaneous 
(a) Cell division cycle 

(b) Differentiation 

S. cerevisiae 31p 

Candida albicans (fungus) 3~p 

Dictyostelium discoideum 3 ~ p 
(slime mold) 
Friend leukemia cells aH 

3~p (c) Postnatal development Rat brain 

Differences in the metabolism of [2-13C]-acetate in sporulating 
and vegetatively growing cells 23 

Differences in the trehalose (13C) and phosphonate (31p) 
resonances between vegetative and encysted forms TM 22 

Internal pH increased during arousal 1 o, 11 

Diapause is not imposed by a fail in intracellular pH z4 
Correlated trehalose metabolism and trehalase activity 
during dormancy and germination 5, s2 
The breakdown of trehalose shortly after the start of germination 
coincided with an increase in the cytoplasmic water content and 
its mobility 54 
Intracellular pH did not change during phytochrome-mediated 
germination 5 s 
Various changes in metabolite levels 14,16,19, 36 

No change in intracellular pH on fertilisation 31 
Intracellular pH increased by 0.43 units on fertilisation sv 

Transient increases in intracellular pH on removing metabolic 
blocks at first meiotic prophase and second meiotic metaphase 3v, 3s 
Changes in the Na + signal during early development 29 
Intracellular pH increased by 0.24 units on fertilisation 4z 
Phosphorus metabolites monitored during development from the 
unfertilised egg to the feeding tadpole 1 s 
Phosphorus metabolites monitored during development 
up to hatching 7 

Compared the nitrogen utilisation in regenerating 
and non-regenerating cultures 51 
Concluded that non-regenerating cultures were characterised 
by low intracellular pH 5o 

Transient intracellular pH rise following the addition of glucose 
to aerobic synchronous cultures arrested prior to 'start' 28 
Changes in the polyphosphate signal during the dimorphic 
transition between yeast and mycelium 1 
No pH difference between the pre-stalk and pre-spore cells 
during the initial stage of differentiation 32, ,~9 
Marked increase in cytoplasmic phosphorylcholines during 
erythroid-like differentiation 1 
Changes in phosphorus metabolism between 10 and 20 days 43 
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Imaging techniques 

Imaging experiments on developing systems are likely to 
require the highest possible spatial resolution and this 
section begins with a discussion of the factors that limit 
the practicable resolution. Each data point in an N M R  
image corresponds to the signal from a volume element 
('voxel') defined by the three orthogonal field gradients 
applied during the imagang experiment. The strength of 
the gradients in combination with the intrinsic frequency 
width of the N M R  signal puts a theoretical limit on the 
spatial resolution, but in practice it is the sensitivity of the 
N M R  experiment that is the limiting factor. There needs 
to be sufficient material within the voxel to give rise to a 
detectable N M R  signal and as the voxel size is reduced so 
the signal strength decreases. For example, improving 
the spatial resolution by a factor of 2 in each dimension 
reduces the signal intensity by a factor of  8, implying a 
64-fold increase in the total measurement time if the 
signal-to-noise ratio is to be maintained by performing 
time-averaging. Clearly time-averaging is a very ineffi- 
cient method for improving the spatial resolution, and 
indeed it may well be impracticable when working with 
living systems because of the need to minimise the total 
imaging time to avoid linage artifacts that arise from 
movements or changes in the specimen that are last rela- 
tive to the imaging time. 
The solution to the sensitivity problem, and hence the 
key to high resolution imaging, is to operate at the 
highest possible field strength using a radio frequency 
(RF) circuit that is designed to optimise the signal from 
the sample. The signal strength increases with the 
strength of the polarising field and so, operating at the 
highest possible field is an effective route to high sensitiv- 
ity. N M R  magnets are currently available up to a field 
strength of 14 Tesla, corresponding to a 1H resonance 
frequency of 600 MHz, and the only obstacle to exploit- 
ing the full range of field strengths for imaging purposes 
is the narrow bore of the highest field magnets. Thus for 
the foreseeable future, imaging at the highest spatial res- 
olution is likely to be restricted to objects that can be 
accommodated within the confines of the RF and gradi- 
ent coils within a 54-mm bore magnet, i.e. to objects, or 
parts of objects, with a diameter less than 1 cm. A further 
improvement in the sensitivity can be obtained by opti- 
raising the filling factor of the radio frequency resonator 
used to measure the N M R  signal. A coil encompassing 
the specimen will normally produce an image of good 
quality and uniform appearance, but the size of the coil 
will limit the size of  the object that can be imaged. Sur- 
face coils provide a more flexible alternative, but in this 
case the image intensity decreases with increasing dis- 
tance from the coil and it is only possible to study struc- 
tures within approximately one coil diameter of the sur- 

face. 
The image of a Xenopus laevis egg in figure 1 gives some 
indication of the spatial resolution to be obtained in a 

Figure 1. A 9.4 Tesla image of a transverse slice across a glass tube 
containing a stage 4 X. laevis ovum. The imaging conditions were: refo- 
cusing time, 16 ms; recycle time, 4 s; number of acquisition cycles, 4; total 
acquisition time, 32 min. The in-plane pixel resolution was 10 x 3 gm with 
a slice thickness of 250 gin. (Reproduced from Aguayo et al. 2) 

high field 9A Tesla magnet 2. The voxel volume is 
32.5 x 10-as m 3 (32.5 pl), with an in-plane ('pixel') reso- 
lution of 10 • 13 ~m and a slice thickness of 250gin. The 
ratio of the in-plane resolution to the slice thickness is 
largely under experimental control, but it should be 
borne in mind that a pixel resolution approaching a mi- 
croscopic scale can only be obtained at the expense of a 
thick slice and that in multicellular systems this will lead 
to a decrease in the effective in-plane resolution. How- 
ever, it should also be noted that the limit on the spatial 
resolution that can be achieved at the highest available 
field strengths has yet to be established. 
The signal intensity in each pixel of figure I derives from 
the total 1H magnetisation in the corresponding voxel. 
This microscopic magnetisation depends in part on the 
number of spins, i.e. 1H nuclei, within the voxel but it 
also depends on the way in which the magnetisation is 
manipulated during the imaging experiment. Conse- 
quently, the signal strength is not a straightforward mea- 
sure of the number of spins in a voxel it would be 
incorrect, for example, to assume that the contrast in 
figure 1 arose solely from the variation in the water con- 
tent within the egg - and so, care needs to be taken in the 
interpretation of image intensities. On the other hand, 
the ability to manipulate the magnetisation and thus to 
change the contrast in an image may lead to additional 
information about the sample. 
The nuclear spin relaxation processes have an important 
bearing on the appearance of an image. For example, in 
order to obtain a two-dimensional image, the N M R  sig- 
nal has to be measured repetitively with different mag- 
netic field gradient strengths and if the image is to reflect 
the spin density exactly, then it is essential to allow the 
magnetisation to return to equilibrium with the polaris- 
ing field after each measurement. The equilibration pro- 
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cess is known as longitudinal relaxation and it is associat- 
ed with a relaxation time, T1, which depends on the 
molecular environment of the relaxing nucleus. If the 
repetition time (TR) for the NMR measurements is at 
least five times the T~ for the slowest relaxing contribu- 
tors to the magnetisation, then the image intensities will 
be directly related to the spin density, e.g. to the water 
content; whereas if the repetition time is shorter than 
5 T 1, the more slowly relaxing contributors to the mag- 
netisation will be saturated and their contribution to the 
image intensity will be reduced. 
A second relaxation process, the transverse relaxation, is 
also important in the interpretation of NMR images be- 
cause in many experiments, the magnetisation is detected 
by means of a spin-echo and the strength of the signal is 
weighted by the transverse relaxation of the magnetisa- 
tion, This relaxation process describes the equilibration 
of the magnetisation in the plane perpendicular to the 
polarising field and it is characterised by a second relax- 
ation time, T2. The spin-echo can only be observed if the 
refocussing time for the echo (TE) is less than 5 T 2, and 
the shorter T 2 is in relation to TE, the weaker the echo, 
T 2, like T~, is sensitive to the molecular environment of 
the relaxing nucleus and since T2 is unlikely to be uni- 
form throughout a heterogeneous object, it follows that 
the spatial dependence of the transverse relaxation of the 
magnetisation will influence the image intensity. 
It is important to see the relaxation properties of a het- 
erogeneous system as a potential source of new informa- 
tion, rather than as an obstacle to the measurement, for 
example, of the spatial dependence of the water content 
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within the sample. Just as various stains can be used to 
highlight particular features in an optical micrograph, so 
the imaging conditions can be chosen to emphasise a 
particular component of the bulk magnetisation. For 
example, in living systems T1 for water is usually longer 
than T 1 for lipids; whereas T2 for water is usually shorter 
than T 2 for lipids. As a result, the relative contributions 
of the water and lipid signals to an image can be manip- 
ulated by adjusting either TR or TE: the lipid signal is 
favoured by increasing TE or reducing TR. Thus, by 
exploiting the intrinsic relaxation differences within a 
tissue it is possible to control the contrast within the 
image and this can lead to more detailed information 
about the tissue. 
One further aspect of image interpretation needs to be 
mentioned here and this concerns the complications that 
can arise when the bulk magnetisation is derived from 
more than one chemical species. The ~H magnetisation of 
a tissue is often dominated by the water content, but in 
some cases the NMR signal may originate from two 
major fractions, e.g. water and lipid, with different chem- 
ical shift values, In this situation the image constructed 
from the total magnetisation is actually the superposition 
of two images derived from the two main contributors to 
the magnetisation and the effect of the frequency differ- 
ence between the two resonances is to displace one image 
relative to the other. If the frequency difference is small 
relative to the gradient strength, then the displacement is 
negligible and the image will not be noticeably flawed; 
whereas if the frequency difference is large, the displace- 
ment will be significant and it may be possible to exploit 

xlO 

PPM 

Figure 2. 4.7 Tesla ISIS spectra 44 from a locust egg at 77 % development 
showing that the volume dorsal to the stomatodeum (A) is essentially void 
of lipid while the haemocoel (B) contains lipid. The larger line width for 

the water resonance in (B), as compared to (A), indicates a difference in 
transverse relaxation time between the two types of tissue, and this partly 
explains the lower intensity in the haemocoel region of the image. The 
spectrum of the whole egg (C) also contains resonances from water and 
lipid but, in contrast to the localised spectra, it contains no information 
about the spatial location of the components, The experimental condi- 
tions of the loca!ised spectra were: recycle time, I s; delay time between 
ISIS cycles, 5 s; number of  acquisition cycles, 128; total acquisition time, 
3 min; and for the image: refocusing time, 26 ms; recycle time, 1 s number 
of acquisition cycles, 12; total acquisition time, 27 rain. The in-place pixel 
resolution in the image was 100 x 100 gm with a slice thickness of 500 tam 
and the localised spectra were obtained from cuNc volumes of 
500x 500 x 500 gin. (Reproduced from Gassner and Lohman 2v) 
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the phenomenon to obtain separate images of the differ- 
ent chemical species 3~. An important point is that the 
frequency difference between the two resonances increas- 
es linearly with the strength of the polarising field and so 
chemical shift effects are likely to be particularly impor- 
tant in high resolution imaging experiments at  high mag- 
netic field strengths. Suppressing these effects in high 
resolution images requires the use of strong gradients to 
satisfy the condition that the frequency difference should 
be small relative to the gradient strength. 
Methods for combining imaging techniques with the 
spectroscopic approach to yield localised spectra are cur- 
rently being developed in many laboratories, but the ex- 
tent to which these methods will be useful at a microscop- 
ic scale is uncertain. The only relevant study so far 
achieved a reasonable signal-to-noise ratio for the water 
and lipid resonances from a volume of 125 x 10- lz m 3 
(125 nl), corresponding to 25 voxels in the high resolu- 
tion image 27 (fig. 2). The use of water and lipid suppres- 
sion sequences and improvements in the loealisation 
technique itself may greatly enhance the sensitivity of the 
method to the point at which it may be possible to obtain 
localised spectra from some tissue metabolites. A 
metabolite at the high concentration of 10 mM is 10,000 
times more dilute than the tissue water protons and so it 
is clear that the spatial resolution in a localised spectrum 
will be considerably less than in a simple image. Recent 
localised spectra obtained in a whole body magnet have 
shown that good quality 1H spectra can be obtained 
from a few ml of brain tissue in the head 3o and results 
have also been obtained with the less sensitive 3~p nucle- 
us that suggest that localised 31p spectra can be obtained 
from volumes of the order of 30 ml. These localised spec- 
tra were obtained from volumes corresponding to a few 
hundred voxels in the simple image, and extrapolating 
from these results to the microscopic scale of high resolu- 
tion imaging suggests that it may be possible to obtain 
localised spectra from volumes of between 10 .9 and 
10 -12 m 3. However, it should be noted that an experi- 
mental demonstration of this prediction has yet to be 
made. 

Discussion 

NMR imaging is a source of structural information and 
its non-invasive character makes it particularly suitable 
for investigating systems in which the structure changes. 
For example, figure 3 shows a set of high resolution 
images obtained from a germinating mung bean (Phase- 
olus aurens) seed, and it is clear that the emergence of the 
root and the development of structure within the cotyle- 
don can be followed 17. The potential of high resolution 
imaging for studying developmental processes has been 
explored more fully in an investigation of the embryonic 
development of the desert locust (Schistocerca gregar- 
ia) 27. Images of the egg revealed the formation of 

Figure 3. 4.7 Tesla images of a germinating mung bean taken (i) 2, (ii) 
17.5, (iii) 29, and (iv) 44 h after the start of  germination. The imaging 
plane was parallel to the plane of the cotyledons and the slice displayed 
is centred approximately on the embryonic axis. The imaging conditions 
used were: refocusing time, 22 ms; recycle time, 1.52 s; number of acqui- 
sition cycles, 16; total acquisition time, 52 rain. The in-plane pixel resolu- 
tion was 70 x 70 grn with a slice thickness of 590 Ixm. (Reproduced from 
Connelly et al. 17) 

anatomical structures and embryonic movements during 
the development from fertilisation to hatching. 
When comparing the images in figures 1 and 3 with 
conventional optical micrographs, it is important to re- 
member that the physical origin of the contrast detected 
by the two techniques is different. Optical methods high- 
light the dense, opaque structures within a thin section; 
whereas NMR imaging highlights the regions in between 
these structures, since it is the liquid phase of the object 
that contributes to the detected magnetisation. The reso- 
lution in an NMR image is less good than in an optical 
section, but this shortcoming has to be set against the 
ability of the technique to follow structural changes with- 
in a fully functional organism and the fact that the struc- 
tural information content is different. Clearly, the two 
techniques are complementary and by drawing on the 
microscopic approach to identify the locations highlight- 
ed by the NMR method, it should be possible to extend 
the interpretation of the images. 
The locust study emphasises the way in which imaging 
methods can be used to monitor the chemical composi- 
tion of the egg during development 27. It was possible, for 
example, to image the water and lipid distribution sepa- 
rately (fig. 4) and thus to show that the lipid distribution 
in the yolk was not necessarily uniform. It was also pos- 
sible to record localised spectra (fig. 2) and to show that 
the water content of the yolk remained constant during 
development. As indicated in the previous section, signif- 
icant improvements are likely in the techniques of lo- 
calised spectroscopy but even at the present level of sen- 
sitivity and spatial resolution it is possible to obtain new 
information about the bulk fractions in developing sys- 
tems. 
Image intensities also depend on the relaxation be- 
haviour of the system and experiments can be devised to 
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Figure 4. 4.7 Tesla images of a locust egg showing (A) the water distribu- 
tion and (B) the lipid distribution in a mid-saggital slice at 22 % develop- 
ment. The imaging conditions used were the same as for fig. 2; the refo- 
cusing time for the lipid image (B) was 46 ms. (Reproduced from Gassner 
and Lohman 2~) 

measure the spatial dependence of the relaxation times. 
This type of  measurement is a potential source of infor- 
mation about the physical nature of localised regions 
within a heterogeneous system since the relaxation times 
can be influenced by many different factors, including 
molecular mobility, the viscosity of  the medium, interac- 
tions with paramagnetic ions, macromolecules and sur- 
faces, exchange processes and diffusion phenomena. Wa- 
ter relaxation measurements have been used extensively 
to investigate the properties of tissue water fractions es, 
but the interpretation of the results has often been limited 
by the spatial complexity of the samples s. Combining 
relaxation measurements with imaging procedures will 
reduce the uncertainty inherent in the interpretation of 
the simple relaxation data, and indeed the feasibility of 
this approach has recently been demonstrated by an in- 
vestigation of the spatial dependence of the water diffu- 
sion rate in a wheat grain 25. In a developmental context, 
localised relaxation measurements offer the prospect of 
correlating changes in viscosity or mobility with the onset 
or cessation of metabolic functions. 
If high resolution imaging proves to be a useful technique 
for studying morphogenesis, then it will be necessary to 
assess the extent to which the technique itself can inter- 
fere with developmental processes. Tissues respond in 
various ways to static magnetic fields, time-dependant 
magnetic fields and radiofrequency fields 9 and much ef- 
fort is being directed into the potential clinical hazards of 
imaging procedures 39, 47 No adverse effects of the tech- 

(1988), Birkh/iuser Veflag, CH-4010 Basel/Switzerland 67I 

nique have been observed so far, but this conclusion has 
little relevance to the use of high resolution imaging pro- 
posed here because: (i) very little work has been done 
with developing systems; and (ii) no results of any kind 
have been reported under the conditions of a high resolu- 
tion imaging experiment, i.e. under conditions of very 
high static and gradient field strengths. Less extreme 
conditions caused no effects on bacterial growth s3, 
lymphocyte cell division 18 and the early stages of am- 
phibian development 46, but there is no reliable means of 
extrapolating from these results to the conditions of a 
high resolution imaging experiment and thus no substi- 
tute for a programme of control experiments at high 
static and gradient field strengths. 
The high gradient strengths are the most likely source of 
difficulty: a changing magnetic field generates a voltage 
and the rapid switching of the gradient in a high resolu- 
tion imaging experiment is likely to cause appreciable 
current densities even in small sample volumes. For ex- 
ample, reversing a gradient of 0.5 T/m-1 in a switching 
time of 1 ms could cause a current density of 2.5 mA/ 
m - z around the circumference of a spherical object with 
a diameter of 1 cm 9. This figure is comparable with the 
current densities that are associated with developmental 
processes 45 and although the rapidly varying polarity of 
the induced currents may well ensure that the technique 
is harmless, it underlines the need for a critical evaluation 
of the non-invasive nature of the imaging technique in its 
high resolution form. 

Conclusion 

High resolution imaging is in its infancy but it has pro- 
gressed to the point where it is capable of generating 
novel structural information about biological systems. It 
provides a new way of visualising changes that occur 
during morphogenesis, and it is to be hoped that develop- 
mental biologists will have the opportunity to exploit the 
technique as the equipment for high resolution imaging 
becomes more widely available. 

* Present address: Philips Medical Systems, MR Physics, P.O. Box 
10 000, Best (The Netherlands) 
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