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Apart from discomfort, there are scientific reasons for imaging at high speed. In a 
living person, various organs and parts of the body undergo involuntary movements, 
that is to say, they are controlled by the autonomic nervous system. The obvious 
example is, of course, the rhythmic beat of the heart. The stomach also undergoes 
contractions of a less regular nature. Breathing, though controllable, affects the position 
of all the vital organs to varying degrees. Holding the breath obviates this movement but 
for the aged or infirm, holding the breath in excess of 20 set or so might prove 
impossible. 

Then there is the possibility of visualization and measurement of blood flow. This has 
a pulsatile component deriving from the ventricular diastole and systole occurring 
roughly once per second in a normal state. It would not seem unreasonable to assume 
that imaging methods capable of producing complete pictures in less than 1 set might be 
adapted to blood flow measurement by triggering off suitable signals from an 
electrocardiogram, thus allowing signal averaging of the picture to be performed. 

In this paper the principles of imaging are outlined particularly with reference to 
projections. Selective irradiation and how this may be used to produce pictures by line 
scanning is next discussed. The evolution from line scanning to the general class of 
planar and multiplanar imaging techniques is then described and the first example of an 
image produced by the new method of echo-planar imaging is presented. 

Finally some of the problems of scaling up the hitherto small-object imaging 
experiments to whole-body size are briefly discussed. The type of picture from such 
experiments is anticipated by producing cross-sectional water distribution images based 
on measured water content in human tissue and observed cross-sectional anatomies of a 
human subject. 

IMAGING PRINCIPLES 
In conventional NMR spectrometers, one often makes a conscious effort to produce 

a static magnetic field B,i as uniform as possible so that all spins in the sample 
experience the same field and hence precess at the same Larmor angular frequency w,, 
given by 

q, = I’&,, 

where y is the magnetogyric ratio. 
All imaging methods use magnetic field gradients of one type or another in addition to 

B, in order to impose spatial coordinates on the sample. That is to say, the position in 
the sample is converted into a frequency change by the relationship 

[21 

where the magnetic field gradient G, = c?B,l8x. The field gradient is in general described 
by a tensor with nine components, but for large B, we need only be concerned with the 
three components G, = 8B,llkr, where a = x, y, z. 

If we consider the resonance absorption lineshape of a sample of water contained in 
a rectangular-shaped cell and placed in one static gradient it is straightforward to see 
that when the gradient is normal to one surface of the cell, the absorption line will itself 
take on a rectangular profile. 
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The absorption profile is the spin density projection on an axis in the direction of the 
gradient G. If the sample is rotated through 45 o with respect to the gradient direction, a 
new projection profile is obtained. 

For simple geometrical shapes and homogeneous distributions of spins, it soon 
becomes obvious that a great deal concerning the cross-sectional shape of the object can 
be deduced from the one-dimensional projection profiles. For shapes with high 
symmetry, it is easy to see that the cross-sectional shape may be deduced from relatively 
few projections. In the case of a homogeneous cylinder or an annulus only one 
projection is required and one could visualize a system which recreates the two- 
dimensional disk or annulus image from such a single projection. A square also comes 
close to giving a single projection profile which could be used directly to produce a 

FIG. 1. Diagram showing three integrated spin density projections of an object in the shape of a letter F. 

cross-sectional image. However, to be sure in this case, projections along two directions 
are required in order to eliminate a general rectangular shape or a diamond shape. 
Nevertheless, this line of enquiry leads one to ask whether there are any, more 
complicated, shapes which can be reconstructed from a single projection. 

Let us imagine that our object lies within an image field which consists of a square 
matrix of sixteen touching elements as sketched in Fig. 1. Our image, the capital letter F, 
is represented in this array by the shaded squares which correspond to uniform spin 
density. The white squares represent zero spin density. 

The spin density projections along the two principal axes and along a diagonal are 
sketched for this object. An interesting projection along the x axis gives the letter F 
(drawn here in reverse) directly although the y axis and diagonal projections do not of 
themselves reveal the cross-sectional form. 

For a general irregular shape with varying spin density distribution, it is necessary to 
observe a number of projections of the object corresponding to regularly disposed 
orientations of the gradient. The two-dimensional distribution or image is then 
reconstructed from the set of projection data. A number of algorithms exist for 
executing this reconstruction (6, 7). For a completely determined square matrix of m* 
elements, m separate projections are required. There are algorithms which can produce 
images from fewer projections but these are underdetermined systems and unless the 
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object has high symmetry they do not lead to a unique assignment of the matrix element 
densities. 

The fact that certain shapes can give two-dimensional information from a single 
projection leads naturally to the question whether there is a particular projection 
direction which will always give the desired two-dimensional information. This does not 
seem to be the case for touching rectangular matrix elements. However, if we represent 
our matrix by discrete points then the image of the letter F appears as in Fig. 2. Again, 
the projections along the principal axes x and y are similar to the corresponding 

G- 

FIG. 2. Integrated density projections of a discrete array of spins forming a letter F. The open circles 
represent zero-density points. 

projections in Fig. 1. But we notice for this discrete rectangular lattice that in addition 
there is a projection direction which simultaneously resolves all lattice points along one 
projection axis. Surprisingly, perhaps, a similar situation obtains for a three-dimensional 
lattice of discrete points. 

We can understand these results better if we consider the transverse response or free 
induction decay (FID) for such a discrete lattice point distribution of spin density. For 
generality we consider an orthorhombic lattice with lattice constants a, b, c, in which 
resonant spins with density pl,,,,, reside at lattice points x = la, y = mb, and z = nc, 
where 1, m, n are integers. If gradients G,, G,,, and G, are applied simultaneously along 
all three principal axes the FID following a 90° rf pulse is given by 

s(t) = r.p. 1 pImn eiv(‘aG,+~bG,+ncG,)ly, 
1.m.n 

[31 

where V is the volume of spins contributing to the signal at each lattice site. The 
absorption lineshape is the Fourier transform of S(t) and in general this will be a 
complicated stick spectrum with overlapping components. However, if we choose the 
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gradients in such a way as to satisfy the relationship 
AwJM = Aoy = NAw,, 

359 

[41 
where Au, = yaG,, 151 
etc., and M, N are the largest values of m, n, respectively, in the imaging field, then all 
points in the Fourier-transformed spectrum are simultaneously resolved in a single 
calculation. 

For a discrete lattice, then, this is the condition which ensures full two- or three- 
dimensional image resolution in a single FID. The problem is, of course, that spin 
systems do not come nicely packaged into discrete macroscopic lattices. Apart from 
regular or partially regular biological structures such as membranes and some fibrous 
tissues, there is little hope of applying the above ideas as a practical basis of imaging 
unless one can somehow superimpose a lattice structure on an otherwise continuous 
spin distribution. In later sections we shall return to this point, but for the moment we 
turn our attention to consider the characteristics of some biological tissues. 

BIOLOGICAL TISSUE CHARACTERISTICS 

Although NMR imaging will doubtless find applications in the study of plants and 
fluid transport, emphasis is placed here on the study of biological tissue in man. 
Biological tissue contains on average around 75% water, which can readily be detected 
by NMR methods. Quite a large fraction of the water is contained within the cell 
cytoplasm but there is also a substantial amount of extracellular water in addition to the 
bulk fluids contained within the body. Different healthy body tissues contain different 
amounts of water and the variation in water content can be used to some extent to 
differentiate the various organs within the body. Figure 3 shows the water content of 
various human tissues and apart from bone tissue, the total variation is rather small. 
Many factors affect water content so there can be considerable overlap of the 
distribution spreads for a given tissue type among different subjects. Nevertheless, one 
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FIG. 3. Water content of various human tissues. 
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would certainly expect a variation in water content among the various organs and 
tissues in a particular subject. 

It is also found experimentally (8-20) that there are differences in the spin relaxation 
times of various tissues and Kiricuta and Simplaceanu (8) have shown that there is quite 
good correlation between the spin-lattice relaxation time T, and water content among 
the various animal tissues, the longer Tl’s being observed in tissues with higher water 
content. Damadian (II) and others (8-12) have shown that Tl is longer in malignant 
tissue by a factor of about 1.5 to 2.0. Such pathological tissue is also found to contain 
more water. 

It would thus seem from the tissue characteristics that an imaging method based on 
water content and/or Tl would easily differentiate between the various tissue types 
yielding cross-sectional images showing anatomical detail as reflected in the distribution 
of water throughout the body. Experimental variations of the imaging technique 
designed to measure T, as a function of position throughout the specimen might also be 
used to enhance image contrast. The spin-spin relaxation time T2, which also varies 
with tissue type, might be similarly used, given suitable modification of the imaging 
method. 

IMAGING BY LINE SCANNING 

Under Imaging Principles, above, we stressed the various details and properties of 
spin density projections corresponding to the full two-dimensional density distribution. 
However, it will be clear from that discussion that if a narrow strip of material at y, 
could be isolated from a thin slice of spin magnetization of thickness dx, as sketched in 
Fig. 4, then the spin projection of that strip along they axis created by the gradient G, is 
directly proportional to the spin density pb,,, z), provided dx and dy are sufficiently 
small. Of course, if the sample density does not vary appreciably along the x axis, the 
slice thickness dx can be greater. 

In the experiments described, specialization to a slice was achieved simply by relying 
on the receiver coil geometry, which in this case was a flat coil 2.0 cm in diameter (13). 
The apparatus and probe arrangement are described elsewhere (13-15). Isolation of the 
narrow strip of magnetization was achieved by selectively exciting the spins, within the 
shaded strip of Fig. 4, by applying a tailored 90° rf pulse. By tailoring we mean shaping 
the pulse such that its frequency components interact with the spins within a narrow 
range of Larmor frequencies. During this irradiation process only the selection gradient 
G, is switched on and it is this which produces the spread in Larmor frequencies. At the 

FIG. 4. Illustration of the principle of line scanning. See text for details. 
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end of the excitation period G, is quickly switched off and the read gradient G, is 
switched on. The FID during the read period is sampled and Fourier transformed to 
yield one line of the two-dimensional spin image. In the fully automated version of this 
experiment the rf excitation spectrum is recalculated on-line by a control computer to 
give a new value of offset y, and the process is repeated. In this way the whole imaging 
field is scanned line by line and the data are formed into a rectangular array in the 
computer memory. This is then used to modulate the spot intensity in a television-type 
display (24). 

In modifications of this kind of experiment, better definition of the slice thickness Ax 
may be achieved by a further use of selective excitation pulses to define the initial 
undisturbed slice of magnetization. An even simpler arrangement, based on the first 
method described above, involves producing a set of two-dimensional pictures by 
advancing the object to be imaged along the x axis through the receiver coil. A spatial 
deconvolution of corresponding picture elements along the x axis with the receiver coil’s 
spatial response function will yield the true density variation along the x axis. A 
deconvolution of this type will in general result in a poor signal/noise ratio but this may 
be recovered by reconvoluting with a rectangular or other spatial window function 
corresponding to a finite slice thickness Ax. This procedure may also be combined 
to advantage with other imaging methods; in particular, the planar and echo planar 
techniques described in the next section. 

We assume that one pulse of selective irradiation destroys the local spin 
magnetization at coordinates y, z in plane x, but that this recovers exponentially, 
through a single simple spin-lattice relaxation process in a characteristic time T,(Y, z). 
The effective spin density p(~ z, r) measured in this type of image will thus depend on 
the delay time r between successive excitation pulses according to the expression 

p(y, z, z) = p(y, z) [ 1 - e-*‘Tl(y, ‘)I. [61 
By adjusting r so that z/T,(y, z) is small, for example, one can reduce the eft2ctive 
localized spin density, thereby increasing picture contrast. We refer to this as spin- 
lattice relaxation time discrimination. 

By way of an example of the kind of definition and quality that has been achieved by 
line scanning, we show a recent cross-sectional scan through an okra seed pod (Fig. 5a) 
which was later cut through and photographed (Fig. 5b) to yield a direct comparison of 
the visual cross section with that of the NMR image. The y-axis irradiation gradient 
corresponding to the vertical picture axis was 0.76 G cm-’ and the z-axis read gradient 
(horizontal picture axis) was 1.38 G cm-‘. Because of the rather long spin-lattice 
relaxation times in plants, the delay time must be correspondingly long and, in this case, 
it was r = 0.73 sec. Each line of the picture is an average of 100 separate shots and 
the complete picture took 78 min to produce, including Fourier transformations. 

For other examples of our line scans including images of live human fingers, other 
biological specimens and examples of spin-lattice relaxation time discrimination, we 
refer the reader to the literature (15-Z 7). 

PLANAR AND MULTI-PLANAR IMAGING METHODS 

Multiple-Line Selective Irradiation 
The basic idea embodied in this method rests in the attempt to superimpose a discrete 

lattice structure on an otherwise continuous spin density distribution (18, 19). From the 



362 MANSFIELD AND PYKETT 

FIG. 5 (a) Line-scan NMR cross-sectional image taken through a whole okra seed pod. 
sectional photograph taken through the same region of the pod after the NMR scan. 

discussi on of discrete lattices under Imaging Principles above, it follows that 
scheme can be realized in practice a great simplification and speeding up of the 
process can be achieved, since full two- or three-dimensional information 
simultal leously read out and differentiated in a single FID. 

(b) 
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For two-dimensional or planar imaging a gridlike structure of active spins can be 
superimposed on the specimen simply by selectively irradiating with rf having a 
uniformly spaced stick spectrum. This is performed with only the initial selection 
gradient G,,, as in Fig. 4. 

Referring to Fig. 6 and using the image of the letter F once more as an illustration, we 
see that multiple selective excitation (in this case four lines) initially excites the spins 
falling within the narrow strips of specimen as indicated. In order to differentiate the 
FIDs from the variously excited lines of spins in the specimen (shaded portion of Fig. 6) 
the initial selection gradient G, is kept on together with the read gradient G, while the 
FID is sampled during the read phase. The combined gradients produce a projection 
profile at an intermediate angle as sketched in Fig. 6. 

FIG. 6. Principle of planar imaging by the method of multiline irradiation. Intermediate angle projection 
of the letter F (shaded) through the unirradiated gaps in the image field. 

Provided the gradient G, is chosen according to Eq. 141 so that successive cross- 
sectional profiles do not overlap, all the information for construction of a two- 
dimensional picture is contained in a single projection profile in gradient G = jG, + kG,. 

Although there may be spins within the gaps between adjacent strips, these are not 
excited and hence do not contribute to the profile. Thus, while this method of planar 
imaging is faster than line scanning, its sensitivity is less than ideal because of the lost 
spins in the unirradiated gaps. From Fig. 6 it is clear that one must have gaps and 
although the ratio of gap width to strip width can be reduced to about 4 : 1 it means that 
at any particular time during the imaging process and even allowing for an interlace 
procedure, only 25% of the entire sample actually produces signals. 

Echo-Planar Imaging 
Our predilection with the problem of imposing a discrete lattice structure on an 

otherwise continuous spin distribution leads us to consider more efficacious methods of 
achieving this aim. As we have seen, selective irradiation does achieve the desired 
discreteness, but at the expense of reduced sensitivity. 

In Imaging Principles above we were concerned with the determination of periodic 
structures using Fourier transformation in a continuous time domain. In the method to 
be described in this section (to), we consider what might be regarded as the 
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complementary situation, namely, the determination of a continuous spin density 
distribution when periodicity in the time domain is imposed. 

As with our previous planar imaging method, the object of this experiment is to 
produce at high speed cross-sectional NMR images corresponding to the mobile spin 
density variations throughout a living biological specimen. This speed is imperative if 
NMR is to be successfully used in medical imaging. 

For simplicity we restrict the preliminary discussion of the new method to two- 
dimensional imaging in one plane. Consider an extended specimen (Fig. 7) placed in a 

ExteFded 

SpYmen 

FIG. 7. Selective irradiation of a thin slice of material, thickness Ax, within an extended specimen. 

large uniform static magnetic field B, which defines the equilibrium spin polarization 
axis. A linear magnetic field gradient G, = aBJ& is also applied and at the same time a 
tailored 90° rf pulse excites the spins within a single slice of thickness Ax at x0, 
producing an FID. Immediately following this excitation pulse, the gradient G, is 
switched off and the FID is observed in a switched gradient G, = aBpy and a steady 
gradient G, = aB,laz. The effect of gradient switching is best understood by first 
considering the Fourier transform of a periodic function. 

Let us consider the damped periodic function,S(t), sketched in Fig. 8a. In an NMR 
experiment such a signal might be produced in a single field gradient G, (G, = 0) by 
recalling the FID, g(t), with a 180° rf pulse at time (2n + 1)~ following an initial 90” 
pulse. Alternatively, the gradient G, can be periodically reversed to produce a series of 
spin echoes. In either experiment the resulting echoes will decay by a relaxation or a 
diffusion process in some manner described by the function h(t). 

Now in general if the periodic function is described by 

J-(t) = w : so - 2nd n=o [71 
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then the Fourier transform is 

[Sl 

where the Fourier transforms of h(t) and g(t) are H(Q) and G(0), respectively, and the 
area under H(Q) is normalized to unity. An echo train as described by Eq. 171 and the 
corresponding Fourier transform are illustrated in Figs. 8a and b. If the echoes do not 
decay significantly, we may take h(t) = 1 in which case H[R - @r/r)] becomes the 

f tt1 
f 180° 180’ 180’ 

Fhl 

FIG. 8. (a) Periodic function showing an FID followed by a series of damped spin echoes. (b) Fourier 
transform of complete signal as in (a). 

Dirac delta function &J2 - (WC/~)]. Recalling the signal in this way and sampling the full 
spin echo train imposes a discreteness on the Fourier-transformed projection profile. 
The discrete frequency spacing is given by Aw = n/z. 

In the full two-dimensional experiment the switching sequence for which is shown in 
Fig. 9 for the case of y-gradient reversal, signal sampling is performed with the 
additional steady gradient G, which broadens the individual discrete lines to yield, for a 
single echo train plus Fourier transformation, a complete set of resolved cross-sectional 
profiles of the spin distribution across the thin layer in the specimen. Figure 10 
illustrates how this comes about in the case of a sample in the form of an annulus. The 
top diagram shows the discrete projection obtained by modulating G, with G, = 0. The 
lower projection obtained with both gradients, G, static, contains all the cross-sectional 
profiles of the annulus. The profiles can then be appropriately formed into a rectangular 
array of data points within a computer memory and then output in a television display 
as described previously. 

If 180° rf pulses are used instead of field gradient reversal to produce the spin echoes, 
then G, must be periodically reversed. Since this gradient is smaller than G,, it will be 
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--I% /-%+2%-j -j +- 
FIG. 9. Pulse and field gradient timing diagram for a two-dimensional echo-planar imaging experiment. 

FIG. 10. Spin projections for a homogeneous annulus. The upper projection (dotted) is the projection in 
G, alone. This turns into the discrete profile if G, is modulated. The lower projection corresponds to the 
application of a modulated G, gradient together with G, on continuously. See text and Fig. 9 for further 
details. 
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easier in general to accomplish this but the price paid is larger rf pulse amplitudes and 
therefore a higher mean rf power applied to the sample. 

In a generalization of these experiments to three dimensions a multiplanar selection 
process can be incorporated by modulating both G, and G, while maintaining G, steady 
(mixed versions of this experiment in which 180” pulses and field gradient switching 
occur can also be devised as described above). In this case, the initial selective excitation 
pulse can be replaced by a conventional nonselective 90” (or 6’O) rf pulse. As we show in 
the following analysis, the effect of gradient switching together with digital sampling of 
the signal is to impose on an otherwise continuous spin density distribution a discrete 
lattice point distribution with spatial periodicities a, b, and c. 

The FID signal in the rotating reference frame at time t following the pulse is given by 

t s(t)=r.p. JJJ P(x,y,z)exp 0 
[s 

(xG,(t’) + yGJt’> + zG,) dt’ 1 du dy dz. [91 
0 

We first consider the effect of the time-dependent x gradient alone in Eq. 191 and 
write the integral over x as a new functionf(y, z, t). If G,(t) is periodic, modulo 2r,, then 
we have 

f(y, z, t) = s 
dxp(x, y, z) exp jy t xG (t’) dt’ [Ix 1 [lOI 

= $ g(J4 z9 (t - wJ)7 

where we have assumed the damping function h(t) = 1 in Eq. [7l. If the modulation is 
square wave and ra is chosen to be long enough for the FID to decay to zero amplitude, 
then with G, = G, = 0, Eq. [IO] integrated over y and z yields a spin echo train. When 
all three gradients are applied with appropriate square-wave modulation, we may write 
the density p(x, y, z) as a function of angular frequency p(o,, cc,,, 0,). For large even N 
the Fourier transform off@, z, t) becomes therefore 

where 6(w, - Ido,) is the Dirac delta function. 
A similar transformation with respect to the integral over y introduces a second delta 

function 6(w,, - mdw,,). In both delta functions I and m are integers and the angular 
frequency intervals between points are given by 

Au, = nlt, = yuG,, [121 
etc. The inverse Fourier transform of Eq. 1111, when substituted back into Eq. 191 
together with the corresponding substitution for they integrand, yields finally 

sw=(-$) c J Wl, m)pKV, m)l cos O(l, m)t, 
I, m 

where the angular frequency L!(l, m) is given by 

f2(Z, m) = Ido, + mdco,, + o,. [141 
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Digital sampling of s(t) for a time rC introduces a discreteness along the z axis. The 
points are spaced at z = z,, + nc (n is an integer) which corresponds to an angular 
frequency interval AU, = 27c/r, = ycG,. Taking this into account we may rewrite Eq. 
113 1 as the discrete sum 

S(t) = 1 p,,,,” cos t [Ido, + mdo, + nAwzl Av,~,,, 

where Avlmn = abc is the unit cell volume. Thus all spins in each unit cell contribute to 
the appropriate lattice point. If the modulation periods (and hence the gradients) are 
chosen so that 

Au,/M = Am,, = NAq, [I61 

where M and N are the largest values of m and n, respectively, in the imaging field, then 
we see from Eq. 1151 that all points in the distribution pImn are uniquely defined in the 
frequency domain. 

Fourier transformation of S(t) in Eq. 1151 will thus yield in one calculation the 
complete three-dimensional spin density distribution function prmn. We refer to this as 
Fourier transform nesting and in effect it converts a three- (or two-) dimensional 
transformation to one-dimensional form. 

The statement above that all spins in the unit cell contribute to the observed signals 
means that echo-planar imaging is in principle an efficient method. How this comes 
about is further clarilied. 

Looking at the discrete projection profile (top diagram of Fig. lo), the spikes and 
gaps in the frequency spectrum are created by constructive and destructive interference 
in the superimposed set of amplitude-modulated continuous spectra with progressively 
shifted modulation frequencies. It is as if the continuous spectral distribution is squeezed 
together periodically to create the spikes and gaps, but in such a way as to keep the total 
area under the discrete curve equal to that of the original continuous curve. For a finite 
number of echoes, N, the amplitudes of the spikes are just N times that of corresponding 
points on the continuous spectrum obtained from a single FID. If a discrete profile were 
produced by the multiple-irradiation method (18, 29) in the same time, the spike 
amplitudes would be equal to corresponding points on the continuous spectrum, thus 
representing a considerable loss in signal/noise ratio, and hence imaging efficiency. 

Provided the conditions on gradient amplitude and periodicity are maintained, it is 
straightforward to see from Eq. [91 that the square waveforms of the field gradient 
modulations may be replaced by cosine waveforms to good approximation. For 
optimum working of this experiment, the gradient modulations must be phase coherent. 

If the time-saving gains are to be effective in planar imaging, the complete signal- 
sampling cycle must be repeated frequently so that data acquisition approaches a 
continuous process for signal/noise ratio enhancement purposes. The coherent nature of 
the method described lends itself to the incorporation of complementary store cycles 
along the lines of the driven equilibrium Fourier transform (DEFT) technique for signal 
averaging (21) or possib!y the steady-state free precession (SSFP) technique (3, 22), 
both methods making signal observation essentially independent of spin-lattice 
relaxation effects if required. 

Experimental. Figure 11 shows the first image produced by the echo-planar method. 
The sample was an oil-filled annulus with outside and inside diameters of 13.8 and 9.3 
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mm, respectively. The experiment was performed at 15.0 MHz using three field 
gradients as indicated in Fig. 9 and the image corresponds to a cross-sectional slice of 
about 4.5mm thickness and could thus be properly described as a three-dimensional 
image. The final picture, which is an average of 16 separate. shots, took 1.9 set for the 
data acquisition and approximately 3 set for the 1024-point Fourier transform and in 
the original form comprised 5 12 separate data points forming a 32 x 16 array. This has 
been linearly interpolated along the vertical and horizontal picture axes to give a finer 
grid presentation of the picture of approximately 64* elements. The initial selective pulse 
length t, = 7.4 msec and the y-gradient switching period 2r,, (in this case square-wave 

FIG. 11. Echo-planar image of an oil-filled annulus. See text for experimental details. 

modulation) was 1.28 msec. The data sampling period was 20 psec and the total B 
phase gradient modulation time t, = 10.24 msec. Thus each full unaveraged cross- 
sectional picture took 17.64 msec to produce in this case. The field gradient values used 
were G, = 0.23 G cm-‘; G, = 1.26 G cm-‘, and G, = 0.14 G cm-‘. We believe that 
some of the picture distortion is caused by gradient nonlinearity; however, most seems 
to be attributable to gradient-switching transients which introduce undesirable phase 
shifts in the picture data. The data used to produce Fig. 11 have in fact been partially 
phase corrected, although it is clear from the remaining distortion that a single phase 
correction as applied here to compensate the right-hand half of the picture is inadequate. 
The apparatus used for this experiment has been substantially described elsewhere (13- 
15). 

TOWARDS WHOLE-BODY IMAGING 

The scaling up of one or other of the imaging techniques discussed to allow whole- 
body imaging of humans is scientifically feasible but introduces certain technical 
difficulties. The tuning range of transmitter coils large enough to accommodate a human 
subject will depend on the coil geometry and the desired rf uniformity and will be 
restricted at the highest tunable frequency to typically 5 or 6 MHz. This is perhaps just 
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as well since the cost of producing large-volume static magnetic fields in excess of 1 kG 
becomes inordinately high and suggests a cost limit in operating frequency for protons 
of about 4.0 MHz. Also, rf penetration of the subject, regarded as a conducting mass, is 
unlikely to be troublesome at these low frequencies. 

In terms of maximum field uniformity for maximum available volume, approxi- 
mations to spherical magnets seem quite promising. A typical coil arrangement showing 
one possible disposition of the subject in the field is shown in Fig. 12. Such a coil 
geometry allows considerable internal space for the probe and gradient coils, but is 
somewhat sensitive to coil alignment in order to obtain the optimum field uniformity. 

FIG. 12. A four-coil electromagnet for whole-body imaging showing one possible disposition of the 
subject. 

The problem of field gradient switching or modulation on a large scale also poses 
some difficult technical problems. 

Cross-Sectional Water Distributions in Human Subjects 
As we have already seen in Fig. 3, there is a significant variation in the amount of 

water present among many of the different types of human tissue, thus allowing a 
substantial number to be differentiated according to water content. 

Although some tissues are indistinguishable on the basis of water content, if one 
considers in addition the geometrical location of the organ or region within the living 
subject, one can expect to observe differentiation and contrast of the morphological 
detail. This we have already seen in the case of NMR images of live fingers (15). It is 
therefore instructive and useful to use the measured water contents in conjunction with 
the known geometrical disposition of the internal organs taken from X-ray tomographs 
or actual anatomical cross sections to produce visual pictures of the water distribution. 
We have done this for two important examples: (a) a cross section through a human 
brain, and (b) a whole-body cross section. The brain is taken from a cross-sectional 
photograph (2.3), and the skull bone and skin have been added. The whole-body 
distribution is based on the anatomy revealed in a Deltascan X-ray cross-sectional 
picture (24). In producing these cross-sectional water distribution images, we have 
deliberately divided the image field into a 64* array in order to approximate the expected 
effect in an NMR-produced image. 

The full range of water content, that is to say, O-100%, is in each picture represented 
by a sixteen-level grey scale, although sixteen separate grey shades are not in fact 
needed. In both pictures black represents zero water content. In the original pictures, 
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(b) 
FIG. 13. Hand-produced pictures showing the distribution of water throughout human anatomical 

sections. (a) Cross section through the head (b) Cross section through the body just below the diaphragm. 
See text for further details. 

which were produced by hand and in colour, the colours in the scale were chosen to give 
maximum colour contrast among the various tissues and they do not convert to a linear 
grey scale in the black and white pictures. Nevertheless, the full geometrical detail and 
differentiation of the internal structures is observable. 

The brain image of Fig. 13a clearly demonstrates that differentiation of the grey and 
white nervous tissue of the cerebral cortex is possible and in spite of the coarseness of 
the array considerable detail of the convolutions and arachnoid cavity in a normal brain 
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are to be expected. Perhaps more interesting is the whole-body cross-sectional water 
image of Fig. 13b, which clearly reveals the liver, one kidney, the spleen, the aorta, and 
spinal vertebra. The rib sections and upper psoas muscle can also be seen in this 
picture. 

CONCLUSIONS 

The ability of NMR imaging to produce cross-sectional medical images of live human 
fingers which reveal considerable recognizable anatomical detail has already been 
demonstrated (15,17). We have also shown that cross-sectional NMR images of plants 
compare rather well with the actual visual cross sections obtained after scanning. All the 
pictures obtained by a line-scanning method, although of high quality, are somewhat 
slow to produce. Extension of line scanning to whole-body imaging is therefore unlikely 
to be of any general medical value because of its relatively low speed, except perhaps in 
regions of the anatomy where involuntary movement is negligible, for example, the head 
and limbs. 

Much faster methods of imaging have been discussed and in particular, the new 
method of echo-planar imaging is described which allows all points in a plane or set of 
planes throughout a subject to be simultaneously recorded and differentiated. 
Preliminary experimental results for a simple object in the form of a liquid annulus 
indicate that the method does work as predicted. However, the picture quality so far is 
rather poor. Nevertheless, anticipating this or a similar method being used for whole 
body imaging, we can predict that whole-body cross-sectional NMR images will be 
produced at 4.0 MHz with 10 : 1 signal/noise ratios in a few seconds. 

We have anticipated the resolution and quality of such whole-body NMR images by 
producing cross-sectional water distribution images of the human head and body based 
on measured water content of various human tissues and morphological detail obtained 
from X-ray cross-sectional images and cross-sectional anatomical photographs. The 
water distribution images produced confirm our expectation that water content alone 
will yield recognizable anatomical images of normal tissue and organs in a subject. 
Insofar as pathological conditions are known to affect the water balance and 
distribution in the body, it is expected that such water content maps will aid the 
detection and diagnosis of disease. This should be particularly useful when such changes 
in water content are localized to specific organs or regions of tissue as in the case of 
tumors, edema, hemorrhage, etc. 
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