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Medical imaging by NMR
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ABSTRACT
Application of the new nuclear magnetic resonance
(NMR) method of fast scan proton imaging is described.
Cross sectional proton scans of a human finger in vivo are
measured and reveal considerable anatomical detail,
particularly of the soft tissue regions. Imaging of tumour
tissue is also briefly discussed.

During the past few years new techniques have been
developed in nuclear magnetic resonance (NMR)
which make it possible to form two dimensional
cross-sectional images related to the distribution of
protons in biological structures (Hinshaw, 1974a&b,
1976; Kumar et al., 1975; Lauterbur, 1973, 1974;
Mansfield and Grannell, 1973, 1975a). The methods
are non-invasive and of low radiation hazard and
could therefore have some clinical value in medical
diagnosis. The first crude medical picture of a human
finger taken #n vivo (Mansfield et al., 1974; see also
Mansfield and Grannell, 1975b) relied on a slow and
inexact imaging method based on reconstruction
from a number of projection absorption profiles.
Only the gross outline with no internal detail was
revealed.

Recently we introduced a new imaging technique
which does not depend on reconstruction from
projections (Garroway et al., 1974). It relies on
selective irradiation of the specimen in switched
magnetic field gradients. In the fast scan adaptation
of this method (Mansfield et al., 1976) the mobile
proton spin density is obtained directly, line by line
across the specimen cross-section. Since this work,
the apparatus and display have been considerably
improved (Baines and Mansfield, 1976) thus enabling
us to produce reasonably detailed pictures of a
human specimen ¢z vivo.

In this paper we wish to report new results
obtained with live fingers, particularly with reference
to the anatomical information obtained by NMR
imaging in normal tissue. Brief reference will be
made to imaging of tumour tissue, though we hope
to present a more detailed discussion of this aspect
of imaging elsewhere.

Principle of operation

The study of structure in materials cannot
ordinarily be attempted with conventional NMR
techniques. This is because NMR measures fre-
quency differences or magnetic field variations and

each piece of resonant material in a specimen is not
uniquely defined magnetically. However, by using a
combination of switched linear magnetic field
gradients plus selective irradiation of the sample, it is
possible to uniquely assign a frequency to a particu-
lar point in the specimen. The NMR signal coming
from a localized region of the sample is directly
related to the mobile proton density at that point. By
mobile protons we have in mind those contained in
the free or nearly free water, fat or oil distributed
throughout the soft tissue regions of the specimen.
Bone structures, therefore, which contain relatively
few mobile protons, are generally detectable through
their lack of signal, while tumours and other soft
tissues give strong signals. This behaviour contrasts
with that of conventional X-rays which are scattered
only rather weakly by protons and so usually give
pictures for soft tissue regions with relatively poor
definition.

METHOD
The specimen is placed in a large static magnetic
field B which polarizes all nuclear spins. (Since
biological tissue contains 75-809, by weight of water
we are particularly interested in the proton spin

/Gx

X

Spin I
density | - |

plx)

. T
<

_»B

Ay

Fic. 1.

Sketch illustrating the principle of line scanning by selec-
tively irradiating a narrow strip within an isolated slice of
magnetization.
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magnetization, though one could with less sensitivity
observe other nuclei.) In addition to this field,
switched linear magnetic field gradients are applied
along two (or three) principal coordinate axes. We
first consider a thin disc or slice of magnetization of
thickness 4z within the specimen. Such a slice is
sketched in Fig. 1 and is, of course, part of an ex-
tended specimen along the z axis.

The field gradient Gy alone is switched on and the
spins within the narrow strip 4y at y, are selectively
excited by applving a ‘“tailored” r.f. pulse to the
specimen. The tailoring of the pulse consists of
shaping the r.f. envelope such that its spectral
distribution is confined to a narrow band of fre-
quencies. A square unshaped pulse, by contrast, has
a sinc function frequency spectrum with a width
characterized by the inverse pulse length but with
extensive sidebands. The r.f. componefts of the
tailored pulse interact with spins in a narrow strip
(shaded strip of Fig. 1). This interaction is brought
about because the spins within the disc-of material
have a range of nuclear Larmor frequencies through
the action of the linear magnetic field gradient Gy.
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Simplified representation of the 15 MHz NMR imaging
apparatus. The field gradient coils producing Gx and Gy are
not shown.

Thus only those spins within the shaded strip, which
have the right Larmor resonance frequency, can
respond to the selective r.f. pulse.

Immediately following this selective excitation
pulse, the field gradient is switched from Gy to Gx
and the spin response or free induction decay (FID)
signal is recorded and Fourier transformed. For a
narrow strip (4y small) at position y, in either a thin
slice (4z small), or for a sample with cylindrical
symmetry, this Fourier transformed signal is
directly proportional to the proton spin density
p(x, ¥o) along x. The transformed signals for each
strip of the specimen are used to modulate the spot
intensity of an oscilloscope in a television raster
display to form a cross-sectional picture of the
object. The display employs a 16-level linear grey
scale covering the intensity range black for zero signal
to white for high spin density (Baines and Mansfield,
1976).

The initial specialization to a layer or plane can
itself be achieved by a selective irradiation procedure
in a third field gradient G,. In these experiments,
however, specialization to a layer is achieved simply
by relying on the receiver coil geometry. This is a
flat coil of 2 cm diameter and our experiments show
that most of the received signal comes from a layer
approximately 8 mm thick.

A simplified diagram of the imaging apparatus is
shown in Fig. 2. The 15 MHz r.f. excitation pulses

Fi1c. 3.

Cross-sectional proton scan of a phantom filled with mineral
oil (see text for details). The time to produce this picture
was 40.5 min. The full picture size slightly exceeds a
64 X 64 data array, thus squaring off the circular edges. The
missing data were not lost but overflowed into the other
quadrants of a 128 X 128 data array. The field gradients were

Gx=0.69 G cm™! and Gy=0.86 G cm-1. Each line of the

picture was averaged 128 times.
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are fed from the transmitter to a pair of cylindrical
Helmholtz coils (Ginsberg and Melchner, 1970)
surrounding the sample as shown. The peak pulse
power was 1.0 watt and the pulse duration 7.4 msec.
The production and shaping of the pulses, switching
of the field gradients, data acquisition, Fourier
transformation and data display are all performed
on-line with a Honeywell H316 minicomputer. A
more detailed description of the apparatus and the
method is given by Mansfield et al. (1976). Placing
the finger in the receiver coil was found to increase
the received noise through the antenna action of the
body. However, we found that simply holding an
earthed sheet with the free hand reduced the pick up.
No other special precautions were taken to shield the
receiver coil against induced noise.

REesuLTs
Phantom test

Figure 3 is a cross-sectional picture of the proton
distribution of mineral oil in 2 phantom object and
illustrates the spatial resolution obtainable in the
present line-scan imaging experiments. The sample
consisted of a thick-walled 1.4 mm bore glass
capillary tube and a solid circular glass rod immersed
in mineral oil, the whole being contained in a
circular cross-section glass test-tube of inside
diameter 14.6 mm. This picture and all biological
pictures presented in the next sections are made up
from 64 X 64 point arrays.

A linear grey scale wedge is added to later pictures
to aid intensity comparisons; however, for precise
measurements actual data can be output numeri-
cally.

Spin-lattice relaxation effects

We assume here that the local spin magnetization
at coordinates x, y in a given plane z is destroyed
following one selective excitation pulse, but recovers
exponentially, through a single simple spin-lattice
relaxation process in a characteristic time Tj(xy).
Thus the effective spin density p(xyr) observed in
these images depends on the time delay = between
successive excitation pulses according to the re-
lationship p(xy7)=p(xy)[1-e~7/T1&¥)]. That is to
say, it is possible for localized regions of the
specimen to give a picture brightness which is less
than the localized spin density would suggest; for
example, if the ratio =/Ti(xy) is small. We refer to
this effect as spin-lattice relaxation time discrimina-
tion and most of the intensity variations between
tissue types seem to be attributable to this effect
rather than to real density variations, though if
present, these too will aid picture contrast.

The variations in Tj(xy) within a specimen are a
reflection of the variations of both the mobility of the
free water, fat or oil and the concentration of dis-
solved minerals, nutrients, etc., characteristic of the
various tissues.

Finger images recorded in vivo.

A number of cross-sectional proton scans have
been produced at various positions along the right
hand third digit of AAM. We have found that quite
good discrimination between the various tissues can
be obtained using a delay of 0.5 sec. Similar results
and discrimination were found with the finger of
another subject (PM).

Two scans midway along the mid-phalanx of
AAM’s third right hand digit are shown in Fig. 4 and
correspond to cross-sectional views looking into the
end of thedigit. The dorsal plane passes through the
top and the palmar plane through the bottom of each
picture. The delay in Fig. 4a was 0.5 sec. Each line
of this picture was averaged 48 times. The final
picture took 23 mins to produce. Figure 4B is a proton
scan of the same cross-section as 4A, but with the
delay 7 reduced to 0.3 sec. This picture took 15 min.
to produce. The irradiation gradient Gy was 0.41
G cm1 and the read gradient Gx was 0.34 G cm™! for
both pictures. Figures 5a and B are colour representa-
tions of the data of Figs. 4A and B. The data are
presented through a window comprising -eight
distinguishable colours corresponding to eight out of
the original 16 data levels. In order to give easier
discrimination the window base level and the colour
scales were set in each case to maximize colour
contrast between data levels. Figure 6 is a sketch
traced off Fig. 4A showing more clearly the ana-
tomical details that we have been able to recognize
(Kaplan, 1965; Landsmeer, 1976). (Inevitably some
clarity is lost from these pictures in the photographic
reproduction.)

Strong signals are received from the skin and
subcutaneous areolar and fibro-fatty tissue giving the
general outline of the mid-phalangial cross-section.
The bone tissue shows as a dark ring surrounding
the bright zone produced by strong signals from the
marrow region. Immediately below the bone is a
second dark ring structure of the fibrous flexor
tendon sheath. Within this and slightly brighter are
the central flexor profundus and the two unresolved
components of the flexor sublimis tendons (flexor
digitorum superficialis). Above the bone towards the
dorsal plane is a dark horizontal line corresponding
to the unresolved mid- and lateral bands of the mid-
phalanx extensor tendons. Figures 48 and 58 show
the same general characteristics as 4a and 54, but the
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10 mm

A Fic. 4. B

Cross-sectional images of a finger obtained in vivo by NMR ( se= text for full details).
(a) delay 7=0.5 sec. (B) delay 7=0.3 sec.

A F1c. 5. B

Colour versions of the finger images shown in Figs. 4a and B.
(a) The eight colours black through to white correspond to data levels 6-13. The delay time 7=0.5 sec.
(B) The eight colours black through to white correspond to data levels 2-9.
In both pictures, data falling outside the window limits are presented as all black or all white as appropriate.
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A reduced tracing from Fig. 4a showing the recognizable
anatomical detail that we have been able to obtain from it.

Flexor sublimis

overall brightness and level of discrimination of the
black and white image is reduced with the shorter
delay. Differentiation of the flexor profundus from
the periosteurn and chiasma tendinum are less
pronounced indicating that the Ty of the flexor
profundus is of the order of 0.3 sec. The marrow
region, on the other hand, remains quite bright. This
suggests a T1 much less than 0.3 sec.

The digital arteries and nerves are just resolved in
Figs. 4a and 54 and their positions sketched in Fig. 6.
The fact that one can distinguish the arteries from
the surrounding tissue means that, with higher
resolution or with larger blood vessels in other parts
of the anatomy, NMR imaging offers the possibility
of making direct blood flow measurements. The
principle of such measurements depends on the re-
plenishment of spin saturated blood caused by flow
of fresh polarized (unsaturated) blood into the
sample coil region, thus producing an apparent re-
duction in the spin-lattice relaxation time of the
blood directly related to its flow rate. Slight modi-
fications to the imaging method described would
be necessary for such measurements.

Also apparent in these pictures are darker sliver-
like concentric regions or pockets as indicated in the
sketch. We ascribe these to discontinuous regions

Fic. 7.

Proton scans showing spin-lattice relaxation time discrimi-
nation of images obtained from excised rat specimens of
normal and malignant tissue. The tissue was contained in
3 mm glass tubes labelled as follows: 1. hepatoma (D23);
2. normal skin tissue; 3. liver; 4. sarcoma (MC7); 5. water
control. The specimens in each picture are the same but the
delay time T was varied: (a) 7=1.2 sec; (B) 7=0.67 sec;

(¢) 7=0.37 sec.
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within the fibro-fatty layer which could be either
variation in fibro-fatty content or branches of digital
nerves or blood vessels. Adipose layers are likely to
have a shorter T (Hollis et al., 1975) and would thus
appear as bright regions. It would seem from Fig. 48
that these regions, as with other parts of the finger,
owe their contrast in the NMR image principally to
localized T} variations rather than to significant spin
density variations.

Cross-sectional scans have also been made through
the distal phalangial joint and the mid point and tip
of the distal phalanx. In all cases the general features
as reported here are reproduced, though the distal
flexor and extensor tendons are more diffuse at the
joint and the bone somewhat smaller in the distal
region as expected.

Tissue TYpES

From the point of view of the present NMR
imaging studies, tissue types can be classified by
their mobile proton density (in many cases this is
essentially the free water content) and spin lattice
relaxation time T (see for example Kiricuta and
Simplaceanu, 1975; Hollis et al., 1975). If T3 is
similar between two tissue types, one must rely
on more accurate measurement of water concen-
tration to differentiate between them. Our measure-
ments are accurate to only one part in 16 (the display
range). Lack of computer core has forced us to
discard the original information which had an
accuracy of 1 in 103. Nevertheless, through 73
differences, striking contrast can be achieved.

Figures 7a-C show a series of NMR images for
decreasing delay 7 obtained from the same set of
excised tissue specimens taken from young normal
white wistar rats. The samples were contained in
four 3 mm i.d. glass tubes, labelled 1-4 in Fig. 7. As
a control the fifth tube, number 5, contained doped
water with T3 ~100 msec. Tubes 1-4 contained
respectively hepatoma (D23), a sample of normal
skin tissue, normal liver and sarcoma (MC?7).
Samples 2-4 were taken from the same animal. Both
animals were injected with 0.5 ml of the anti-
coagulant heparin. The NMR images were produced
within 2 hours of sacrifice. The delay in Fig. 7a was
1.2 sec resulting in no noticeable discrimination
between the various specimens. In Fig. 78, the delay
was reduced to 0.67 sec and clear differentiation
between the normal and malignant tissues results.
The numerical data for this picture show a slight
discrimination between the two normal specimens,
numbers 2 and 3, and between the two malignant
specimens, numbers 1 and 4. Further reduction of
the delay time in Fig. 7c reduces the tumour images

to almost zero intensity and begins to affect the
intensity of the normal tissue images too. According
to Damadian (1971) and others (Weissman et al.,
1972; Frey et al., 1972), T; in malignant tissue is
about 1.5 times longer than that of the corresponding
normal tissue. In spite of this small factor, strong
intensity contrast is possible in our images by
adjusting the delay time .

CoNcLUsION

We have demonstrated that NMR imaging of
fingers in vivo is able to produce reasonably clear
cross-sectional anatomical pictures in times up to 23
min. No special precautions were taken to clamp the
subjects’ hand so that blood flow and general
movement, at one time considered to be a possible
limit to spatial resolution, have not been found to be
troublesome. By implication, therefore, we do not
anticipate problems in producing cross-sectional
images of the limbs and head where movement can
be made negligible. Involuntary movements in other
parts of the anatomy are likely to be troublesome,
however, unless the scan time can be considerably
reduced below 23 min. The experiments described
produced no sensation in the finger and the mean r.f.
power levels used were well below any perceptible
heating level.

The results on normal and malignant tissue
suggest that tumourous regions of a subject will give
good image contrast against a background of normal
tissue. This should aid the detection and diagnosis of
tumours in cases where there are no obvious geo-
metrical distortions, that is to say in the early
detection of cancer.

Our magnet system has restricted the maximum
specimen size to a diameter of 2.0 cm. However, we
are planning shortly to study much larger specimens
at operating frequencies in the range 1-2 MHz using
a specially designed low field spherical electro-
magnet which is under construction.
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Book review

Radiosterilization of Medical Products, 1974. Pp.536, 1975
(Vienna, International Atomic Energy Agency), $33.00.

This volume contains the proceedings of a symposium
held under the auspices of the International Atomic Energy
Agency at Bombay in December 1974. Of the 42 papers
presented in eight sessions, the majority are in English,
seven in Russian, three in French and one in Spanish.

Three sessions deal with the conditions required for the
control of microbiological contamination and the dosimetric
problems involved. The effects of radiation on the materials

being sterilized are considered in two sessions and an
interesting final session is devoted to the types of radiation
plant being used, or about to be commissioned, in different
parts of the world. Also included is a report by a working
party of the IAEA in which are set out revised recom-
mendations for the radiosterilization of medical products.
This book will be useful not only for those involved in the
production of sterile medical equipment, but for those wish-
ing to obtain some background in this field.
N. E. GILLIEs.
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