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SCIENCE

First nuclear magnetic resonance im-
age of a tumor in a live animal. The im-
age was achieved by FONAR spectrosco-
py. The tumor, an Ehrlich ascites solid
neoplasm of the anterior chest wall, is
the orange-pink and red region at the
bottom of the image. In the normal
mouse the thoracic region is blue. See
page 1430. [Raymond Damadian et al.,
State University of New York at Brook-

lyn]

Field Focusing Nuclear Magnetic Resonance (FONAR):
Visualization of a Tumor in a Live Animal

Abstract. A nuclear magnetic resonance (NMR) image of a tumor in a live animal
is reported. The field focusing NMR method or FONAR process that now achieves the

tumor outline is described.

Since the introduction of the nuclear
resonance technique for detecting cancer
by Damadian (/), many other investiga-
tors (2, 3) have extended the observa-
tion, including Weisman et al. who dem-
onstrated its utility in vivo by detecting a
tumor on the tail of a live mouse (3). The
method of Damadian, originally con-
ceived for the detection of internal neo-
plasms in humans, achieved its objective
by focusing the nuclear magnetic reso-
nance (NMR) signal within the interior of
the live host. The focused NMR signal
was thereby externally directed to any in-
ternal location in the live subject for data
acquisition. The focusing NMR tech-
nique (called FonaR) was developed in
1972 4).

FonaRr should be distinguished from
various nonfocusing methods that have
appeared since. A promising modifica-
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tion of the projection analysis methods is
the Fourier transform imaging technique
by Kumar, Welti, and Ernst (5). Focus-
ing NMR permits the operator to exter-
nally direct the NMR spot to the anatom-
ic site of interest for firsthand inspection
of the signal characteristics at a suspi-
cious locus. Furthermore, field focusing
allows the NMR signal behavior of each
anatomic region to be continuously moni-
tored during the data acquisition phase
of the FONAR imaging process.

In principle, focusing NMR s
achieved by field regulation of the spatial
boundaries of a signal-producing region
inside a sample. This is accomplished by
shaping the magnetic fields (H, and H,)
across the entire sample so as to con-
struct a small resonant window within
the sample, such that the ratio of the spin
moment of the nucleus to its gyric mo-
ment is everywhere satisfied by the static
and time varying H fields and is every-
where dissatisfied beyond its bound-
aries. In practice, both the static H, field
and the inductive component of the radio
frequency (rf) field (H,) are shaped. The

Fig. 1. Resonance aperture versus coil current.
The o point shown is the extrapolated nor-
malized current value for a 1-mm aperture.



Fig. 2. Cross-sectional video FONAR image of a live mouse, obtained
with a 3-mm exploring spot. At the left is a photograph of the
anatomical section for comparison. The heart is anterior in the photo,
and the lungs, seen as collapsed white structures, fill the remainder of
the thorax. The most intense proton signal in the FONAR image occurs
in the region of the blood-filled heart. The dark fields in the upper half
of the photo were generated by the hydrogen-poor air-filled lungs. The
television raster is seen coursing through the image. Overlap artifacts
appear in the image as bright, vertical and horizontal lines and are due
to imperfect positioning of adjacent mapping squares.

system of field correction coils for shap-
ing H, was determined from the series so-
lution of the Laplace equation in spheri-
cal coordinates,

Y (r, 0 ) =
P ( ;)" P (cos 6)
’ [Anncosme + By, sinmd]

where s is the scalar potential; r, 6, and
¢ are the spherical coordinates, with P
the associated Legendre polynomials (6).
The axial magnetic induction B. of the
coil system is then computed from the
scalar potential using B = — Vi for the
case where the curl of B is taken as zero
outside the surface enclosed by the coils.
The field B. can then be expanded in the
derivatives of {. A linear combination of
terms of the B. expansion provides the
H, field-regulating system that, together
with H, shaping, controls the resonating
volume, or resonance aperture in three
dimensions (7).

We estimated the size of the resonance
aperture achieved by our focusing tech-
nique as follows. A sample tube 19 mm
(control) in inside diameter and filled
with NiCl,-doped water was placed in
the NMR probe. The height of the free in-
duction decay (FID) of the hydrogen sig-
nal after a 90° pulse was determined for a
series of currents in the focusing coils
and recorded. Phase adjustment was re-
quired for a maximum FID at each new
current setting. The experiment was then
repeated for a 13.5-mm (inside diameter)
sample tube (experimental) and a plot
was made of the ratio of signal intensities
(FID amplitudes) generated by the con-
trol and experimental samples at each
current setting. The current at which this
intensity ratio attained a value of unity
was taken as the current at which the di-
ameter of the signal-producing region
within the large tube equaled the inside
diameter of the smaller tube. The coil
current at the unity point, therefore,
specified the current needed to produce a
resonance aperture of diameter equal to
the inside diameter of the experimental

tube. At lesser currents, the resonance
aperture exceeded the diameter of the
smaller tube, the larger tube therefore
generated more signal than the smaller,
and the intensity ratio exceeded 1. The
coil current required to achieve a unity
intensity ratio for an 11- and 6.5-mm tube
was also determined. A plot of tube diam-
eters as a function of the normalized coil
current (Fig. 1) generated an extrapolat-
ed estimate of the current required to
achieve the I-mm resonance aperture
used in animal imaging.

The scan for developing the FONAR im-
age moves the resonance aperture
through an anatomic cross section, ei-
ther by moving the animal with respect
to the aperture or by moving the aper-
ture, with the animal being held station-
ary. The method provides visible proton
signal, without signal processing, from
scanning apertures that are approximate-
ly spherical and estimated at slightly less
than 1 mm.

The televised output is a stored video
record of proton signal intensities (FID
amplitudes) at various xy coordinates,
generated by the resonance aperture as it
was swept through a cross section of the
animal’s torso. While it was not so ap-
plied in this instance, the technique is
readily adaptable to constructing images
from T, (spin lattice relaxation) or T,
(spin-spin relaxation) data taken at each
of the FoNAR loci of the scan. The Free-
man-Hill method of progressive satura-
tion (8) for obtaining T, is well suited to
this purpose.

Video FONAR images were obtained in
a CSCC (Canada Superconductor) super-
conducting magnet with the use of a
SEIMCO (New Kensington, Pennsylva-
nia) model RD variable frequency pulse
spectrometer operating at 10 Mhz. The
animal was successfully immobilized in
the probe for 4 hours with 0.2 ml of va-
lium (5 mg/ml) injected intraperitoneally.
Figure 2 is a direct televised image of a
section through the thorax of a live
mouse at the level of the mediastinum. A
photo of the postmortem anatomic sec-

tion at the level of the cross-sectional im-

age is in the left of the figure for direct
comparison. The heart is anterior in the
photo and the lungs, seen as collapsed
white structures, fill the remainder of the
thorax. A 3-mm scanning aperture was
used. The most intense proton signal oc-
curs in the region of the blood-filled
heart. The signal-deficient dark fields in
the upper half of the photo were gener-
ated by the proton-poor air-filled lungs.
The television raster is seen coursing
through the image. Overlap artifacts,
appearing in the image as bright verti-
cal and horizontal lines, are due to im-
perfect positioning of adjacent mapping
squares.

Shown on the cover of this issue is a
color video FONAR image of a cross sec-
tion through the upper thorax (above the
mediastinum) of a mouse that had a solid
Ehrlich ascites tumor surgically im-
planted in the anterior chest wall. Each
colored area designates a different range
of signal amplitude. The anterior orange-
pink and red region (at the bottom of the
image), not present in normal control
mice and indicative of a signal-producing
mass, corresponds with the location of
the tumor. The resolving limitation of a
I-mm scanning aperture in a I3-mm
sample (thorax diameter) overestimates
the tumor size partially obscuring the un-
derlying lung fields. In the normal animal
(not shown), the anterior half of the tho-
rax appears as a blue signal-poor region
representing the lung cavities. Having
originally introduced the NMR method
chiefly for the purpose of noninvasively
detecting internal tumors in humans, we
have succeeded in obtaining the first im-
ages of a tumor in a live animal.
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