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A technique. field-focusing NMR (FONAR). 15 de-
scribed for doing NMR scans in large samples. The
method utitizes a shaped D.C. magnetic field that
confines the NMR.signal-producing region of the
sample to a small volume called the resonance aper-
ture. The aperture contains the required values of the
H, field to fully bracket the band of the r.f. pulse,
The magnet system and r.f. pick-up coil that achieved
the first human NMR scan is discussed.

in 1971 Damadian created the idea of whole-body
NMR-scanning and tested the idea to see if the
nuclear-resonance signal would non-invasively detect
disease {11. In 1972 he patented whole-body NMR
and the field-f¢ g NMR (FONAR)
technique to carry it out [2]. Others followed [3-5].
Bené obtained proton signals from internal human
organs in the earth's magnetic field {6]. We wish now
to report the achievement of this goa! with the suc-
cessful completion of the first whole-body NMR
scan.
The practice of medicine today is largely rooted in
the anatomic descriptions of Vesalius and his intellec-
twal s who ad d the ic data base
of diagnosis and treatment from gross to microscopic
description. Thus, common medical diagnoses such
as cirrhosis of the liver, glomerulonephritis. Hodgkins
sarcoma. etc. connote alterations in the microscopic
architecture of the diseased organ.
The intuitive driving force behind the clinical applica-
tion of biochemistry, however, has been the prospect
of one day converting the practice of medicine from
an analomic to a chemical footing. In the clinicul
setting, technological advances over the past two de-
cades have made it possible to extract coniderable
chemical information from a sample of blood. How-
ever, the chemical disturbance in a diseased organ
can only be inferred from clues deposited in the hlood
by that organ. No technique exists for non-invasively

going directly to the affected organ for its chemustry.
The non-invasive determination of the chemistry of
diseased organs and tumors in humans imposed re-
quirements that could not be met by the existing
NMR technology. In the conventional NMR experi-
ment the nuclear induction signal from a sample is
detected by the ** pick-up " coil surrounding the sam-
ple without knowledge as to how the signal-producing
domains within the sample are distributed. Singling
out organs inside the human sample for direct inspec-
tion by NMR or detecting internal malignant deposits
required the development of new techniques for focus-
ing the NMR signal within the interior of the sample
2.

The foreed precessions of a nuclear magnetzation
under an r.f. driving field [7] provided the basis for
achieving this “in-sample™ focusing. But the de-
tectability of the electromotive force induced m a
coil by these precessions is subject to some restric-
tions. The FONAR method [2, 8, 9] for “in-sample ™
focusing originates in these restrictions, Transitions
between Zeeman levels that give rise to the nuclear
induction signal are constrained to occur between
neighboring levels of spin magnetic energies Suffi-
cient coupling of the nuclear spins 1o the radistion
field to produce a signal detectable by radiofrequency
spectroscopy occurs only when the stringent Bohr
frequency condition, hv = uH, /1. is satistied . no signal
being generated by the spin system when the oscittator
frequency. v. dictated by the Zeeman leve! separation,
wH /1. is incorrect. Thus for any choice of frequency
of the r.f. driving field there is one value of the D.C
static field, H,, that will produce a resonunce In
actual practice, shaping of the stauc field ucross the
sample confines the signal-producing region of the
sample to a small volume, called the resonance uper-
ture, that contains the correct values of # 1 brachet
the band of the r.f. pulse {8]. The construction »f the
resonance aperture is achieved by caleulation of the
series expansion of the axial magnetw 1nduc o B0
in spherical coordinates
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To achieve our objective of scaling up the NMR tech-
nique for large-sample scanning it was necessary for
us (o design and construct our own superconducting
magnet and cryogen that would operate with the
FONAR designs. The magnet, two halves of a Helm-
holtz pair, were wound on a machined aluminum
former with a 135 cm inner diameluer using a specially
designed winding muchine built at this laboratory

Each magnet half conlained a swecp ceil and z-gra-
dient coil in addition to the main magnet windings.
The main magnet consisted of 5 layers of 0.3mm
cote diameler superconducting wire and 47 layers
of 0.56 mm core copper-clad niobium-titanium wire.
The magnet, according to our computer calcula-
tions of the field mesh, is capable of 5000 gauss, al-
though our present series of tests have generally been
conducted with the “supercon™ in persistent mode
at either 500 or 1000 gauss. The characleristics of
the finished magnet are un inductance of 61.8 Henrys.
4 stored magnetic energy (at 930 gauss) of 2 97 10*
joules, a stability of better thun 7 parts in 107 over
one hour. a weight of 54.4 kg (without dewar) and @
maximum [ield of 3000 gauss. To date there has been
no NMR-detectable drift in the magnet’s field when
operating in the persistent mode.

The cryogen is a nitrogen-jacketed vacuum-insulated
aluminum dewar in Lthree adjoining sections: the mug-
net hoop. gooseneck and storage can. The hoop con-
tains the magnet solenoid bolted into a donut-shaped
stainless-steel (SS type 304) liquid-helium can that

Matrwisscnschaften 65, 250 —252 (19781 ¢ by Springer-Verlys 107

was welded closed with a 300 A Airco TIG Heliwel-
der. Concentric with the magnet can 1s a lurger alumi-
num (6061-T6) can that doubles as a nitrogen-cooling
stage and radiation shield. The outer concentric vac-
uum jacket is a welded cylinder of 12.7 mm 6061- fe
sluminum. Radiational losses from the dewar were
minimized with superinsulation (aluminized mylar)
and a single layer of aluminum tape (Emerson and
Cuming) on the liguid-helium can.

For the (irst test of the fully assembled FONAR appa-
ratus we used a simulated chest (phantom) consisting
of a 343 cm cylindrical container of NiCl,-doped
water with three air-filled methacrylate tubes 12.7.
7.6 and 2.5 cm in diameter for “lungs ™. The r.f. pulses
were delivered 1o the sample using 4 tape-wound
15.6 cm single-coil probe powered by a vaciable-(re-
quency Seimco model RID spectrometer operatimg it
218 MHz and delivering 10 W of power over SHATES
90° pulses were repeated with a period of 800 ps
The NMR images of this paper are stored video re-
cords of the maximum P-P amplitude of a canstint
3-ke off-resonance beat pattern of the phase-detected
proton signal

tigure la is a schematic illustration of the phuntom
Figure | b demonstrates the off-resonance proton sig-
nals obtained (without signal averaging) from repre-
senlative locations in the phantom. The experiment
of Figure | b demonsirates prominent attributes of
the FONAR method as compared to other methods
i thut a) FONAR is direct and b) the FONAR Nt
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Fig. 2 (a) Schematic of the human chest at the level of the eighth
thoracic vertebra, (b) FONAR cross-section of the live human
chest at this level. Proton-signal infensity is coded. with black
assigned 1o zero signal amplitude, white assigned to signals of
Strongest intensities. and intermediate grey scales assigned 10 1nter-
mediate intensities. Top of image i5 anterior boundary of chest
wall. Left arca is left side of chest. Proceeding [rom anterior to
posterior ulong midline. the principal structure is the heart seen
encroaching on the left lung, field (black caviry). Left lung field
is diminished in size relative to right lung (black cavity to tight
of midline), as it should be (sce (a)). More posteriorly and slightly
feft of midline is a grey eiliptical structure corresponding 10 the
descending aorta. [n the body wall, beginning at the sieraum (ante-
riar midline) and proceeding asound the ellipse, alternation of
high intensity (white) with intermediate intensity (arey) could corre-
spond to alternation of intcrcostul muscles (high intensity) with
1ib (low intensity) as shown in (a). The image is a black-und-white
pholo of the original 14-color video display

is visisble at each location of the scanning aperture.
These capabilities permit the NMR behavior of cach
region of the anatomy to be visualized as the scan
proceeds, rather than await a computer reconstruc-

Noatarsissenschaften 65, 250 =252 (1978) ¢ by Sprnae iR

tion of the data, as in non-focusing mcthods, before
information can be obtained. Furthermore, at the
completion of the scan the resonance aperture can
be directed back to the coordinates of a suspicious
locus for more detailed examination. Figure lc is
the completed image of the phantom obtained in
30 min and displayed on a 256 x 256 pixel array.
Figure 2b is a cross-sectional FONAR image of the
five human chest at the level of the eighth thoracic
vertebra. The scan, which took 4.5h to complete,
visualized the heart and mediastinum, outlined a left-
lung cavity smaller than the right as it should be
at this level, detected a depression in spin density
in the midline across the back that could correspond
to the lowered proton density of the vertebral body,
and encountered a high signal-producing region im-
medialcly anterior to the vertebral body and shghily
to the left side of the thorax, which corresponds to
the location of the descending aorta. We estimate
the resolution of this image to be approximately
6.3 mm.

In laboratory animals a tumor that was surgically
implanted in the anterior thorax has been successfully
imuged with the FONAR method [8]. In humans,
however, the largest structure it has so far been possi-
ble to image by NMR has been the finger [4]. We
believe that the accomplishment of the first whole-
body chemical image of a live human is not in-
consistent with the concept that whole-body NMR
scanning will be useful in medicine.
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