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NMR IN CANCER: XVI. FONAR IMAGE OF THE
LIVE HUMAN BODY

R. DAMADIAN, M. GOLDSMITH, and L. MINKOFF

Department of Medicine and Program in Biophysics, State University of New York .t Brookiyvn,
Downstate Medical Center. Brooklyn. New York 11203

e The FONAR technique that achieved the first chemical image of the live hu-
man being is described. Color and black-and-white video 1mages or a cross-
section through the chest at the level of the eighth thoracic vertebra were gen-
erated. The imaging showed the heart and mediastinum in the midline hetween
the left and right lungs with the heart encroaching on the left lung space as it
does at this level. Also seen was the descending aorta just left and anterior to the
vertebral bodv.

Since the introduction in 1971 by Damadian of the nuclear resonance technique for
detecting cancers, instrumentation has been under development for their visualization
in live animals. The goal of these efforts by Damadian and co-workers has been a
non-invasive means for visualizing not only tumors but also other biological structures
in man. The method of Damadian has achieved this objective by focusing the NMR
signal within the sample (FONAR).! This method was developed in 1972.! Sub-
sequent methods have taken other approaches.=*

In the NMR experiment, the irradiating ac field and the dc magnetic field
applied across the sample must satisfy an exact ratio of frequency to field strength to
obtain a signal from the sample. This ratio, the gyromagnetic ratio for the spinning
nucleus, is a characteristic constant for each element and different for each magnetic
nucleus. It is therefore possible by shaping the rf and dc fields within the sample to
control the size of the resonating volume and thereby restrict, or focus, the signal-
producing region within the sample to a small volume that can be examined inde-
pendent of its surroundings.”

he first tumor of a live animal was
visualized by the FONAR method in 1976, utilizing a mouse with a tumor surgically
implanted in the anterior thorax.” In the human, however, the largest structure sub-
sequently possible to image by NMR has been the finger.* We wish now to report
the achievement by FONAR of the first NMR images of the live human body, a cross-
sectional visualization through the torso at the level of the eighth thoracic vertebra.
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FIGURE |[. Schematic of the simuluted (phantom) humun chest used to obtain the FONAR
imuge reproduced on the front cover of this issue of the journal. In the image. zero proton
signal is color-coded blue while 3 shades of yellow represent the various signal intensities
from doped H.O. The phantom consisted of 2 cylindrical polypropylene tank (13.5 inches
in diameter) filled with doped H.O and containing 3 air-filled |ucite cylinders with dimensions
as indicated serving as “lungs.” The numbered regions in the drawing correspond to the posi-
tion of the FONAR spot for the NMR signals shown in Fig. 2. Note that the FONAR process
easily detected the smallest structure in the phantom (1-inch “lung”) with a [4-inch exploring
cail (see front cover),

Experimental. To achieve this visualization we found it necessary to construct a
superconducting magnet and cryogen designed to provide sufficient range in H, to
maximize S/N and sufficient bore size to minimize inductive coupling of the human
rf coil to the metallic mass of the magnet. A Helmholtz pair of superconductive mag-
nets was constructed to optimize H,, uniformity of the working field. The images
presented in this paper, however, were achieved using only one of the pair, operating
at 508 G. The details of construction of this magnet, and of the helium dewar, are
given in the accompanying two papers of this series.

The rf pulses wete delivered to a tape-wound 14-inch single-coil probe powered
by a variable frequency Seimco model RD spectrometer operating at 2.18 MHz and
delivering 10 W of power over 60 psecs. 90° pulses were repeated with a period of
800 wseconds. The NMR images shown are stored video records of the maximum
P-P amplitude of a constant 5-kc off-resonance beat pattern of the phase-detected
proton signal. For the phantom chest. the off-resonance beat signal was visible without
signal averaging because of the NiCl. doping of the H.O. For the human chest, signal
averaging was required. The proton images of the chest are therefore composites of
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FIGURE 2, Off-resonance pro-
ton NMR sienals twithout signal
averaging) from each of the
numbered regions of the phan-
tom shown in Fig. |
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spin densities and spin-lattice relaxations. both contributing to variations in final
signal amplitude and therefore to the various tissue intensities that make up the final
image.

Phantom chest. For the first trial of the fully assembled FONAR apparatus, we
utilized a simulated chest made up of a 13%2-inch cylindrical container of NiCl.-doped
water with three air-filled methacrylate tubes of S, 3. and | inches diameter respec-
tively tor “lungs.” In these experiments the resonance aperture remained fixed along
the H. axis and the sample was moved through it. Figure | gives a schematic of the
phantoms The actual image is reproduced on the cover of this journal.
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Figure 2 illustrates the signals observed, without averaging, as the phantom was
moved along the x axis through regions of high proton density and low proton density.
The experiment of Fig. 2 demonstrates prominent attributes of the FONAR method as
compared to other methods in that (a) FONAR is direct, and (b) the FONAR
signal is visible at each location of the scanning aperture. These capabilities allow the
NMR behavior of each region of the anatomy to be visualized as the scan proceeds.
rather than await a computer reconstruction of the data, as in the non-focusing
methods, 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,

Live human chest. On page 108 appears a schematic of a cross-section through the
human chest at the level of the eighth thoracic vertebra, The FONAR image of the
live human chest at that level is shown on the inside back cover of this journal.
The scan visualized the heart and mediastinium, outlined a left lung cavity smaller
than the right as it should be, 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 immediately anterior to the
vertebral body and slightly 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 %4 inch.

Thus we completed the first chemical image of the human body, initiating a new era
in medicine

[PLEASE TURN TO PAaGE [08]
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A FONAR cross-section of the live human chest at the level of the
8th thoracic vertebra is reproduced on the back cover below. Prolon
signal intensily is color-coded, with dark blue assigned to zero signal
amplitlude and signals of increasing amplitude proceeding down the
color look-up table (lower right inset) toward the yellow and while
intensities. Top of image is anterior boundary of chest wull. Left
area is left side of chest. Proceeding from anterior 1o posierior along
midline, the principal structure is the heart seen encroaching on the
left lung field (blue cavity). Left lung field is diminished in size rela-

Anterior

tive 1o right lung (blue cavity to right of nudline), as il should be
(see schemutic on this page of the human chest at the thoracic level
of the FONAR image). More posteriorly and slightly left of nudhine
is a red circular structure corresponding 1o the descending aorta

In the body wall, beginning al the sternum (anterior midline) and
proceeding around the ellipse, alternution of high intensity (yellow)
with intermediate intensity (red) could correspond o alternation of
intercostal muscles (high intensity) with rib (low intensily) as shown
in the schematic.

Level of 8th
thoracic vertebra

Right side

Chest wall musculature

Descending aorla
Posterior

\
Vertebral body

Human Chest (Cross Section)
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(FONAR)
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A technique, field-focusing NMR (FONAR), is de-
scribed for doing NMR scans in large samples. The
method utilizes 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 [1]. In 1972 he patented whole-body NMR
scanning and the field-focusing NMR (FONAR)
technique to carry it out [2]. Others followed [3-5].
Bene obtained proton signals from internal human
organs in the earth’s magnetic field [6]. We wish now
to report the achievement of this goal 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-
tual sutcessors who advanced the anatomic 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 anatomic to a chemical footing. In the clinical
setting, technological advances over the past two de-
cades have made it possible to extract considerable
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 blood
by that organ. No technique exists for non-invusively

going directly to the affected organ for its chemistry.
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 forced precessions of a nuclear magnetization
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 in 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 to the radiation
field to produce a signal detectable by radiofrequency
spectroscopy occurs only when the stringent Bohr
frequency condition, hv=uH,/1, is satisfied : no signal
being generated by the spin system when the oscillator
frequency, v, dictated by the Zeeman level separation,
uH,/I, 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 resonance. In
actual practice, shaping of the static field across the
sample confines the signal-producing region of the
sample to a small volume, called the resonance aper-
ture, that contains the correct values of H, to bracket
the band of the r.f. pulse [8]. The construction of the
resonance aperture is achieved by calculation of the
series expansion of the axial magnetic induction, B,,
in spherical coordinates.
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Fig. 1. (a) Schematic of the simulated (phantom) human chest used to obtain the FONAR image shown in (c). The phantom consisted
of a cylindrical polypropylene tank filled with doped H,O and containing 3 air-filled lucite cylinders serving as “‘lungs”. The numbered
regions in the drawing correspond to the position of the FONAR spot for the NMR signals shown in (b). Note that the FONAR

process easily detected the smallest structure in the phantom (25 4-mm

“lung”) with a 35.6-cm exploring coil. (b) Off-resonance proton

NMR signals (without signal averaging) from each of the numbered regions of the phantom shown in (a). (c) Cross-sectional image
by focused NMR (FONAR) of simulated chest, Zero proton signal is coded black while 3 shades of grey represent the various signal
intensities from doped H,0. The image is a black-and-white photo of an original 14-color video display

To achieve our objective of scaling up the NMR tech-
nique for large-sample scanning it was necessary for
us to 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 diameter using a specially
designed winding machine built at this laboratory.
Each magnet half contained a sweep coil and z-gra-
dient coil in addition to the main magnet windings.
The main magnet consisted of 5 layers of 0.3 mm
core diameter 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 characteristics of
the finished magnet are an inductance of 61.8 Henrys,
a stored magnetic energy (at 930 gauss) of 2.97 x 10*
joules, a stability of better than 7 parts in 107 over
one hour, a weight of 54.4 kg (without dewar) and a
maximum field of 5000 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 three adjoining sections: the mag-
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
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was welded closed with a 300 A Airco TIG Heliwel-
der. Concentric with the magnet can is a larger 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-T6
aluminum. Radiational losses from the dewar were
minimized with superinsulation (aluminized mylar)
and a single layer of aluminum tape (Emerson and
Cuming) on the liquid-helium can.

For the first test of the fully assembled FONAR appa-
ratus we used a simulated chest (phantom) consisting
of a 34.3 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 to the sample using a tape-wound
35.6 cm single-coil probe powered by a variable-fre-
quency Seimco model RD spectrometer operating at
2.18 MHz and delivering 10 W of power over 60 ps.
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 constant
5-kc off-resonance beat pattern of the phase-detected
proton signal.

Figure 1a is a schematic illustration of the phantom.
Figure 1 b demonstrates the off-resonance proton sig-
nals obtained (without signal averaging) from repre-
sentative locations in the phantom. The experiment
of Figure 1b demonstrates prominent attributes of
the FONAR method as compared to other methods
in that a) FONAR is direct and b) the FONAR signal
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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 intensity is coded, with black
assigned to zero signal amplitude, white assigned to signals of
strongest intensities, and intermediate grey scales assigned to inter-
mediate intensities. Top of image is anterior boundary of chest
wall, Left area is left side of chest. Proceeding from anterior to
posterior along midline, the principal structure is the heart seen
encroaching on the left lung field (black cavity). Left lung field
is diminished in size relative to right lung (black cavity to right
of midline), as it should be (see (a)). More posteriorly and slightly
left of midline is a grey elliptical structure corresponding to the
descending aorta. In the body wall, beginning at the sternum (ante-
rior midline) and proceeding around the ellipse, alternation of
high intensity (white) with intermediate intensity (grey) could corre-
spond to alternation of intercostal muscles (high intensity) with
rib (low intensity) as shown in (a). The image is a black-and-white
phato of the original 14-color video display

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

252

tion of the data, as in non-focusing methods, 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
live 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-
mediately anterior to the vertebral body and slightly
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
imaged 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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