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Positron Tomography and Nuclear
Magnetic Resonance Imaging
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In the past 10 years new approaches
and notable advances in medical imaging
have resulted from new concepts and
developments in computer science and
applied mathematics. A major emphasis
in diagnostic instrument development
has been on the three-dimensional de-
scription of physiological and biochemi-
cal processes in health and disease. Six

assessment of the ultimate usefulness of
each modality; for example, although
digital subtraction radiography is of
widespread interest and demonstrated
efficacy, it was not covered at the con-
ference.

The potentials and to some extent the
medical applications of each modality
can be appreciated from an examination

Summary. Noninvasive imaging methods for medical diagnosis and biological
investigations have evolved from qualitative radiological techniques to quantitative
methods of measuring biochemical and physiological processes in the human body.
In particular, new developments in emission tomography, nuclear magnetic reso-
nance imaging, and in vivo spectroscopy offer new horizons for medical research and
clinical activities. These methods and their potentials are reviewed and contrasted.

modalities that have evolved or have
been markedly improved, along with the
major biological and physical parameters
measured by these methods, are shown
in Table 1.

The underlying principles of new
methodologies and their status and po-
tential were examined at a recent confer-
ence (/). The emphasis of the confer-
ence, however, was largely on positron
emission tomography (PET) and nuclear
magnetic resonance (NMR) because
these methods convey information about
body chemistry and physiology, normal
and abnormal. There was less emphasis
on methods that provide improvements
in imaging anatomy (computed tomogra-
phy and heavy-ion imaging) or the mo-
tion and location of surfaces and blood
vessels (transmission computed tomog-
raphy and ultrasound imaging). The cov-
erage was in no way meant to indicate an
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of Table 1, which emphasizes that it is
the parameter measured, rather than im-
age resolution or display quality, that is
important for selection of an imaging
technique in a particular disease condi-
tion. Schizophrenia is now believed by
many to be a metabolic disease without
consistent evidence for structural abnor-
malities. Thus to investigate this condi-
tion one would select a technique that
measures biochemical function rather
than anatomy. Positron tomography ap-
pears to offer great potential for the
study of possible chemical defects. Al-
though NMR is not sufficiently sensitive
for high-resolution imaging of the distri-
bution of elements other than hydrogen,
it can measure the relative concentration
of adenosine triphosphate (ATP) and
creatine phosphate in selected regions of
the brain. Thus, both PET and NMR
have specific yet different roles in the
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study of this and other mental diseases.

By contrast, tomography is not re-
quired for the measurement of the
amount of blood ejected by each heart
contraction. In practice, blood is labeled
with a suitable radiopharmaceutical to

" observe the image of the left ventricular

blood pool before and after heart con-
traction (2). Because labeled blood in the
heart ventricles is detected without seri-
ous interference from background activi-
ty, the nuclear medicine procedure of
cineangiography can give the desired in-
formation without the need for tomo-
graphic methods. Of course, x-ray com-
puted tomography (CT) with contrast
material (3) or digital subtraction meth-
ods with x-rays (4) can be used, but the
radionuclide procedures are at present
less invasive and appear to be more
efficacious.

Emission Tomography

There are important physical and bio-
logical differences between x-ray trans-
mission tomography and emission to-
mography. The basic physical difference
is that in emission tomography the infor-
mation sought is the source and intensity
of the gamma radiation emitted by the
isotope; in x-ray transmission tomogra-
phy the distribution of the tissue densi-
ties or attenuation coefficients is sought.
A consequence of this difference is the
need in emission tomography to compen-
sate for the effect of attenuation. This is
achieved by incorporation of the attenu-
ation coefficients in the image recon-
struction methods (5). Emission tomog-
raphy measures regional function (Table
1), whereas x-ray CT describes regional
structure or anatomy.

The earliest clinical use of emission
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transverse section tomography was the
work of Kuhl and Edwards (6) in the
early 1960’s. Later, the emission longitu-
dinal tomographic scanner for limited
angle tomography was developed by An-
ger (7). Single-photon tomography pre-
ceded x-ray CT and provided the first
demonstration of quantitative physiolog-
ical studies (8). Recently, through new
developments, single-photon tomogra-
phy has been shown to be a practical
clinical tool for the measurement of cere-
bral blood volume and regional cerebral
blood flow (9).

Approximately 30 years ago (/0) it was
recognized that the position of a posi-
tron-emitting radionuclide could be de-
termined because the two photons pro-
duced upon the annihilation of the posi-
tive electron (positron) with a negative
electron are emitted 180° from one an-
other. Thus by positioning detectors
around a patient it is possible to deter-
mine the line along which a disintegra-
tion occurred (Fig. 1a). The availability
of physiologically interesting positron-
emitting radiopharmaceuticals and of
suitable instrumentation, as well as the
development of algorithms for computed
tomographic image reconstruction, pro-
vided the impetus for PET (5, 11).

An advantage of PET over single-pho-
ton tomography is its much greater effi-
ciency or sensitivity for detecting radio-
pharmaceuticals, because in the single-
photon technique physical collimation
results in loss of many available photons.
The ability to label compounds with pos-
itron-emitting isotopes of carbon, nitro-
gen, oxygen, and fluorine is the basis for
great expectations from PET. To pro-
.duce radiopharmaceuticals containing
these radionuclides it is necessary to
have available a cyclotron or, for some
positron emitters, a portable generator.
By contrast, single-photon emitters, for
instance, ®™T¢ and %1, can be obtained
from noncyclotron or remote sources,
and they are easier to work with because
of their longer half-lives.

Table 1. Comparison of medical imaging techniques.

Instrumentation for Positron Emission
Tomography

Recent reviews of positron imaging
and tomographic instrumentation are
cited in (12-14). The first positron imag-
ing system was developed at Massachu-
setts General Hospital in 1953; it was
followed by a series of positron cameras
including the tomographic positron cam-
era PC-I1 (I5), the PETT scanner at
Washington University (16, 17), and oth-
er PET instruments at Brookhaven Na-
tional Laboratory, Montreal Neurologi-
cal Institute (I8), Donner Laboratory at
the University of California, Berkeley
(14, 19), and other centers (20). Commer-
cial systems are now available from four
sources (the Cyclotron Corporation, Cal-
ifornia; ORTEC, Tennessee; Atomic En-
ergy of Canada; and Scandatronics,
Sweden). All commercial systems have
approximately the same characteristics.
They have rings of bismuth germanate
(BisGe;04,) detectors individually cou-
pled or coded to photomultiplier tubes.
Employment of cross coincidences be-
tween rings results in more image levels
than the number of individual rings of
crystals; thus a four-ring system can give
data for seven planes.

The sensitivity of these systems is
usually given in terms of the number of
events per second for a phantom 20
centimeters in diameter uniformly filled
with a water solution containing 1 micro-
curie of a positron emitter per cubic
centimeter; it is denoted here by S7'.
This unit is convenient for expressing
sensitivity, particularly for brain imaging
devices. Sensitivity ranges from 1 x 10
to 5 x 10* 7! per plane, and the sensi-
tivity of multilayer systems comprising
two or more adjacent rings of crystals is
greater. Thus four-ring systems have
sensitivities of 1 x 10°to 5 x 10° 871, 1t
has been suggested (/3) that the unit be
defined for a 20-cm-diameter sphere
since the sensitivity per plane is virtually
identical to that of a 20-cm-diameter cyl-

inder even for a multiplanar system. This
source has a finite upper limit of 3.25 x
107 S™! for the number of detectable
transformations per unit time. Thus the
most powerful devices now available
have sensitivities 100 times less than the
theoretical maximum.

Recent trends in positron instrumenta-
tion have been in two directions. The
first is toward high-resolution positron
instruments (14, 19, 20); the second is
toward the use of time of flight to im-
prove image quality (27). High resolution
is achieved by using many thin detectors
in a ring configuration. Since photoelec-
tron tubes have relatively large dimen-
sions, various coding schemes have been
proposed to identify individual detec-
tors, and this aspect of the design may
become limiting unless a new phototube
is developed. Alternatively, clever cod-
ing schemes (1/3) can identify 420 detec-
tors with 84 photoelectron tubes in one
ring.

Many factors limit the ultimate resolu-
tion of positron imaging systems. The
most important are the distance the posi-
tron travels through tissue before annihi-
lation, the angular deviation of +0.25°
from 180° for the two photons emitted on
annihilation, finite detector dimensions,
and statistical aspects of reconstruction.
Depending on the isotopes and the ring
dimensions, the first two factors set a
limit of a few millimeters on the resolu-
tion defined as full width at half-maxi-
mum (FWHM), which is the smallest
separation at which two signal sources
can be placed and still be detected. Prac-
tical considerations in the construction
of the detectors, problems in mechanical
coupling to photoelectron tubes, and the
physical limitations of supporting the
crystal array limit the detector width,
Improvement in scintillation detectors
(22) involves the development of a detec-
tor with the high efficiency of bismuth
germanate, the speed of CsF, and the
light output of Nal(T!). Fast detectors
are needed to facilitate separation of true

Method

Parameters measured

Medical applications

Transmission computed tomography

Emission computed tomography (positron
and single photon)

Nuclear magnetic resonance (imaging or
in vivo spectroscopy) ’

Digital subtraction radiography
Ultrasound

Heavy ion radiography

Density and average atomic number
Concentrations of radionuclides

Concentration of nuclides such as 'H, relax-
ation parameters T, and 7, frequency
shifts due to chemical form

Contrast distribution

Acoustic impedance mismatches, sound
velocity, attenuation, frequency shifts
due to motion

Density (electron)

Anatomy, mineral content, movement of
contrast material

Metabolism, receptor site concentration,
flow

Free water content, relative flow, con-
centrations of some molecular
species and contrast agents

Flow channel anatomy (angiography)

Anatomy, tissue structural character-
istics, flow

Anatomy (high resolution)
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coincident events from false coinci-
dences, which occur at high data rates.
However, the statistical uncertainty in
reconstruction resulting from the finite
number of detected events is the princi-
pal factor limiting the resolution of posi-
tron tomographs (23). Most current in-
struments produce images with a resolu-
tion of 10 to 20 mm FWHM. Resolutions
of 6 to 7 mm are claimed for proposed
instruments, but these systems have not
yet been completed. It is unlikely that
instruments with resolutions less than 4
mm will be available in the foreseeable
future.

It is hoped that time-of-flight instru-
mentation will improve image quality.
The aim is to limit the uncertainty along
the track from which the annihilation
event occurred by detecting the time
difference in arrival of the photons at the
opposed detectors (Fig. 1b). The im-
provement in statistics of the recon-
structed image is in the ratio of the 1/2
power of the diameter of the object to the
resolution in distance of the position
along the track as determined by time of
flight. This is currently approximately
500 picoseconds or 7.5 cm with cesium
fluoride crystals. Imaging devices in
which this concept is used are being
constructed (21).

Radiopharmaceutical Development

Cyclotron production of radionuclides
and preparation of useful positron emit-
ters have been reviewed (24). Radiophar-
maceuticals are being developed for (i)
substrate labeling, (i) substrate analog
labeling, (iii) labeling of drugs involved
in normal or pathological biochemical
pathways (for instance, sugars, fatty ac-
ids, and amino acids), (iv) labeling of
ligands for receptor binding sites, and (v)
labeling of proteins, antibodies, cells, or
particles.

In the first category, !'C-labeled glu-
cose (25), °O-labeled water, and O,
itself have been used to trace these im-
portant substrates (26, 27). Amino acids
have been labeled with *N (28). The
best known labeled analog is '¥F-labeled
2-deoxyglucose (29), which has been
widely used in studies of the brain. La-
beling of drugs for studies of the brain
(30) and other organs is an important
area of research. The labeling of ligand
agonists or antagonists for receptor bind-
ing, such as spiroperidol (37) or flunitra-
zepam (32), has also been studied. Final-
ly, labeled antibodies should have wide
application in studies of many organs if
the specificity of the antibodies is suffi-
ciently great.
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shielding

Detector crystals

b Time of flight

Fig. 1. Positron emission tomography. Positron-emitting radiopharmaceuticals such as 30 or
YC emit a positive electron, which, after traveling a few millimeters from the nucleus, interacts
with a negative electron. The resulting annihilation yields two S11-kiloelectron volt photons,
which fly off at 180° from one another. Typically, after an intravenous injection of a low dose of the
radiopharmaceutical, 1 million of these photons are detected in time coincidence by scintillation
crystals mounted in one or more rings surrounding the patient (a). Most PET imaging devices
use time coincidence to determine the line of position along which the positron emitter decayed.
In addition, the small differential in time of arrival of the annihilation photons can be used to
estimate the position of the source along this line of flight (b). A time difference in arrival at two
detectors of 300 picoseconds corresponds to a 9-cm travel difference at the speed of light or a
position resolution of 4.5 ¢m FWHM. This time-of-flight concept is proposed for future

instruments (27).

Because of the short half-lives of the
radionuclides, new synthetic procedures
are usually required. Thus the develop-
ment and evaluation of a new radiophar-
maceutical usually requires more than 2
years, with close collaboration between
chemists, physicists, physiologists, and
physicians.

Kinetic Analysis in vivo

Computed tomography with positron-
emitting isotopes can determine mo-
ment-to-moment changes in tissue nu-
clide concentrations in situations where
the statistics are adequate (23). Modeling
techniques employed in classical physi-
ology must be used along with the infor-
mation from PET. Many models require
dynamic information, but due to limited
statistics moment-to-moment informa-
tion cannot often be obtained. More-
over, the tomographic method cannot
distinguish the labeled metabolite from
labeled metabolic products. This has en-
couraged the search for analogs of natu-
ral metabolites. The ideal analog would
behave exactly like the substrate up to a
certain point in the metabolic process,
but would then be trapped. Sugar and
fatty acid analogs that approach this goal
have been developed. The interpretation
of data obtained with analogs is embod-
ied in biological modeling; because of
their ease of analysis, compartmental
models have usually been used.

One of the most important physiologi-
cal quantities common to all tissues of
the body is blood flow. It is most directly

measured by introducing into the blood-
stream a bolus of labeled water or other
diffusible tracers labeled with positron-
emitting radionuclides and following
them by dynamic imaging. From the
washout curve and appropriate partition
coefficients, tissue blood flow may be
determined accurately. Sequential im-
ages are required to use this method with
positron emitters such as ""Kr (33) and
procedures similar to those employed
with '"#3Xe and single-photon emission
tomography (9).

A second procedure for determining
blood flow involves equilibrium imaging
(27, 34). Labeled water is produced in
the lungs by continuous inhalation of
C'30,. After several half-lives (4 to 6
minutes for '*0) a steady-state distribu-
tion is observed. In effect, the steady-
state condition is reached when the dis-
appearance due to the physical half-life
is balanced by the flow-dependent accu-
mulation. Blood flow can be determined
from the images by use of a simple
mathematical model. The advantage of a
stationary distribution is that higher res-
olution images can be produced; howev-
er, the relation between cerebral blood
flow and activity is nonlinear and the
accuracy is limited at high flow.

A third technique involves injection of
radiopharmaceuticals that are extracted
in proportion to blood flow and, once
extracted, remain trapped in the tissues.
This is analogous to the use of radiola-
beled microspheres 9 to 15 micrometers
in diameter; however, except for lung
imaging, injection of degradable micro-
spheres is not feasible. The agents that
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are most commonly used and have good
extraction in the heart and kidneys are
BNH; (35) and ¥Rb (36). Agents for
brain studies have been developed for
single-photon tomography (9), but are
still under development for positron to-
mography.

Oxygen utilization (37) may also be
determined by the equilibrium method
with *0,. Although principally used in
the brain, the method may be used for
other tissues, particularly for tumor
studies.

Most models involve assumptions be-
cause one or more of the following fac-
tors are unknown: exact concentration
delivered to the tissue, local blood flow,
cell mass available to the radiopharma-
ceutical, chemical form of the label, per-
meability changes accompanying the dis-
ease state, and specificity of the tracer.
Nevertheless, remarkably precise re-
gional physiological data have been ob-
tained with positron tomography. Values
for blood flow and glucose metabolism
with accuracies of 10 to 20 percent have
been reported, and a relative precision of
5 percent or less is common. Considering
that the object may have thousands of
volume elements, the amount of infor-
mation obtained is great.

Medical Science Applications

Knowledge of blood flow in the brain
is important in the evaluation of stroke
and other diseases. Equilibrium imaging
of H,0 (27, 34, 37, 38) and "“NH;
extraction have been used for this pur-
pose. Blood volume may be determined
by use of intravascular tracers such as
CO-labeled red cells (39). Single-pho-
ton tomography can compete with posi-
tron tomography for these measure-
ments at low resolution (9).

Since the brain uses glucose as a pri-
mary energy source, labeled forms of
glucose should be useful for mapping the
brain’s energy consumption (40). The
method has the advantage of relatively
few assumptions, but it suffers from the
poor resolution common to most dynam-
ic measurements due to their limited
statistics. Sokoloff (47) developed the
4C-labeled deoxyglucose technique for
autoradiographic mapping of glucose
metabolism in animal brain. Reivich et
al. (42) subsequently showed that '°F-
labeled deoxyglucose (FDG) could be
used in a similar manner for PET in vivo
imaging. This technique has been refined
and applied by a number of groups (43).

Glucose metabolism followed with
FDG appeared to be a more sensitive
indicator of brain damage and recovery
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than tissue perfusion observed by *NH,4
(44). Similarly, oxygen metabolism
seems to be a more consistent and reli-
able index of tissue injury than cerebral
blood flow (45). The combination of per-
fusion metabolism and permeability data
(46) can give important information on
disease processes.

A particularly fascinating possibility
for PET is the delineation of neural path-
ways that respond to sensory stimula-
tion. Perhaps the clearest demonstration
of this effect has been through stimula-
tion of the visual cortex and subsequent
observation of increased glucose metab-
olism and blood flow (47). This phenom-
enon was observed in animals with “C-
labeled deoxyglucose and autoradiogra-
phy (48), and, with another autora-
diographic technique (49), a banding
phenomenon in the visual cortex was
discovered from dominance columns
having a spacing of about 400 wm. Al-
though such structures will not be seen
by PET, the extensive detail seen by
postmortem autoradiographic examina-
tion of animal brain is a strong impetus to
improve resolution in human tomogra-
phy. ‘

Studies of the heart have paralleled
those of the brain. Perfusion measure-
ments have been made with PNH; (35)
or ¥Rb (36), and metabolism measure-
ments with FDG and ''C-labeled palmit-
ic acid. Palmitic acid has been used to
evaluate the presence of infarcts as well
as regional rates of beta-oxidation (50),
and FDG has been used to investigate
glycolytic rates (51). The heart is particu-
larly difficult to image as it is in motion
and lies within a greater attenuating me-
dium than the brain, .

Techniques for gating the heart have
been developed to obtain sequences of
positron tomograms that reveal changes
in the blood pool (52) and to allow ex-
traction of the time rate of change of the
arterial concentration. The agent most
often used is ''CO-labeled hemoglobin.
Although '®F concentrates in artificially
induced infarcts in dog hearts (53), ef-
forts to apply the technique to man have
not been as successful as single-photon
techniques with **"Tc-labeled pyrophos-
phates (54). Infarct imaging and quantita-
tion remains a fertile yet underdeveloped
area of positron tomography.

Techniques similar to those outlined
for brain and heart can be used to study
the pathophysiology of other organs and
disease states and possibly to evaluate
methods of therapy (55). Investigations
of cancer and vascular disease have em-
ployed measurements of blood flow by
C'30, equilibrium imaging methods and
of metabolism with FDG.

Future of Positron Emission

Tomography

The PET technique has the potential
for measurement of sugar, fatty acid,
amino acid, and other substrate metabo-
lism as well as receptor concentration
anywhere in the body. Thus there is no
question that it is a valuable new re-
search tool for the investigation of life
processes in such difficult to study dis-
eases as aging, schizophrenia, athero-
sclerosis, and cancer. Although work is
proceeding on instrumentation, radio-
pharmaceuticals, and modeling, the real
need is for biological information as a
prelude to clinical utility. Associated
with emission tomography are small
risks from ionizing radiation similar to
those in other diagnostic procedures.
The benefits should far outweigh these
risks.

Nuclear Magnetic Resonance Imaging

The use of NMR to study living tissues
began in 1968 with quantitative hydrogen
NMR measurements on excised but
functional frog muscles and, within a few
years, on water and fat in the arms of
living humans and in the living rat (56).
Since differences in the NMR properties
of normal and malignant rat tissue were
reported in 1971 (57) and NMR was used
to form images in 1972 (58), activity has
focused on the perfection of noninvasive
NMR measurements of the human body.
Observations in 1973 (59) of the relation
between phosphorus NMR spectra and
metabolites of red blood cells heralded
the in vivo evaluation of concentrations
of high-energy phosphate compounds
such as ATP and creatine phosphate.

The theory of NMR is discussed in
(60). Most elements have at least one
reasonably abundant isotope whose nu-
cleus is magnetic. In an external magnet-
ic field such a nucleus (which can be
thought of as a small magnet) can assume
a low-energy state when aligned with the
field or a higher energy state when
aligned against the field. A weak but
rapidly alternating magnetic field applied
by a coil near the subject or specimen
stimulates changes in the orientation of
the nucleus relative to the direction of a
strong static magnetic field (Figs. 2 and
3). This results in absorption of energy,
which is emitted when the nucleus re-
turns to the equilibrium state. The ab-
sorption and emission of energy take
place at the resonance frequency, given
by the formula v = yH/2w, where v is
the characteristic gyromagnetic ratio and
H is the static magnetic field. The nuclei

SCIENCE, VOL. 215



of different elements, and even of differ-
ent isotopes of the same element, have
very different frequencies. For a field of
0.1 tesla (1000 gauss) the resonance fre-
quency of hydrogen is 4 megahertz and
that of phosphorus is 1.7 MHz. Elec-
trons in the molecule containing the nu-
cleus cause small differences in the reso-
nance frequencies. NMR spectroscopy
identifies these frequencies and gives
information on molecular identity and
structure.

Spatial distribution information can be
obtained by using the fact that the reso-
nance frequency depends on the magnet-
ic field. By varying the field in a known
manner through the specimen volume it
is possible to select the region of the
specimen from which the information is
derived based on the frequency of the
signal. The strength of the signal at each
frequency can be interpreted as the den-
sity of the hydrogen nuclei in the plane
within the object where the magnetic
field corresponds to that frequency (Fig.
4),

Thus nuclei in the entire volume with-
in or near the loops or coils of wire act as
radio-frequency (RF) receiving and
transmitting antennas. The transmitted
signals from the nuclei are converted by
various techniques into spectra, images,
or both. The signals contain quantitative
information on the overall concentration
of the nuclei and the numbers of nuclei of
a single species in different molecular
environments.

The time variation of the NMR signal
gives two other parameters of biological
importanice: the spin-lattice ‘relaxation
time T; and the spin-spin relaxation time
T,. These parameters depend on the mo-
tions of the nuclei, the regional tempera-
ture, the viscosity of the tissue, and the
magnetic effects of nearby nuclei. The
relaxation times of hydrogen nuclei in
tissue give information about the local
tissue conditions and are believed to
carry information about disease states of
the tissue. Relaxation times can be mea-
sured at each point of an image. Hydro-
gen signals from tissue water have differ-
ent relaxation times in different organs
and, although 7 and T, increase in pro-
portion to water content, there is a de-
parture from a strict relation between
relaxation times and water content in
various disease states, because not all
tissue constituents are equally effective
in reducing the relaxation times. Natural
T, differences (61) can be selectively
altered or increased by the injection of
paramagnetic substances such as Mn**
(62). This is analogous to the use of x-ray
contrast agents or radioactive tracers to
follow flow or permeability. Flow is an-
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Fig. 2. Typical arrangement of
solenoid coils for whole body
imaging with a resistive mag-
net. Within the main magnet is
shown the RF coil surrounding
the body part to be imaged.

other parameter available from the NMR
signal. It was investigated in the nonim-
aging mode more than 20 years ago and
has a potential for use in spatial distribu-
tion studies with contemporary imaging
techniques (63-65).

The medical application of NMR that
is closest to existing diagnostic methods
is the production of cross-sectional im-
ages similar to those generated by x-ray
CT. In the case of NMR the images
reflect the distribution of hydrogen and
of Ty and T,. In patient studies with
NMR the outlines of organs, structures,
and lesions can be displayed at a resolu-
tion of about 2 mm FWHM at present.

For small specimens, better resolution is
obtained. Of even greater interest is the
fact that differences in relaxation times
between soft tissues such as fat, muscle,
and blood are much greater than hydro-
gen concentration differences. Because
the NMR signals received convey infor-
mation dependent on the time duration
of RF pulses in the stimulating coil and
the time interval between pulses as well
as the method of data analysis, particular
NMR images depend on the instrument
setting; thus some confusion can arise
about the interpretation of early images
(62) and the potential of the NMR tech-
nique in general. Most NMR images re-

Ho
Z

Fig. 3. Schematic of the NMR method. A static field Hy is used to align spinning nuclei with
magnetic moments. A relatively weak RF magnetic field H;, generated from the RF coils
surrounding the patient, perturbs the aligned nuclei. A voltage is generated by the interaction of
the magnetic field from these nuclei with the coil. The strength and time dependence convey
information about the concentration and chemical environment of these nuclei..
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flect some complex combination of pro-
ton concentration, T, and T,, but these
three parameters can be separated into
almost pure images (61, 66).

There are many different methods of
obtaining spatial information in NMR
imaging. The frequency of the received
signal can be related to the preestab-
lished magnetic field gradient over the
specimen (Fig. 4). Another method in-
volves oscillating the magnetic field gra-
dient in different directions while leaving
aline or point at a known position unper-
turbed, and then moving this line or
point back and forth to generate an im-
age (67). Alternatively, the selected vol-
ume can be fixed and the object moved
through it (68). An increase in efficiency
of spatial imaging can be obtained by
recording signals simultaneously from an
entire plane, then using Fourier trans-
forms and other data processing methods
for deducing a cross-sectional image sim-
ilar to those produced by x-ray CT.
Application of mathematical properties
of the Radon transform have led to a
direct and efficient procedure for recon-
struction of a true three-dimensional im-
age (69). However, the total time re-
quired to obtain good spatial resolution
will be of the order of a few minutes, so
that motion is an important problem and
limitation for NMR. One of the powers
of the NMR technique is the fact that by
electronic changes in the instrument,
planes or sections through the patient
other than transaxial can be obtained
without reconstitution of multiple trans-
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verse sections, as demonstrated by the
University of Nottingham group (64,
70).

The potentials of NMR should not be
compared directly with those of PET for
research or clinical work, as these two
techniques measure quite different pa-
rameters; PET measures distribution
volumes, chemistry, and kinetics with
high sensitivity, while NMR measures
mainly the concentration and state of
hydrogen nuclei in matter with high reso-
lution. On the other hand, it is appropri-
ate to make some comparison between
proton NMR imaging and x-ray CT. In-
formation on the density and state of
hydrogen nuclei in tissues can convey
anatomic information regarding the loca-
tion and edges of organs and pathophys-
iological processes, just as can density
and attenuation coefficient information
from x-ray CT.

At present, NMR systems can achieve
a resolution similar to that of x-ray CT.
Although NMR measurements of the
concentration of hydrogen nuclei might
not depict changes between gray and
white matter, or even blood and muscle,
to any great extent, 7; images give a
greater  contrast  sensitivity  than
achieved by x-ray CT. It is possible to
differentiate between these tissue types
and lesions (7) with an almost twofold
difference in the T, parameter in situa-
tions where x-ray attenuation coeffi-
cients differ by only a few percent. Thus
it appears at present that competition
does exist between NMR and x-ray CT

Fig. 4. Use of NMR to obtain
spatial distribution informa-
tion. Spatial information can
be obtained by imposing a
slight gradient on the static
magnetic field. Because the
resonance frequency of the
signal from the nuclei is pro-
portional to the field, it is pos-
sible to derive the position of
the nuclei by imposing gradi-
ents in different directions.
Three-dimensional recon-
struction can be performed us-
ing algorithms similar to those
for x-ray CT.

for detection of the anatomic distribu-
tions related to pathophysiological pro-
cesses.

The resolution and contrast sensitivity
capabilities of NMR are dependent on
the size of the object being imaged be-
cause both noise and the potential for
distortions increase with the size of the
subject immersed in the NMR coils. The
resolution in NMR images is ultimately
limited by the ability to detect voltages
induced in the receiver coil by the nuclei.
The limit is reached when the signals
from the decreasing volume being ob-
served are obscured by the noise gen-
erated within the object and the appa-
ratus.

In vive Spectroscopy

In addition to proton density and re-
laxation time distributions, phosphorus
chemical state analysis has emerged as
an important medical application of
NMR. Imaging of phosphorus is not cur-
rently feasible because of its low concen-
tration. However, NMR spectroscopy
can be used in vivo to measure intracel-
lular pH and the relative concentrations
of phosphocreatine, ATP, and inorganic
phosphate in intact animals and humans
for the investigation of oxidative phos-
phorylation processes in large tissue vol-
umes. Human limbs, living animals,
beating hearts, and other organs or tis-
sues have been immersed in high-field
magnets for NMR spectroscopy in stud-
ies of energy metabolism (72, 73). Tissue
pH can be inferred from the positions of
inorganic phosphorus peaks. By using an
RF coil placed near the surface of the
body to obtain a spectrum from the re-
gion near the coil, it is possible to ac-
quire data that reflect the changes in the
energy state of phosphorus in brain, the
body periphery, and potentially the
heart. Another approach, which involves
shaping a region of locally uniform mag-
netic field to sample a large but known
volume in the body, has also been adapt-
ed to phosphorus spectroscopy for tis-
sues within the body (74).

One reason why phosphorus NMR
measurements require different methods
than those employed for hydrogen is that
the phosphorus signals are comparative-
ly weak. The concentrations of phospho-
rus metabolites in tissues are 107 times
the concentration of hydrogen. Thus
phosphorus spectra in humans and large
animals are not expected to be observed
in volumes smaller than about 10 cm>. In
addition, the higher fields (near 1.5 T)
needed to separate the peaks in the spec-
tra sufficiently for analysis result in a
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higher resonance frequency. At higher
frequencies the depth of penetration of
the RF signal is limited, so that distor-
tions similar to the attenuation distortion
in single-photon tomography (5) will oc-
cur if the usual imaging techniques are
used. The problem of uniformity over
the image plane is avoided by using local
detection with shaped fields over large
volumes, or coils on the surface of the
body. Another interesting use of this
local detection technique is to observe
the NMR signal when a small electro-
magnet placed close to the body is sud-
denly deenergized. A resonance RF sig-
nal can be observed in the natural mag-
netic field of the carth and relaxation
times may be measured in vivo for
blood, urine, amniotic fluid, and ingested
liquids (75).

Future Medical Uses of Nuclear

Magnetic Resonance

It appears that NMR instrumentation
will be developed along two lines: (i) to
produce high-resolution hydrogen imag-
ing systems for the head and the body
with magnetic fields between 0.1 and 0.5
T, and (ii) to produce high-field instru-
ments (0.4 to 2.0 T) for phosphorus imag-
ing of known, relatively large (1 to 100
cm’) regions of the body with shaped
fields and coils mounted on the body
surface. Conventional electromagnets
are adequate for low fields; however,
above approximately 0.3 T, supercon-
ducting magnets are preferred because of
the power savings they provide for daily
operation and their stability.

In summary, the five physical charac-
teristics that NMR can measure in the
human body are: (i) concentrations of
nuclei such as hydrogen, carbon, sodi-
um, fluorine, phosphorus, and other ele-
ments with appropriate nuclear charac-
teristics; (ii) T; relaxation time; (iii) 7>
relaxation time; (iv) chemical shift,
which is the small change in the reso-
nance frequency associated with elec-
tronically induced magnetic field pertur-
bation due to chemical bonds near the
nuclei of interest; and (v) volume flow
information related to the change in sig-
nal intensity due to movement of magne-
tized nuclei through the resonance re-
gion.

The health hazards from static field
effects, induced currents, and RF heat-
ing are not believed to be significant with
present instrumentation (76). The instru-
mentation required is similar in complex-
ity and cost to that of x-ray CT, and the
broad range and flexibility of NMR sug-
gest that it may have profound advan-
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tages for medical diagnostic imaging by
use of protons and other nuclei for non-
invasive measurements of tissue compo-
sition (77, 78).

Discussion

Over the past 10 years there has been a
dramatic evolution in radiological imag-
ing for both clinical diagnosis and nonin-
vasive medical research. In good part
this has been the result of the application
of digital computers. It has sometimes
appeared that various modalities were in
competition; however, with further de-
velopment it has become clear that they
measure different specific parameters
(Table 1). X-ray CT scanning measures
tissue density, PET in vivo biochemis-
try, and NMR the concentration and
molecular state of atoms such as hydro-
gen and phosphorus. Each will have its
special place in medicine.

X-ray CT scanning made spectacular
clinical contributions in the first year
after its introduction. Such dramatic
short-term results have not been ob-
tained with PET, and NMR is just being
introduced commercially. Both positron
and single-photon emission tomography
have already proved clinically valuable
in revealing pathologies invisible to the
CT scanner. Their applications have so
far been largely limited to measurements
of blood flow and metabolism in brain
and heart. Completely new horizons may
be opened up by the realization of PET's
theoretical ability to localize neurotrans-
mitter receptors in the brain.

Potential uses of NMR are based onits
ability to provide information on the
anatomic distribution of hydrogen with
diagnostic end points similar to those of
x-ray CT and, even more promising,
information on the relative locations and
concentrations of selected atoms in dif-
ferent chemical states in tissue (72, 78).
The sensitivity of NMR for studies of
chemical elements cannot approach that
of PET, yet its ability to distinguish
lesions of multiple sclerosis and to pro-
vide early diagnosis of ischemic brain
disease suggests that it may supplement
or even replace x-ray CT in many clinical
applications.

The major contribution of PET and
NMR might not be to day-to-day clinical
diagnosis but rather to investigations of
disease processes and natural life pro-
cesses that heretofore have been inhib-
ited by the lack of noninvasive tech-
niques for in vivo biochemical measure-
ments. Since biological imaging offers
the opportunity to investigate the brain
and other organs at work in health and

disease, the likelihood that it will yield
results bearing directly on the diagnosis,
prevention, and treatment of disedse is
high compared with that of alternatives
competing for the same financial re-
sources.
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