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Perspectives

Nu uclear magnetic resonance (NMR)' spectroscopy,
which has been used by chemists and physicists for more than
30 years, is now becoming a powerful technique in the medical
sciences because of its unique ability to monitor intracellular
metabolites noninvasively. The fundamental principle under-
lying NMRspectroscopy is that nuclei of certain atoms, such
as hydrogen ('H), phosphorus (31p), carbon (13C), fluorine
('9F), and sodium (23Na), are magnetic dipoles. In the presence
of a strong magnetic field, the nuclei of these atoms align with
or against the field in much the same way that a bar magnet
tends to align itself with the earth's magnetic field. A pulse of
perturbing electromagnetic energy at the resonant frequency
is then used to tip the nuclei away from their orientation along
the magnetic field lines. When the perturbing radiofrequency
pulse is stopped, the nuclei return to their original lower
energy orientations; in the process, they emit energy which
can be picked up by a radiofrequency receiver and transformed,
with the aid of a computer, into a spectrum. The different
nuclei resonate in the same magnetic field at very different
frequencies. For example, at a field of 8.4 T, the 'H-resonance
is at 360 MHz while '3C and 3'P are near 90.5 and 145.8
MHz, respectively. Members of the same nuclear species
occupying different positions in a molecule resonate at slightly
different frequencies. The individual peaks of the spectrum
arise from differences in the chemical bondings of individual
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1. Abbreviations used in this paper: NMR, nuclear magnetic resonance;
Pi, inorganic phosphate; PCr, phosphocreatine.
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nuclei. The areas of the resonance peaks are proportional to
the concentrations of the individual nuclei resonating at that
particular frequency. The same basic principles of NMRare
used in imaging experiments, which, however, must be distin-
guished from NMRspectroscopy. In imaging, the strong signal
from protons, mostly those of tissue water, is detected in a
spatially encoded way which allows construction of a two- or
three-dimensional picture showing structure, mainly from the
variation in water density. In spectroscopy, weaker signals
from nonwater protons and other nuclei are used to obtain
specific chemical information from tissue.

NMRspectroscopy requires powerful magnets capable of
generating magnetic fields several thousand times that of the
earth. During the past several years, technological advances
have permitted construction of magnets large enough to ac-
commodate humans. Consequently, the study of human me-
tabolism by NMRtechniques is becoming a reality. Conven-
tional spectroscopic techniques are not suitable for most
studies of whole animals because of the need to localize the
signal source to a specific region in the animal. Presently, the
best solution to this problem is resolved by surface coils, which
are simply loops of wire placed on the surface that detect
signals from an approximately disk-shaped region of tissue
below the coil. This method, which was developed by Ackerman
et al. (1), is adequate for some kinds of metabolic studies on
large organs. Other localization techniques based on NMR
imaging methods are being developed and show considerable
promise (2-8).

NMRspectroscopy as an investigative tool

NMRspectroscopy has several advantages over other biochem-
ical techniques. It is nondestructive, noninvasive, and is thought
to be free of biologic hazard (9). The time course of a metabolic
reaction in a single subject can be followed with spectra
accumulated every few minutes, in contrast to the traditional
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method of freeze clamping, in which each time point represents
a separate preparation. An example of this can be seen in Fig.
1 in which 3"P-spectra of a rabbit brain before, during, and
after hypoxia were obtained by using a surface coil placed on
the animal's scalp. The top spectrum was performed under
normoxic conditions. When hypoxia was induced (middle
spectrum), there was a decrease in phosphocreatine (PCr)
stores accompanied by an increase in inorganic phosphate
(Pi), a slowing of the electroencephalogram, and a slight fall
in ATP levels. When normoxic conditions were restored
(bottom spectrum), PCr and Pi levels reverted to normal as
did the electroencephalogram. Intracellular pH was also deter-
mined by monitoring the chemical shift of the Pi peak (10)
and was found to decrease reversibly during hypoxia. Further-
more, NMRprovides information about the intracellular
environment of metabolites which may be lost or distorted
during the process of freeze clamping. For instance, freeze
clamping techniques appear to overestimate intracellular con-
centrations of free ADPwhen compared with NMRmethods.
This is thought to be due to the rapid hydrolysis of high energy
phosphate during freeze clamping and extraction, or to the
fact that most of the ADP in intact tissue is tightly bound to
the proteins of myofilaments (1 1). Only mobile compounds
generate NMRsignals, since immobilization gives rise to
signals that are too broad to be observed.

NMRcan also be used to measure the fluxes of certain
enzyme reactions in vivo. The method used is magnetization
transfer, a type of magnetic labeling experiment in which the
magnetization of one chemical species is perturbed and the
perturbation transferred to a second species if the two are in
rapid exchange with each other. The rate of interconversion
can be obtained from the extent to which the second species
is affected. The kinetics of creatine kinase and ATP synthetase
have been studied in living animals in this way (12).

Another capability of NMRinvolves enriching isotopes of
low natural abundance such as "3C. NMRstudies using `3C-
enrichment can detect the distribution of labeled carbons
within a molecule and can measure the amount of label at
each site. This type of information is similar to that obtained
by use of '4C-isotopes, but with the advantage that the metabolic
intermediates need not be isolated and purified to determine
the amount of labeled compounds, or chemically degraded to
determine the label distribution within the molecule. In appro-
priate systems, the metabolism of individual carbon atoms can
be followed through enzymatic steps. Such methods have been
used successfully to study glycolysis in suspensions of Esche-
richia coli (13) and yeast (14), and in the heart (15) and brain
(16) in vivo. The gluconeogenic flux has been followed from
'3C-labeled alanine and glycerol in hepatocytes (17, 18) and
in perfused livers (19). In double label experiments, the '3C
results have been found to be in close agreement with mea-
surements on the same system using labeled '4C-isotopes (20).
In vivo labeling of glycogen in rat liver (21) and of amino
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Figure 1. 3'P-NMR spectra and electroencephalograms of a rabbit
brain before (top), during (middle), and after (bottom) hypoxia,
obtained at 32 MHzusing a surface coil placed against the animal's
scalp. The Pi and PCr resonances which are joined by dotted lines in
all spectra, and those of Ay, a, and # phosphate residues of ATP are
indicated on the upper trace. Unlabeled peaks to the left and right of
the Pi peak are currently attributed to phosphomonoester and phos-
phodiester residues, respectively. Arterial oxygen tension is given
beneath the spectra (torr). All EEGtraces are 20 s long and were
recorded during accumulation of the spectra above them; the vertical
calibration bar is in microvolts.

1128 Shulman, Alger, Prichard, and Shulman

tmMILAA§WM&fij6LjHJjLAV IIIIIIAIII.A-&.MJAII
l-If - -T-11- MV '-"' '-I I I-r-" - 'Ps



acids and lactate in rabbit brain (16) has been demonstrated.
There is no theoretical barrier to the use of similar methods
in humans, but that has not yet been attempted.

Development of 'H-NMR for the study of metabolism in
vivo is quite recent compared with the 31P and '3C methods.
Although the relative sensitivity of the 'H nucleus is greater
than 31P and 13C, the high concentration of tissue water relative
to metabolites of interest and the small frequency range of the
'H-spectrum (10 parts per million [ppm]) compared with the
spectrum of phosphate compounds (40 ppm) or 13C (200 ppm)
have limited its use. The first in vivo high resolution 'H-NMR
spectrum of human dystrophic muscle appeared in 1982 (22),
but only resonances attributable to the protons of the fatty
acid chains of acyl glycerides could be distinguished, and no
small metaboliteS were detected due to the low resolution and
the presence of large water and fatty acid resonances. More
recently, Behar et al. (23), using a surface coil placed over a
rat skull and newly developed methods for suppressing the
water proton signal, were able to detect cerebral lactate,
aspartate, glutamate, and gamma-aminobutyric acid levels in
the rat brain in vivo and to monitor changes in them caused
by hypoxia (23, 24) and hypoglycemia (16). This technique
shows considerable promise for in vivo studies in man because
of the inherently greater sensitivity of the proton compared
with other detectable nuclei.

NMRas a diagnostic tool
The diagnostic value of NMRhas already been demonstrated
in certain instances of inherited disorders of muscle metabolism
(11, 26, 27). However, it should be emphasized that NMR
spectroscopy is still under development for this purpose and
will not in the near future replace conventional biopsies and
chemical measurements of body fluids. All clinical NMR
spectroscopic studies to date have measured high energy phos-
phate compounds, Pi's, and intracellular pH in the 3'P-spectrum.
The first clinical study was performed by Ross et al. (26) on a
patient with McArdle's disease (muscle phosphorylase a defi-
ciency). The condition was demonstrated by observation of
the failure of ischemic exercise to lower intracellular pH in
forearm muscles of the patient, in contrast to the marked
acidosis observed under these conditions in normal subjects.
By using similar methods, these workers also demonstrated
abnormal recovery of PCr and pH after exercise in two sisters
with NADHcoenzyme Q reductase deficiency (27). Edwards
et al. (11) demonstrated the usefulness of muscle NMRin
diagnosing phosphofructokinase deficiency, which manifested
itself by almost constant intracellular pH together with pro-
duction of large amounts of sugar phosphates in muscle during
aerobic and anaerobic exercise. 3'P-NMR has also been used
to study patients with Duchenne muscular dystrophy. In these
patients, the intracellular pH of resting muscle was significantly
more alkaline than in normal subjects and the ratio of PCr to
ATP was low (22).

Cady et al. obtained 3"P-NMR spectra from the brains of
several infants who had suffered severe intrapartum asphyxia
or had congenital anomalies (28). They measured the ratio of
PCr to Pi and found that the ratio increased with clinical
improvement. In two infants, grossly abnormal 3'P-spectra
antedated the detection by ultrasound of large porencephalic
cysts. Similar techniques were used to monitor the response
to chemotherapy of an alveolar rhabdomyosarcoma on the
back of a hand of a young woman (29).

'3C- and 'H-NMR have not yet been used in clinical
diagnosis. However, a few reports have demonstrated their
potential usefulness by distinguishing normal from dystrophic
muscle (22) and detecting certain disorders of hepatic glycogen
metabolism in the rat (30).

Limitations of NMRspectroscopy in vivo
The major limitations are sensitivity and spectral resolution.
Sensitivity of in vivo NMRfor 13C- and 3'P-signals is about
the same and requires concentrations of I mMto obtain
reasonable signal-to-noise within several minutes of accumu-
lation. This is obtained in the 31P-spectra for the naturally
occurring ATP, PCr, Pi, and some other highly concentrated
metabolites. For '3C, it is necessary to enrich metabolites by
introducing labeled precursors to reach millimolar levels of
'3C-labeled compounds. However, in highly concentrated stor-
age compounds such as glycogen (31) and certain lipids (32),
it has been possible to detect 13C-peaks in their 1.1% natural
abundance because the glucose and fatty acid moieties are
present in relatively high concentrations.

The problem of resolution concerns distinguishing signals
from members of the same nuclear species whose resonant
frequencies are close together because their chemical, and
hence magnetic, environments are similar. This problem is
greatly reduced by new methods of observation which employ
a technique called decoupling to simplify spectra by manipu-
lating magnetic interactions among neighboring nuclei
(33, 34).

Safety
While it is generally believed that whole body NMRis safe,
there are several potential hazards that need to be assessed
carefully before NMRstudies on humans become routine (9).
These derive from: (a) the static magnetic field, (b) the
induction of electrical currents in the body, and (c) decoupling
with a radiofrequency field.

Apart from the obvious danger to patients with cardiac
pacemakers and the possibility that implanted ferromagnetic
objects in the body could be caused to move by a strong
magnetic field, there is currently no verified evidence for any
detrimental effect of a static magnetic field. Years of experience
with particle accelerator magnets of similar field strength have
provided much data on the matter (35).

While electrical currents can be induced in the body by
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sudden quenching of a magnetic field or by rapid movements
within a static magnetic field, present data show that these
currents are quite unlikely to reach hazardous levels. The
remote possibility that they might can be further reduced by
controlled handling procedures in the clinical environment.

In '3C- and 'H-NMR studies, broad band decoupling using
higher power than the observation pulse will probably be
necessary to suppress interfering peaks. Decoupling is potentially
hazardous because it requires prolonged irradiation of the
sample with radiofrequency energy, which at high power can
cause heating of tissue. At present, it is possible to decouple
anesthetized animals with no apparent adverse effects, and
there is one report showing a decoupled spectrum of a human
arm (36). Further careful studies with animals and the devel-
opment of backup safety devices will be necessary before
decoupling can be routinely used in humans.

Future horizons
Ultimately, it should be possible to combine NMRimaging
and spectroscopic techniques so as to detect the distribution
of metabolites within a particular organ. Such a capability
would be invaluable for monitoring whole organ metabolism,
the location and extent of tissue injury, and the effects of
various treatment modalities. Such studies will be still more
useful if they can be combined with NMRtechniques for
measuring blood flow (37). Multinuclear studies, e.g., 'H and
13C or 31P and "3C, using double- or even triple-tuned probes
are feasible (38, 39), and they will increase the amount of
information obtainable from NMRstudies. '9F-NMR spec-
troscopy in biological systems is still relatively unexplored; it
may allow pharmacologic study of fluorinated drugs by non-
invasive detection of their distribution and metabolism (40).
In vivo enzymologic studies of kinetics with magnetization
transfer techniques (12) may be possible, as may studies of
cellular compartmentation of metabolites using spin echo
techniques (41).

In the last ten years, there has been an explosive growth
in the use of NMRspectroscopy for the study of biological
systems. With the development of NMRinstruments suitable
for human use, we are on the threshold of a new era in
medical diagnosis and investigation of normal human metal>
olism.
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