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ABSTRACT To demonstrate the feasibility of using NMR
spectra of human limbs and larger animals for continuous,
noninvasive, nondestructive evaluation of cell bioenergetics,
we have constructed a relatively simple and inexpensive 31p
NMR apparatus. This apparatus consists of an 18-cm (7-in.) bore
superconducting magnet and appropriate transmit-receive
components for Fourier transform NMR. The principal signals
observed by this instrument in the tissues are due to phospho-
creatine and inorganic phosphate. The apparatus can be used
to detect tissue normoxia and hypoxia. The large phospho-
creatine/phosphate ratio (>10:1), and the low phosphate signal
from normoxic tissue (n10% of the phosphocreatine signal from
brain and human skeetal tissue) make an increased sphate
peak a very sensitive indicator of tissue hypoxia. Direct exper-
iments on the human forearm and leg and the brains of dog and
rabbit suggest the applicability of 31PNMR to humans and an-
imals. This method and optical methods can both be used for
quantitative determination of oxygen delivery to tissue, function
of mitochondria, and the coupling of bioenergetic processes to
functional activity in skeletal tissue and brain.

Few methods for the study of cell biochemistry are truly non-
invasive. Some that are customarily used examine exhalations
and excretions-gases from the lung, urine, and feces. Such
gases, liquids, and solids can be used to evaluate the organ
chemistry of the lung, blood, and digestive system, but they give
only an integrated response characteristic of the average
function for the entire body. The data may be difficult to assign
to a particular organ, or even to a group of organs. Other
methods involve disagreeable and perhaps risky invasion, by
which samples of fluids and solid tissues can be excised, frozen
rapidly, and analyzed.

Visual inspection of the exposed tissue surface, or that visible
through body orifices, provides a direct, superficial signal, and
has been extended greatly by catheterization and fiber-optic
viewing techniques for the state of many organs. Surface ex-
amination of biochemical activities is possible by using exterior
optical methods (1) or fiber-optic coupling to interior organs.
When these organs are illuminated at appropriate wavelengths,
organ-specific absorbance signals of hemoglobin oxygenation
(1) and of metabolic function, particularly oxidative metabo-
lism, can be obtained by NADH and flavoprotein fluorometry
(2, 3) and cytochrome spectrophotometry (4, 5).

Intraoperative monitoring procedures provide further access
to organ surfaces. Optical (ref. 3; unpublished data) as well as
surface electrode techniques (6, 7) can be used to evaluate
oxygen delivery during a variety of intraoperative procedures,
especially those involving brain but also those involving kidney,
heart, and lung. At present, only optical techniques permit
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nondestructive observation of intracellular biochemistry (3,

MATERIALS AND METHODS
31P NMR Signals from Energy-Related Compounds in

Tissues. NMR spectra can be used to study the nature and
function of atomic nuclei. Phosphorus and carbon, pivotal in
cell metabolism, are most useful (8). The spectral (chemical)
shift depends on the chemical environment of a particular
nucleus. For example, phosphorus atoms attached to a series
of energy-related compounds give a radio frequency signal (as
a chemical shift) that identifies these compounds in brain, heart,
liver, kidney, and skeletal tissue (Fig. 1; ref. 9). Both the high-
energy compounds-ATP, the "energy currency" of the body,
and phosphocreatine (PCr), the "short-term energy re-
serve"-and the low-energy forms of these compounds-ADP
and inorganic phosphate (Pi) can be identified (10), as can the
sugar phosphates derived from glucose metabolism. PCr and
Pi are the most prominent signals from skeletal tissue (11-13),
heart (14, 15), and brain (16, t). In this paper, we summarize
our results and describe an apparatus appropriate to 31P NMR
measurements in the human forearm and leg (17-19, ::).

Experimental Methods for Larger Animals. The use of
NMR for tissue study requires wide bore [7.6- to 18-cm (3- to
7-in.)], high-field (1.5 T), superconducting magnets of high
homogeneity (1 X 10-7) over large volumes (2-3 cm3) (20-22).
Because deep penetration into tissue is required, we have
constructed and tested a low-frequency transmitting and re-
ceiving coil for 24.3 MHz, appropriate to the 31p signal at 1.5
T (19). Superposition of higher order magnetic field gradients
onto the main magnetic field gives a uniform central region of
adequate homogeneity (nt1 X 10-6) for resolving spectra of PCr
and Pi (20). Signals from the tissue volume over which the field
is homogeneous (,t3 cm3) are sensitively recorded; signals from
other portions of the tissue are "out of focus" and contribute
only diffuse background. A sharply defined "focus" may be
obtained by using field profiling coils from Oxford Instruments
(22).

Fourier transform NMR provides signals simultaneously from
all the energy-related phosphorus metabolites. Because signal
intensity is determined by the number of nuclei involved,
measurement is absolute in the sense that the radio-frequency

Abbreviations: PCr, phosphocreatine; rf, radio frequency.
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FIG. 1. Chemical shifts of Pi and PCr relative to external 1.0 M
H3PO4 (taken to be zero).

(rf) signal received is directly proportional to number of nuclei
responding to the rf pulse; thus, the amounts of two components
can be compared by comparing the peak heights or the area
under the traces.

Details of the 31P Tissue NMR Apparatus. We have con-
structed a simple transmit-receive system and pickup coil, as
suggested for proton NMR of human limbs in 1964 (23), except
that we use only a few turns of wire. Our equipment has a
two-turn, 7.6-cm-diameter coil, an electrostatic shield, and a
nonmagnetic field that penetrates a few inches into the tissue
(Fig. 2). The coil is tuned to 24.33 MHz and represents a 50-ohm
resistance load to the t40-W-peak transmitter pulse of 40-ssec
duration, an average power that is well below recommended
standards for biological studies (24). The faraday shield im-
proves performance of the probe coil and eliminates radio-
frequency electric fields in the tissue volume. A low-noise (-2
dB from theoretical). diode-protected preamplifier and a gated
amplifier give 100 dB gain and are coupled to phase-sensitive
demodulators and a five-pole filter, and the output signal is
coupled to the amplifier-demodulator input to the computer.
The computer controls the rf pulse, allows accumulation of
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FIG. 2 Superconducting magnet (18cm diameter) and lab'ora-
tory-constructed 7.6-cm diameter probe with faraday shield and
nonmagnetic tuning components. The sample is inserted into the
opposite end of the magnet (see Fig. 4). Typical static and rf magnetic
fields are 15 kG and 1 G, respectively (1 G =1.0 X 10O4 tesla).

repetitive scans, computes their Fourier transform, and plots
signal intensity against frequency or chemical shift. Total nu-
clear spin concentration can be obtained by integration of the
x-y signal display or computerized curve-fitting techniques.
Often, however, observation of relative amplitude data on the
Pi and PCr signals gives a convenient index of tissue metabolic
state; a marking point that we have found useful is a level of
functional activity that gives equal values to the two.

Magnets for human-tissue magnetic resonance studies involve
special considerations: first, the magnet bore must be large
enough to accommodate the organ at a depth within the magnet
at which the field is homogeneous. In most cases, that is deep
in the interior-usually the midpoint. Recent attempts to
achieve adequately homogeneous fields nearer to the end of
the magnet have met with some success, but no magnet yet
designed allows the human head to reach the homogeneous part
of the field without also admitting the shoulders; thus, NMR
examination of the head currently requires magnets large
enough for the whole body. An overall diameter of 75-90 cm
(30-36 in.) has been selected by several designers. Because
magnet cost increases as a high power of diameter, we have used
a magnet capable of admitting the arm or the leg; a diameter
of 18 cm represents a compromise in this respect (see Fig. 2).
Helium holding times of a cryogenic magnet vary from

several days to a month, depending on the degree to which
thermal losses from the dewar are controlled and whether
current leads are disconnected from the superconducting
magnet. The 18-cm-diameter magnet loses about 25 ml of He
per hr (Oxford Instruments). Optimization of the field homo-
geneity when the magnet contains a human arm or leg is best
done by monitoring the 60-MHz signal from the body water
protons.

Current Performance of Wide-Bore 31P NMR. The com-
plete system, the 18-cm magnet, the 7.6-cm coil, and the
transmit-receive system, is combined with laboratory-built
timing and synchronization circuits and gives signal-to-noise
ratios in excess of 10:1 at a 1- to 2-min accumulation time and
a resolution of ;2 ppm. The signals for PCr and Pi, which are
appropriate for the detection of hypoxic effects in skeletal
tissues and brains, can be adequately resolved at this resolution
and a 25-Hz accumulation rate (see below). Sugar phosphates
may slightly increase the aerobic signal attributed to Pi in these
studies (9). However, Pi is very small under normoxic condi-
tions, and the sugar phosphate level is also very low. In exercise
leading to anoxia, Pi increases to a much higher value than sugar
phosphate, as shown in small animal studies on brain (16) and
skeletal tissue (11, 12).

Effects of Static and rf Magnetic Fields. The 15-kG static
magnetic field used in these studies has been tested for its effects
on colonies of rats over a several-week period, on a beagle for
2 hr. and on the arm of one of us for 30 min. Examination of the
rats, neurological functional tests on the dog, and responses of
the human showed no effects attributable to the magnetic field
(rats) or to the rf and static magnetic fields (dog and human).
These results seem to agree with those of other studies. For
example, Purcell (34) states, "Nor, as of this writing, have other
biological experiments turned up anything remarkable in the
way of magnetic effects on chemical processes. This is not
surprising. In its interaction with matter, the magnetic field
plays a role utterly different from that of the electric field.
Because atoms and molecules are made of slowly moving
electric charges, electric forces overwhelmingly dominate the
molecular scene." (For a summary, see ref. 25.)

During NMR measurements, the sample is exposed to short
pulses of rf magnetic fields at intensities of a few gauss. Expo-
sure to rf electric fields, which cause heating (as in diathermy
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treatment), is avoided by the use of the faraday shield, and thus
the effects of the 27-MHz rf electric fields (citizen band radio)
are not to be expected here.§

Problems of Quantitation of 31P NMR Signals. A molecule
exhibiting NMR signals may have an in vivo bound state
unexpected from in vitro studies but, because PCr does not have
a significant affinity for most intracellular constituents, its
concentration can be evaluated by NMR accurately. Similarly,
phosphate exists in a highly dissociated state, and the concen-
tration of soluble anion (HPO- + H2PO4-) can be assayed with
nearly the same precision. However, protein-bound phosphate
is not readily available for NMR assay. Thus the PCr/Pi ratios
reported here are given simply as ratios of the amplitudes (or
areas) of the respective peaks above baseline. The transition
between the two forms of phosphate caused by changes of in-
tracellular pH can lead to significant changes of peak position
(but not of signal strength), which can be interpreted in terms
of the pH and used to determine the degree of lactic acidosis
in ischemic, anoxic, fatigued tissues-e.g., compare the
chemical shifts of Pi with respect to PCr in Figs. 1 and 3.
The second problem is that of allowing adequate time for

relaxation between rf pulses. The relatively low and similar
relaxation times of PCr and Pi observed in living tissue vary
from organ to organ (26, 27). We have used accumulation rates
giving the best signal-to-noise ratio (i--20 Hz); nevertheless, the
saturation of the PCr and Pi signals is similar, and thus the ac-
curacy of their ratio is only 10%. However, in animal model
systems, excision of tissue examined by cryogenic NMR tech-
niques (16), followed by homogenization and extraction of
phosphate compounds by the usua analytical techniques, allows
their evaluation for calibration. Thus, the degree to which NMR
determines absolute concentrations can be checked in animal
cell models or when rapid human organ biopsy is feasible, and
such calibrations would be expected to apply to all further
studies of that particular organ. Pi is one important exception
where NMR data give consistently lower values than those
obtained by tissue analysis (27).

RESULTS
The role of energy-related phosphate compounds in tissue was
first observed by Otto Meyerhoff and has since been formulated
in detail by Fritz Lipmann, who showed their cyclic functions
(10). Further work, mainly on isolated mitochondria, cell sus-
pensions, and intact tisse, has identified pathways for synthesis
and control of these metabolites in isolated mitochondria, yeast,
and tumor cells.
The use of oxygen transported by hemoglobin to peripheral

tissues, its diffusion through capillaries to intracellular mito-
chondria, and their functional response in ATP synthesis and
conversion to PCr is a process that can be followed dynamically
by optical techniques that show mitochondrial response to both
oxygen presence and energy demand. However, the function
of mitochondria in producing ATP, and thence PCr, is not
determined quantitatively by the optical method. Here, a
unique feature of NMR becomes of primary importance-i.e.,
its capacity to follow skeletal or cortical dissipative functions
of physiological or pathological nature that increase tissue Pi
above its normal low level.
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FIG. 3. Effect of strenuous exercise on PCr and Pi levels in the
human forearm. 31P NMR scans were for 1.5 min. The forearm was
tested before (0), immediately after 1 min of violent exercise (o), and
20 min into the course of recovery (tA).

Skeletal Muscles. Skeletal muscles are optimal for NMR
study because of their large volume, their homogeneity, and
their accessibility. NMR studies of isolated frog skeletal tissues
have shown that the fully aerobic tissue has a very high PCr/Pi
ratio (28).
Our results on the resting human forearm show a PCr peak

(90-sec accumulation) and a PCr/Pi ratio in excess of 10, which
is characteristic of animal and human skeletal tissues at rest (Fig.
3). After this measurement, the subject, a trained athlete, ex-
ercised his arm for 60 sec in the "Cybex" ergometer at such a
rate as to exhaust the forearm muscle. The arm was immedi-
ately returned to the NMR; the 90-sec accumulation at this
point shows no detectable PCr. Instead, there is a large Pi peak,
the muscle ATPase having used ATP to give ADP and Pi. The
ADP was rapidly rephosphorylated by creatine kinase to the
extent that PCr was available, leaving the accumulated Pi. This
process of exhaustion of the muscle energy reserve gives a Pi
peak slightly higher than the initial PCr peak. Also, the chem-
ical shift of the Pi peak measured with respect to the PCr peak
(compared with Fig. 1) is consistent with lactic acidosis (pH
-6.4). Thus, a 1-min exercise in the ergometer was effective

§ The American National Standards Institute's limit for continuous
exposure is 177 nJ/mi. A "wallde-talkie" gives more than 200 nJ/m3
(13) when held next to the head. Such a transceiver has a 1.8-W
continuous output; in NMR, the peak power is 10 W but the duty
cycle is %10-4, so that the average power is only 0.001 W, insignifi-
cant compared with the transceiver. Nevertheless, the biological
effects of static magnetic and rf electric fields continue to be the topic
of scrutiny by us, as well as others (18, 20, 22).

FIG. 4. Insertion of limb into the 18-cm superconducting magnet
for detection ofPCr and Pi. The calf muscle lies over the probe illus-
trated in Fig. 2.
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in demonstrating the "energy capacity" to do work to the extent
available by the energy reserves. (Mitochondrial oxidative
phosphorylation and glycolytic activity would contribute only
slightly in this brief exercise.) Obviously, steady-state proce-
dures that exercise the muscle at a rate to give PCr/Pi ratios of
1 are also possible and would be more amenable to detailed
mathematical analysis. However, both transient and steady-
state approaches provide direct noninvasive measures of the
coupling between energy expenditure in muscular contraction
and bioenergetic efficiency as determined by the muscle energy
reserve and resynthesis. Recovery to the resting state can be
measured as a function of time during recovery or as comple-
tion of recovery.
One case of particular interest is the study of peripheral

vascular disease, in which attention is focused on leg muscles.
In this disease, insufficient blood flow, and therefore insufficient
tissue oxygenation, causes muscle damage that may eventually
lead to amputation of the affected limb. Although Doppler flow
studies, blood pressure measurements, and arteriograms give
indications of the adequacy of blood flow, they do not answer
the question of state of tissue oxygenation directly. Stressing the
limb with exercise or reactive hyperemia and then measuring
the increase and decrease of Pi levels should correlate with
clinical observations and lead to a quantitative description of
disease progression and a method to compare different treat-
ments.

Use of the 18-cm instrument in the study of human calf
muscle metabolism is illustrated .in Fig. 4, which shows how the
leg can be inserted into the homogeneous portion of the mag-
netic field. The result of a 2-min scan shows a high PCr level
and a low Pi level, as is characteristic of fully aerobic tissue (Fig.
5). Minor movements of the foot for about 3 min cause a de-
crease in PCr level and an increase in Pi level; for the two cases,
the ratios of the amplitude of the PCr peak to that of the Pi peak
are >10:1 and 6:1, respectively. More strenuous exercise would
have given changes such as those shown in Fig. 3.

Brain. Brain energy metabolism is similar to that of muscle,
in that it depends on PCr for its energy storage, but is unlike that
of muscle in being in a constant state of high activity. Thus,
alterations of blood supply to the brain can be pernicious in
either the resting or the active state of the whole body and can
lead to symptoms ranging from mild, transient effects to stroke,
coma, and death. The bioenergetic state of the brain was
evaluated with two living animals, the rabbit and the beagle

PCr

Intensity

/

/

PCr

Pi

Rabbit head .

Beagle head

-5 0
Shift, ppm

5

FIG. 6. PCr and Pi signals from anesthetized beagle and rabbit
heads (normoxic conditions). Signals were accumulated over 1- and
3-min intervals, respectively.

(Fig. 6). The animal's head was placed on the coil; the NMR
spectrum thus contains signals also from skeletal tissues of the
head, but controls have shown that these do not prevent eval-
uation of those due to the brain tissue itself. Similarity of en-
ergy-related compounds in brain and skeletal tissue is apparent.
In both cases, the resting energy state has a high (>10:1) PCr/P1
ratio. Diminution of oxygen delivery to the brain by any means
(such as a simulated head injury) would result in a decreased
PCr/P1 ratio (as shown in Fig. 3). This NMR system seems ap-
plicable to infant brains and to the adult human head if suitable
larger magnets were available.

Future Studies. Many new methods for noninvasive studies
of biochemistry in human subjects have emerged from recent
developments of optical,* isotopic,$ chemiluminescent (29),
and NMR (16-19, 26-31, t, I, 1, 11) techniques. Each finds
special and appropriate applications-for example, optical
detection of highly localized redox states provides an intraop-
erative procedure for detecting ischemia and anoxia in brain
(16) and heart (32). The fluorodeoxyglucose method combined
with the position-emission scanner can be used to determine
relatively localized glucose metabolism, although the long av-
eraging makes for an indefinite relationship to rapid functional
activityl Luminescence, although limited to those organs ac-
cessible to fiber optics, is very specific for lipid peroxidation
under normal or pathological hyperoxidative process (30). NMR
has the ultimate, and as yet unrealized, possibility of imaging
human tissue volumes in terms of their specific biochemical
constitution (33). We have shown, as a first step toward that
goal, that whole organ bioenergetics can be studied in terms of
the PCr/Pi ratio.
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FIG. 5. PCr and Pi levels in resting (-) and mildly exercised
(--- ) human limb. The signals were accumulated over intervals of 2
min; the exercise was continued during the second interval of data
accumulation.
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Perfused organs are even simpler to study by optical and
NMR techniques: the organ to be studied is placed on the sur-
face probe, and perfusates are connected to the main blood
vessels through plastic tubes. In this way, heart, liver, kidney,
brain, skin flaps, and such have been studied under highly
controlled conditions. Typical examples are evaluations of
kidney, heart, and liver before transplantation.
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