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Abbreviations

n-AcAsp n-acetyl aspartate
ADP adenosine diphosphate
AF audio frequency
/3-ATP (beta) adenosine tn-

phosphate
1-3D one to three dimensional

2-4DFT two to four dimensional

Fourier transform
DRESS depth-resolved surface coil

spectnoscopy
FDC 2-fluoro-2-deoxy-d-glucose
FID free induction decay
GABA ‘y-aminobutynate
GPC glycenophosphorylcholine
GPE glycenophosphorylethanol-

amine
ISIS image-selected in vivo

spectnoscopy
NAD nicotinamide adenine

dinucleotide
NADH reduced NAD
NOE nuclear Ovenhauser

enhancement
PCh phosphorylcholine
PCr phosphocreatine
PD phosphodiester

PEt phosphorylethanolamine
PFTB perfluonotributylamine
Pi inorganic phosphate

PM phosphomonoester
RF radio frequency
RFZ rotating frame zeugmatog-

naphy

S/N signal-to-noise ratio
TMR topical magnetic resonance

State of the Art

In this critical review of human in

vivo nuclear magnetic resonance

(NMR) spectroscopy, the questions

of which chemical species can be de-
tected and with what sensitivity,
their biochemical significance, and

their potential clinical value are ad-

dressed. The current in vivo detect-

ability limit is about 106 of that of

tissue water protons, necessitating a

1-10 cm3-volume of tissue and “10-

minute averaging time. This permits
access to fats, membrane lipid me-

tabolism, high-energy phosphate

metabolism, glycogen, some neuro-
transmitters and metabolites in the

citric acid cycle, and artificially in-

troduced fluorocompounds. While
hydrogen-31, phosphorus-31,

carbon-13, sodium-23, and fluorine-
19 in vivo results are discussed, the

majority of patient studies use P-31

NMR spectroscopy. Here results
from metabolic and ischemic disor-
ders substantiate a case for spectros-
copy as a diagnostic modality. The

use of a broad range of spatial local-
ization strategies is justifiable on
the basis of the location and size of
the pathologic condition and of
NMR sensitivity. Abnormalities in

spectra from many other disorders,
most notably cancer, and improve-

ments are often observed early in
the course of successful therapy. Yet
the potential impact of these results
on clinical diagnosis and therapeu-
tic monitoring is not always well
understood, and many questions re-

main. Neurotransmitters and citric
acid cycle metabolites exhibit high
H-i NMR sensitivities and repre-
sent major untapped potential for
human clinical spectroscopy re-
search. Studies evaluating spectros-
copy in the context of exist-
ing modalities are needed. The
unique ability of spectroscopy to
provide noninvasive information
about tissue chemistry in patients

bodes well for its impact on clinical
research and disease diagnosis.
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W HEREAS magnetic resonance

(MR) imaging is an anatomic

imaging modality in a long tradition

of anatomic imaging techniques in

radiology, nuclear magnetic reso-

nance (NMR) spectroscopy is unique.

It is the only technique in clinical

medicine that provides noninvasive

access to living chemistry in situ.

This is the root of both the great ex-

citement and intensity of effort de-

voted to clinical in vivo spectroscopy

research (just about any clinical spec-

troscopic study one does is new!), as

well as the perceived delay in identi-

fying real clinical applications. Why

is clinical spectroscopy so tardy in its

delivery? In introducing this new

technology in diagnostic medicine,

MR spectroscopists face four major

challenges: (a) proving technical fea-

sibility in a clinical environment, (b)

interpreting and understanding new

chemical information from patients

in the context of modern biochemis-

try, (c) quantifying differences be-

tween normal and disease states, and

(d) applying spectroscopic informa-

tion to efficacious disease diagnosis

in the contexts of existing techniques

and benefit to the patient. It is not
that spectroscopy is more tardy but

rather that its path to delivery is

longer.

Here I critically review clinical re-

search in human in vivo NMR spec-

troscopy, detailing findings from

published human proton (H-i), phos-

phorus (P-31), carbon (C-i3), sodium

(Na-23), and fluorine (F-19) NMR

studies and identifying questions,

problems, and potentially fertile ar-

eas that are as yet untapped. Through

examples, a strong case is made that

spectroscopy has met all four chal-

lenges in at least a limited range of

applications. While there are many

gaps in the understanding of much
human data and in how observations

might be used to benefit patients, the

differences in tissue chemistry as de-

tected by in vivo spectroscopy in a



Table 1

Relative NMR Sensitivity in Tissue at Constant Field Strength

NMR Nucleus In Vivo .

and Tissue Chemical Concentration Relative Relative
or Substance Moiety* (mol/kg)* Sensitivityt S/Nt

H-i
Water H2O lii 100
Muscle
Adipose
Muscle

H2O
Fat-CH2
Fat-CH2

881
961

‘�‘3t

79

86
‘...3

Brain ),
Heart I

Creatine-NCH3
Lactate-CH3

��‘0.1t
�75 mt

-‘0.09
�.07

Braint1 n-AcAsp-CH3
Glutamate-CH2
Glutamine-CH2
Aspartate-CH2
Taunine-CH2
GABA-CH2

15 m
12 m
12 m

2 m
1.9 m
0.8 m

.014

.011

.011
1.8 X iO�
1.7 X i0�

7 X i0�
S Alanine-CH3

Creatine-NCH3
Choline-N(CH3)3

0.8 m
-‘20 m
--50 m

7 X i0�
.018
0.45

P-31
86% phosphoric acid
Muscle

�PO4
PCr

8.8
30 m#

0.53 1.3
1.8 X 10� 4.4 X iO�

Muscle ji-ATP 5 m# 3 X l0� 7.4 X 10�
Heart PCr �I0m** 5XiO”4 i.3X103
Brain PCr 5 mtt 3 X i0� 7.4 X i0�
Brain
Brain

fl-ATP
PD

3 mtt
14 mtt

1.8 X i0� 4.4 X iO�
8.4 X l0� 2.1 X iO�

Brain 1
Musclef

Pi �50 mtt <3 X iO� �7 X i0�

C-i3
C-i3 ethanol
Ethanol
Adipose
Muscle

-(C-13)-H2-
-CH2-
Fat-CH2
Fat-CH2

22
22
511

l.6�

0.32 1.3
3.5 X I0� 0.014
8.1 X iO� 0.032

2.5 X iO� 1 X i0�
Liver
Muscle
Liver
Heart

Na-23

Glycogen-C-1
Glycogen-C-I
Glycogen-(C-13)-1
Glutamate-(C-13)-2
Lactate-(C-13)-3
Alanine-(C-13)-3
Aspartate-(C-13)-2

0.311
0.0911

.O3tt
�2i mtt

�3 mit
�6 mtt

�12 mtt

4.8 X i0� 1.9 X i0�
1.4 X lO� 5.7 X iO�
-4 X 10� 1.7 X i0’�

�2.9 X i0� 1.2 X iO�
<4.3 X iO� 1.7 X iO”
�8.7 X i0� 3.3 X l0’�
�i.7 X lO� 6.8 X i0�

Extracellular Na’ 0.151,tI 5 x i0� .018
Intracellular Na” <.0i�� <3.3 X i0� <1.3 X lO’�

F-i9
Liver PFTB-CF3’ �l.6## �l.2 �l.3
Brain
Brain

Halothane-CF3
FDG

�5 m***
‘-‘1 mttt

<34 X iO� �4 X i0�
“�-8 X i0� -‘8 X l0�

Liver tumor 5-fluorouracil 10 mttl �7,5 X lO� �8 )( iO�

Note.-n-AcAsp n-acetyl aspartate, GABA ‘y-aminobutyrate, PCr phosphocreatine, Pi
inorganic phosphate, �-ATP /1-adenosine triphosphate, PD phosphodiesters, PFTB perfluorotri-

butylamine, FDG 2-fluoro-2-deoxy-d-glucose, NOE nuclear Overhauser enhancement.
* Assumes NMR nuclei in moiety are unresolved (isochromatic) and at natural abundance except

where isotope specified; isotopically labeled moieties are at 100% isotopic abundance. Natural abun-

dance is iOO% for H-i, Na-23, F-19, and 1.108% for C-13 (3). C-13 spectra are H-i decoupled but without

NOE (H-i NOE �3). Na-23 is assumed to be 40% NMR visible (5). mol/kg � moles/per kilogram of all

designated NMR nuclei in moiety (eg 2 moles H-i per mole H2O). m = milli.
t Sensitivity assumes constant noise (3). S/N assumes sample dominant noise source increasing

linearly with frequency (6,7). These are the same for H-i.

I Muscle is 79% H20, -‘-2.5% fat. Creatine value based on PCr levels (8,9). Adipose is 80% fat. Fat is 12%

hydrogen, 77% carbon (10).
§ Brain hypoxia levels of up to 25 �imol/g (ii).
I From references 12, 13, 14. Assumes amino acids are 100% NMR visible. Creatine levels based on

PCr values (15). NMR-visible choline level based on creatine in reference i6.
# From reference 8.
* * Assumes PCr/ATP -‘1 .6 (17,18).

tt From reference (15). Maximum Pi assumes complete conversion of muscle ATP, PCi (8).

ft Diet dependent. Nominal daytime rest value --50 g/kg in liver, -‘15 g/kg in muscle (9).
tt Produced by (C-13)-i-glucose perfusion (19,20,21). For liver, assumes 10% of total liver glycogen is

labeled.
II From references 4, 5.

## Major component of Fluosol 43 artificial blood. Values from rats at 9 d after 30 mL/kg intrave-

nously administered dose 10% vol/vol PFTB (22).
*** Assuming �1.7 mmol is in anesthetized rat brain (23).
ttt Rough estimate based on a rateof -‘0.3 Mmol/min/g of tissue FDG utilization (24).

Ill For doses �180 mg/Kg iv in mice (25).
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very extensive range of disorders en-

sure its role as a research tool in pro-

viding new information about dis-

ease processes while offering much

hope for extending its role in the di-’

agnostic clinic. Another fine review

of spectroscopy ( 1 ) and a review of

the findings from one major labora-

tory have recently been published

(2).

TECHNICAL FEASIBILITY OF

NMR SPECTROSCOPY

Detectability of Chemical
Species

To understand what diagnostic val-

ue spectroscopy may have in clinical

medicine, it is important first to iden-

tify what chemistry spectroscopy can

detect in the body. The in vivo con-

centrations, relative NMR sensitiv-

ities, and signal-to-noise ratios (S/N)

of chemical species that have been or

should be detectable in living human

tissue (where available) and of sever-

al common laboratory substances are

compiled in Table 1. Due to the inva-

sive nature of traditional biochemical

assays, some of the concentrations

are questionable and not all of a spe-

cies may be detectable by NMR spec-

troscopy. For example, Siegel et al

(12) list brain glutamate values of 6

and i2 mmol/kg in humans and rats,

respectively (i2-24 mmol/kg in

-CH2-- protons), whereas McGil-

very (9) cites a value of 3 mmol/kg of

glutamate for human brain, and

prominent glutamate resonances of

amplitude comparable to those of n-

AcAsp do not appear in localized Wa-

ten-suppressed human brain spectra

(16,26). In fact, the relative ampli-

tudes of rat brain H-i spectra in stud-

ies by Hethenington et al and Roth-

man et al (13,27) suggest an NMR-

visible glutamate concentration of

less than 2 mmol/kg if the n-AcAsp

and alanine concentrations are cor-

rect. So where is all the glutamate in

H-i brain spectra? On the other

hand, the phosphorus metabolite 1ev-

els measured from human brain by

means of P-31 NMR spectroscopy
(15) are in good agreement with as-

sayed values in rat brain (12).

The relative S/Ns in Table 1 as-

sume a constant detection bandwidth

and optimization of the NMR detec-

tion coil so that the sample repre-

sents the dominant noise source in

every case (6,7). The latter assump-

tion results in a linear increase in de-

tected noise with NMR frequency: If

the noise source is constant or if coil

noise dominates, the relative S/N of

nuclei other than hydrogen deterio-

rates further. Note also that detection

bandwidths will vary with nuclear

species due to their different chemi-

cal shift dispersions. Thus, choices of

spectral widths of 200 ppm and 10

ppm typical of C-i3 and H-i, respec-

tively, would result in a fivefold larg-



Figure 1. (a) P-31 volume spectroscopic image (four-dimensional representation) of the hu-

man head acquired from a 5-cm-thick section above the temple with a whole-body 4-T re-
search system (37,38). The spectra are each displayed in their 2 X 2-cm (20 cm3) voxels out-
lined by the periphery of the brain and the head as traced from a corresponding H-i image.

Peaks from right to left derive from ATP (�, a, and ‘y phosphates), PCr, PD, Pi, and PM.
(b) P-31 spectra from a cardiac-gated spectroscopic image set acquired in 15 minutes with a

surface coil on the chest and a conventional l.5-T system (39). Voxels are again 2 X 2 X 5

cm3, located relative to the myocardium traced from a H-i image as indicated. (a from PA.

Bottomley and C. J. Hardy, unpublished.)
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er detection bandwidth for C-13 at

the same field strength (because the

C-13 resonant frequency is approxi-

mately one-fourth that of H-i), and a

corresponding additional �-fold loss

in the relative S/N ratio of the C-13

spectrum if no other signal filtering

were employed (the final result also

depends on the choice of line-broad-

ening filter).

The foregoing caveat notwith-

standing, the table reveals several in-

teresting features. First, the present

detection limit appears to be remark-

ably small-around a millionth of

that of H-i in water. How is this pos-

sible? At 1.5 T, a 10-cm-diameter H-i

surface coil placed on the body can

deliver from water in a single free in-

duction decay (FID) about 80 Hz112.

�zL� of what might be called intrinsic

NMR S/N (7), because system elec-

tronic noise sources are excluded

(28). A species of sensitivity 106 of

this is detected by increasing the

sample volume, averaging many ac-

quisitions, and reducing the system

bandwidth. For example, averaging

io� FIDs from 10 mL, rather than a

microliter, of sample and reducing

the detection bandwidth to one-six-

teenth of that employed for H-i im-

aging of water results in the requisite

million-fold improvement in S/N,

thereby permiting access of the in-

sensitive species to state-of-the-art

clinical spectroscopic technology

(29). Nevertheless, the compromises

necessary to compensate for poor

sensitivity ensure that such species
will never be observed or imaged un-

der the same conditions and with the

same quality that H-i NMR of water

in tissue enjoys.

A second feature of the table is that

the principal cause of the relatively

poor sensitivity and S/N perfor-

mance of most chemical species is

their low concentrations. Compared

with water protons at approximately

100 mol/kg, most metabolites exist in

millimolar concentrations, thereby

accounting for a factor of iO� of the

sensitivity gap. And a gap indeed ex-

ists in the distribution of concentra-

tions of NMR-visible chemical moi-

eties in tissue. The window of NMR-

visible chemistry reveals essentially

just water and fat at very high sensi-

tivity, and crucially important tissue

metabolites like ATP and lactate at

very low sensitivities. Fortuitously

absent or aproblematic in H-i spectra

are the many other chemical moieties

of intermediate concentrations such

as membrane and protein constitu-

ents, or phospholipids and bone

phosphates in P-31 spectra, which

might otherwise confuse and prevent

metabolite detection with NMR spec-

troscopy. The likely reason for this

reveals another facet of NMR spec-

troscopic technique: The in vivo

chemical shift experiment is sensitive

only to the most mobile of chemical

entities in tissue-typically water,

energy sources, and some amino ac-

ids. Other tissue components existing
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Figure 2. (a) H-i image of a 6-cm3 voxel localized in a 450-cm3 jar of water obtained with a
single-voxel three-dimensional localized spectroscopic technique. The image is a direct

representation of the spatial sensitivity profile of the localization technique. (b) Plot of the

signal intensity along the diagonal. Signal from outside the voxel is less than one-tenth the
intensity of signal within it. However, in spectroscopic applications, the signal acquired is

actually the total integrated response from the sample. (c) This is plotted versus the horizon-

tal axis: The total integrated signal from outside the volume is fourfold that of the signal
within, so spatial localization of a spectrum is actually very poor. (P. A. Bottomley, C. J. Har-
dy, and C. L. Dumoulin, unpublished.)
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in relatively bound states exhibit

short spin-spin relaxation times (T2

� 1 msec) and either do not appear in

chemical shift spectra or contribute

only a broad baseline hump, which

can be removed by signal processing

(28,29).

Spatial Localization

Whereas in MR imaging a consen-

sus on the best localization technique

evolved rapidly as planar and whole-
volume approaches emerged, no such

consensus on localization strategy ex-

ists for NMR spectroscopy. This is

largely because (a) the need to aver-

age large tissue volumes to gain suf-

ficient sensitivity to detect metabo-

lites argues for minimal localization,

and (b) the information provided by

spectroscopy is chemical rather than

anatomic. To recognize these facts is

to recognize the necessity of incorpo-

rating into the spectroscopic study a

conventional anatomic imaging tech-

nology for locating the tissues of in-

terest (29). H-i NMR imaging is an

obvious choice for this because both

techniques can be performed without

moving the patient, and, moreover,

because they employ the same physi-

cal principles, volumes of interest

identified in MR images can be di-

rectly and precisely selected for spec-

troscopy (28).

While there are numerous spectro-

scopic localization techniques (30),

by far the majority of patient spectro-
scopic data to date derive from just

five techniques. These are simple

surface coil acquisition (31), rotating

frame zeugmatography (RFZ) (32),

topical MR (TMR) (33), depth-re-

solved surface coil spectroscopy

(DRESS) (34), image-selected in vivo

spectroscopy (ISIS) (35), and one to

three dimensional (i-3D) phase en-

coding gradient or spectroscopic im-

aging techniques (2-4DFT [Fourier

transform]) (36). Nevertheless, this

limited range of clinically tested

techniques is perhaps more reflective

of the availability of local champions

to push beyond technique develop-

ment into applications than it is a

real measure of the shortcomings of

other techniques.

All localization techniques fall into

three general categories: those that

achieve localization using spatial gra-

dients in the radio-frequency (RF) ex-

citation or detection fields, as in sur-

face coil and RFZ methods; those that

localize by means of static spatial gra-

dients in the main magnetic field, as
in the TMR approach; and those that

use pulsed spatial gradients at audio

frequencies (AF), as exemplified by

the DRESS, ISIS, and 2-4DFT meth-

ods (28). A detailed account of all the

localization techniques is beyond the

goals of this paper, but these tech-

niques have been reviewed recently

(30). Examples of P-31 3DFT spectro-

scopic images of the human brain

and heart are shown in Figure 1

(37,38,39).

A fundamental, inescapable disad-

vantage of the RF gradient tech-

niques relative to the pulsed (AF)

gradient methods is that the geome-

try of localized voxels is governed by

and varies with the choice of RF coil

geometry, which limits choices of RF

coils based on anatomic and S/N cri-

teria. Moreover, no RF coil design yet

produced can come close to matching

simultaneously the spatial gradient

performance in all three dimensions

achievable by a state-of-the-art x, y,

and z MR imaging gradient coil set,

expecially without degrading NMR

performance. Thus the definition
and control of volumes localized by

RF gradient techniques are inherent-

ly inferior to those of AF gradient

techniques. A fundamental disadvan-

tage of static gradient localization

techniques is the inferior definition

and control of selected voxels. This

arises because of the difficulty of

generating a magnetic field very uni-

form across the voxel volume but ex-
tremely nonuniform at its periphery,

as is necessary to avoid contamina-

tion by signals from outside the

voxel. Once created, such a field can-

not easily be moved from the centre

of the coils that produce it, so the

subject must usually be moved rela-

tive to the magnet if spectra are to be

acquired from several locations.

Precise knowledge of the size, lo-

cation, and content of spectroscopic

.0

0

C.

,1,
Position (cm)

volumes assumes critical importance

for absolute metabolite quantifica-

tion in moles per kilogram (15), and

for studies involving heterogeneous

disease and/or mixtures of normal

tissue within a selected voxel where

it is important to differentiate be-

tween changes in anatomy and

changes in metabolism. For these rea-

sons and because of the direct pro-

portionality between voxels localized

by conventional MR imaging and

voxels localized by AF gradients in

spectroscopy (gradient strength

scales directly with voxel size and

gyromagnetic ratio), we have pur-

sued the pulse gradient (AF) tech-

niques (28). Note, however, that a lo-

calized spectrum generated by any

technique represents an integrated

response from the whole sample

(28,40). This can include major con-

tributions from outside the selected

voxel if these areas constitute a large

enough fraction of the sample (40).

The size of the sensitive volume from

which the spectrum derives is there-

fore not usually well represented by

the sensitivity profile or the corre-

sponding NMR image unless these

too are integrated. Profiles based on

integrated responses assuming uni-

form samples in uniform main mag-

netic fields are not yet available for

many techniques. Real responses can

also vary with sample MR relaxation

properties and imperfections in

pulses (40). This point is demonstrat-

ed in Figure 2.

Finally, there is a valid argument

for using minimal or no localization

technique for many diseases. The lat-

ter include global or relatively unlo-

calized disorders such as muscular

metabolic diseases, ischemic disease

in the limbs, dementias, asphyxia,

and global trauma in the brain, and



#{149}Table 2

Choices of Protocol in Clinical Spectroscopy Research

Protocol Decision

Moiety

Considerations Affecting Decision

#{149}NMR isotope

� Localization strategy

. Size of voxels

� NMR coil

Scan time

Stimulus

(a) Biochemistry of suspected disorder, or
(b) a hypothesis anticipating abnormalities, or
(c) based on previous empirical findings of abnormalities
(d) Detectability of moiety
(a) Presence in moiety
(b) Sensitivity
(c) Availability of instrumentation
(a) Nature of disease: well localized or unlocalized
(b) Need for spectra from single or multiple voxels
(c) Ease of compatibility with an available imaging modality
(d) Availability of instrumentation
(e) Susceptibility of the technique to artifacts that would compromise

results
(a) Size of pathology, tissue heterogeneity
(b) Sensitivity
(a) Sensitivity: detection coil diameter should be “distance of coil to

deepest tissue of interest
(b) Constraints due to localization strategy and availability of instru-

mentation
(a) Patient tolerance
(b) Sensitivity per voxel size
(c) Compatibility with any dynamic studies
(a) Pharmacologic, therapeutic, or exercise protocol to stimulate

changes in spectra
(b) Time scale must be compatible with NMR experiment
(c) Stimulus may introduce excessive spectral artifacts (eg, motion).

Volume 170 #{149}Number 1 Radiology #{149}5

large tumors or infarctions that occu-

py all or most of the sensitive volume

of an NMR surface coil. The substan-

tial sensitivity advantage of acquir-

ing spectra from whole volumes

compared with much smaller local-

ized volumes could easily outweigh

any value in the spatial distribution

of spectral information in such disor-

ders, rendering sophisticated local-

ization techniques unnecessary. In

other cases, methods that simply

eliminate surface tissue contributions

(eg, with magnetic computer tape)

may be all that is required.
Since all of the MR parameters ac-

cessible to MR imaging experiments

can also, in principle, be measured

on each moiety appearing in the

spectroscopic experiment, it is obvi-

ous that spectroscopy presents a sig-

nificantly broader range of options

for clinical protocols and decisions

than MR imaging. These are summa-

rized in Table 2.

BIOCHEMISTRY AND

CLINICAL SPECTROSCOPIC

FINDINGS

Fat and Lipid Metabolism

Fat is the greatest reserve of oxidiz-

able fuel in man. It is composed prin-

cipally of triglycerides that are mobi-

lized in combination with lipopro-

teins, and hydrolyzed by lipoprotein

lipase into the component fatty acids

before passing into the interior of ad-

ipose cells for storage or muscle cells

for direct use.

Due to their high concentrations,

fat triglycerides detected as a mobile

-CH2- resonance can be imaged di-

rectly at high spatial resolution by H-

1 NMR spectroscopy. Such imaging

has revealed and permitted quantifi-

cation of fatty infiltration of the liver

in clinical studies of 26 patients

(41,42), and has significantly im-

proved, by enhancing contrast, the

detection of liver metastases in 40

more patients (43). In bone, H-i spec-

troscopic images of H20 and

-CH2- show elevated water con-

tent in marrow in chronic myeloid

leukemia (44) and necrosis (45) in

vivo. A recent study (46) of four pa-

tients with bone marrow leukemia

made use of volume-localized spec-

troscopy in postmortem samples with

similar findings. H-i spectra from pa-

tients with Duchenne muscular dys-

trophy show significant -CH2- ele-

vations relative to normal (8,47), per-

mitting quantification of the extent

of replacement of muscle by fat in

the disease (8). While fat -CH2-

can also be imaged directly in man

by C-i3 NMR spectroscopy (48) and
surface coil C-i3 spectroscopy con-

firms its elevation in Duchenne mus-

cular dystrophy (8), the value of C-i3

spectroscopy in studies of fat in vivo

seems limited to the measurement of
the ratio of polyunsaturated to mono-

unsaturated fats in tissue and its diet

dependence, using the olefinic

carbon (-CH=CH-) C-i3 reso-

nances (49,50).

Cancer.-Both H-i and P-31 NMR

spectroscopy have revealed signifi-

cant disturbances in mobile lipids

and phospholipids in tumors. One H-

i study investigated the lipid reso-

nances in water-suppressed spectra

of 78 human ovary and colon speci-

mens with and without known me-

tastases, shortly after biopsy (51). Ele-

vations in T2 values of proteolipid

-CH2- resonances in metastatic

specimens (T2 > 350 msec) were suf-

ficient to permit their identification

as malignant tumors with metastatic

potential as opposed to benign tu-

mors, although the benign popula-

tion was rather poorly represented

(four of 51 tumors) with a high mci-

dence of false-positive diagnoses of

malignancy. Since (a) lipid metabo-

lism is deranged in cancer patients;

(b) similar elevations in T2 are ob-

served in proteolipid resonances

from fractionated plasma of cancer

patients (52), indicating that the moi-

ety responsible for elongated T2 re-
laxation is associated with proteoli-

pid particles shed into the blood

pool; and (c) the same moiety has

been identified as a cancer cell mem-

brane constituent (53,54), there is

cause for optimism that this NMR

property of the H-i spectrum is char-

acteristic of metastatic tumors. Ulti-

mately, it might be possible to use

spatially localized water-suppressed

H-i spectroscopy of tumors to diag-

nose their malignancy in vivo, and

indeed, preliminary results in human

brain are promising (55). These find-

ings are also consistent with the sig-

nificant, but probably nondiagnostic,

reductions in lipid H-i NMR

linewidths of unfractionated plasma

from tumor patients reported (56)

and discussed recently (57), since the
reductions are apparently confound-

ed by hyperlipidemia (58).

Phospholipid metabolism is repre-

sented in the in vivo P-3i spectrum

principally by resonances broadly as-

cribed to phosphomonoesters (PM)

and phosphodiesters (PD). The PM

resonances occur at chemical shifts

lying between about 5 and 7.5 ppm

relative to PCr and are usually as-

signed to phosphorylethanolamine

(PEt), phosphorylcholine (PCh), and

sugar phosphates including blood

2,3-diphosphoglycerate (59,5). The

PD resonances occur at around 3 ppm

and are attributed to glycerophos-

phorylcholine (GPC) and glycero-
phosphorylethanolamine (GPE) (59-

61,62,5). The phosphomonoesters PEt

and PCh are precursors of phosphati-

dylethanolamine and phosphatidyl-

choline, which are major constituents

of phospholipids and of myelin in

brain, and which are continually de-

graded into the phosphodiesters GPC

and CPE (9). The potential role of
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these P-3i NMR-detectable com-

pounds as markers for disturbed

membrane metabolism in diseased

states was hypothesized in 1984 (63).

The total NMR-detectable choline

pool is also represented in the H-i

spectrum via its -N(CH3)3 resonance

at around 3.2 ppm (26,i6,i3,64-70),

and at around 54 ppm in C-i3 spectra

(29).

Elevated PM levels, and to a lesser

extent PD levels, are a common,

sometimes dramatic (71-74), but by

no means universal, feature of in

vivo P-31 spectra from human tu-

mors of the liver (75-78), brain

(72,75-78), muscle, and many other

organs in situ (76,79,80-82). Since

PM levels also appear elevated in ma-

lignant excised perfused breast can-

cer cells compared with benign tu-

mor cells (62,83), and in the develop-

ing infant brain relative to adult

brain (61,59,84), elevations of PM

level in tumor spectra likely reflect

higher membrane phospholipid me-

tabolism associated with higher tu-

mor cell reproduction and growth

rates (62,85). However, Oberhaensli

et al found that PM level does not ap-

pear to be related to the degree of

malignancy of the tissue (72). In neu-

roblastoma, intracranial lymphoma,

non-Hodgkin lymphoma, osteosar-

coma, and melanoma, tumor regres-

sion in response to radiation therapy

has resulted in reductions in PM in

their P-3i NMR spectra to near nor-

mal levels (1,71,75,80,86,87). Howev-

er, in some cases because the size of

the localized volumes that contribute

to the spectra can easily exceed the

size of regressing tumors, it is un-

clear whether the change in PM in

response to therapy is a property of

the treated tumor cells or results

from averaging NMR signal contri-

butions from normal tissue with

those of tumor cells whose PM levels

are unchanged. Other changes in tu-

mor P-3i spectra are discussed in the

section on tumor metabolism (see Ta-

ble 2).

Other disorders.-Significant eleva-
tions in PM level and some increases

in PD level have also been reported

in postmortem P-3i spectra of brain

acid extracts from several Hunting-

ton and Alzheimer disease patients

(88,89). However, we have as yet

been unable to observe with spatially

localized P-3i spectroscopy similar

perturbations from normal in cortical

and underlying brain white matter in

nine living patients suffering from

Huntington, Alzheimer, or Parkin-

son diseases, but some elevation in

PD level was detected in deeper tis-

sue corresponding principally to

white matter in two patients with

vascular (Binswanger) dementia (90).

Elevations in PD level have also been

observed in muscle spectra from six

patients with Duchenne muscular

dystrophy (47), and in muscle spectra

from i5 patients studied with hypo-

thyroid disease (2). In the latter in-

vestigation, the PD abnormalities

were reversed by means of therapy

(2). PD level elevations observed in

several hundred P-31 muscle spectra

in peripheral vascular disease, how-

ever, appear to be just the result of

natural aging processes (91). Eleva-

tions in PM level of up to fivefold

have been reported in the liver in a

patient with obstructive jaundice and

sclerosing cholangitis (76), a patient

with jaundice due to fatty liver and a

patient with Caroli syndrome com-

pared with a single healthy subject

(92), patients with acute viral or alco-

holic hepatitis (73), two hypoglyce-

mic patients suffering glucose-6-

phosphatase deficiency (73), and ten

patients with cirrhosis (93).

In the heart, spatially localized P-

31 spectroscopy of an adult patient

with biventricular hypertrophic car-

diomyopathy has revealed increased

PM and PD levels, while no signifi-

cant changes were observed in a pa-

tient with septal hypertrophy (94).

Meanwhile, the observation of dra-

matically elevated lipid resonances

in water-suppressed H-i spectra from

dog hearts with moderately reduced

blood flow (95,96) and a published P-

31 spectrum showing elevated PM

levels in a rejecting transplanted rat

heart (97) provide further scope for

potential human clinical applications

of lipid spectroscopy to the evalua-

tion of jeopardized and viable myo-

cardium.

High-Energy Phosphate
Metabolism

On hydrolysis, ATP, adenosine di-

phosphate (ADP), and PCr produce

around 8,000 calories per mole for

each pyrophosphate bond, which

qualifies them as high-energy phos-

phates. ATP plays such an important

role in transporting energy to so

many different biochemical reactions

it might be considered the funda-

mental energy currency of the body.

Its three P-31 resonances occur at

around -2.7 ppm (‘y-phosphate),

-7.8 ppm (a-phosphate), and -i6.3

ppm (13-phosphate) relative to PCr,

but the ‘y- and a- resonances usually

also contain contributions from ADP,

while nicotinamide adenine dinucle-

otide (NAD) and reduced NAD

(NADH) may also contaminate the a-

peak. Thus the fl-ATP peak is gener-

ally considered the most reliable in-

dicator of tissue ATP levels. The en-

ergy released in cleaving one

phosphate bond from ATP to form

ADP is accompanied by a Pi moiety

which resonates between about 3.7

and 5.3 ppm relative to PCr, depend-

ing on the intracellular pH. In vivo

P-31 spectroscopy is therefore unique

in permitting noninvasive tissue pH

measurements. These are performed

by referring the Pi chemical shifts to

a pH titration curve (98). High-ener-

gy phosphate is stored as PCr in

some (but not all) organs, particular-

ly skeletal muscle (Table 1). It rapidly

replenishes short-term ATP deficits

without consuming oxygen. Several

of these important high-energy meta-

bolic reactions may be summarized

(8) as follows:

Short-term (anaerobic) energy sources:

ATP -� ADP + Pi + energy, (1)

PCr + ADP -� AlP + creatine, (2)

glycogen + Pi + ADP -� ATP

+ lactic acid. (3)

Long-term (aerobic) energy sources:

glucose/glycogen + AlP + Pi

+ 02 � ATP + H2O + CO2.

fatty acids + ADP + Pi + 02

-� ATP + H2O + CO2. (5)

The dramatic depletion of tissue PCr

and ATP and corresponding growth

in acidic Pi that occur within seconds

of ischemia or vigorous exercise (8)

is, I believe, the most spectacular

demonstration of living biochemistry

by noninvasive in vivo spectroscopy.

Creatine, glycogen, lactic acid, and

glucose are detectable by H-i and C-

13 NMR spectroscopy; these will be

discussed in the next section.

Human clinical studies of the

high-energy phosphate metabolism

of disease fall into three categories:

(a) studies of disorders involving ab-

normalities in processes affecting

high-energy phosphate metabolites

and their response to various stresses;

(b) studies of ischemic disease, infarc-

tion, and necrosis; and (c) studies of

tumor metabolism.

Metabolic disorders.-Historically,

congenital defects in muscle metabo-

lism represented the first human dis-

eases to be studied by in vivo spec-

troscopy. This is because they could

be performed with the simplest of

surface coil technologies and with
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smaller magnets capable of accom-

modating only the limbs (8,99-102).

For example, McArdle syndrome is

an inborn deficiency in the enzyme

phosphorylase, which degrades gly-

cogen into glucose-i-phosphate. This

causes excessive PCr use and an ab-

sence of lactic acid production with

exercise, as well as excessive glyco-

gen levels in tissue. In vivo P-31

NMR spectroscopy thus reveals no

fall or an increase in muscular pH,

excessive PCr reduction during exer-

cise, and in some cases a significant

decrease in resting ATP/(PCr + Pi)

ratio compared with normal (99, i03-

i05). Phosphofructokinase is an en-

zyme that converts fructose 6-phos-

phate to fructose i,6-diphosphate

early in the process of converting
glycogen and glucose to lactate. Its

deficiency causes excess fructose 6-

phosphate, manifested as an elevated

sugar phosphate resonance in the PM

region of the P-3i spectrum, no fall

in muscular pH with exercise

(8,i02,i03), reduced resting ATP 1ev-

els, and slower PCr/Pi recovery from

exercise (106). Debrancher (amylo-

glucosidase) enzyme breaks the last

branch (C-6) on glycogen to yield

glucose. Its absence causes the accu-

mulation of glycogen with too many

branches, and muscle P-31 spectra ex-

hibit increasing, rather than decreas-

ing, pH with exercise (103). NADH-

coenzyme Q reductase is linked to
ATP and PCr synthesis involving

electron transport in mitochondria;

its deficiency in patients causes de-

creased PCr and Pi recovery in P-31

muscle spectra following exercise (2,

101, 107-1 10). Cytochrome b is anoth-

er mitochondrial electron carrier

whose deficiency causes substantial

reductions in PCr and PCr/Pi ratios

in P-3i muscle spectra (iii,ii2). Reg-

ular spectroscopic examinations have

been successfully used to monitor the

benefit of therapy with vitamins K3

and C in this disorder (iii,ii2).

Phosphoglycerate mutase is an en-

zyme that shifts the phosphate group

on phosphoglycerate to an adjacent

carbon, leading eventually to ATP

formation in the Embden-Meyerhof

pathway. Its deficiency in one pa-

tient caused abnormal sugar phos-

phate (PM) accumulation and a

milder drop in pH with exercise com-

pared with normal, as well as a

slightly slowed recovery of PCr

(ilO). Other mitochondrial myopa-

thies and neuromuscular diseases

have manifested abnormalities in P-

31 spectra ranging from reduced PCr,

PCr/Pi ratios, or elevated Pi in rest-

ing muscle, to prolonged acidosis

and ATP recovery from exercise

(2,iOO,i03,108,i09,ii3,i14). Abnor-

malities in high-energy phosphates

were not apparent in hypophospha-

temia (115) and paramyotonia (1i6).

Today, hundreds of patients suffer-

ing muscular disorders have been ex-

amined with P-3i NMR spectroscopy

(2,i09). In Duchenne dystrophy, P-3i

spectra from resting muscle show ab-

normally low overall metabolite con-

centrations, reduced PCr/ATP and

PCr/Pi ratios, abnormally alkaline

pH, and an abnormal increase in PD

(8,ii2,ii7,ii8). In more than 14 pa-

tients suffering prolonged exhaus-

tion and excessive fatigue following

a previous viral illness, P-31 NMR

spectroscopy has revealed abnormal-

ly early and rapid muscular acidosis

on exercise (2,ii9), while denerva-

tion and reinnervation following

surgey in another 22 cases of neurop-

athy resulted in changes in Pi levels

(2). In 13 patients susceptible to ma-

lignant hyperthermia, a disorder

triggered by anesthesia, resting mus-

cle PCr/Pi ratios were significantly

reduced and recovered more slowly

from exercise than normal (120). This

suggests that a metabolic defect is in-

volved,and that P-3i spectroscopy

might be used for determining pa-

tient susceptibility to the disorder

(i20).

Studies of congenital disorders in

other organs include brain P-31 sur-

face coil NMR spectroscopy of con-

genital cerebral atrophy, propionic

acidemia, arginosuccinic acidemia,

and meningitis in newborn infants

(84,12i,i22), and a chest surface coil

study of two infants with hypertro-

phic cardiomyopathy (i12,123). In

the infants with atrophy and menin-

gitis, the PCr/Pi ratios were de-

pressed up to 2.4-fold relative to nor-

mal, without any significant accom-

panying pH reductions (i2i). The

acidemic infants showed grossly ab-

normal brain spectra with no detect-

able PCr, AlP, or PD, and a Pi reso-

nance exhibiting a very acidic pH of

around 6.4 (122). Infants with abnor-

mally low brain PCr/Pi ratios (nor-

mal values are 0.8 ± 0.2 at 28 weeks

and i.i ± 0.2 at 42 weeks, with 95%

confidence limits) had a poor surviv-

al prognosis and likelihood of neuro-

logic abnormalities (84). In the car-

diomyopathic infants, the PCr/Pi

ratios, which were attributed pre-

dominately to heart tissue, were as

low as half that of two normal con-

trol subjects but returned to near nor-

mal after intravenous glucose or car-

bohydrate ingestion in one case (123)

and riboflavin in the other (i12).

In the liver, two patients deficient

in glucose-6-phosphatase (von

Gierke disease) exhibited decreases

in Pi and elevated sugar phosphate

(PM) resonances during hypoglyce-

mia, which returned to normal on

glucose ingestion (73). Since the en-

zyme permits conversion of glucose-

6-phosphate to glucose, its deficiency

is dangerous because there is no oth-

er means of supplying glucose to the

brain between meals or for convert-

ing lactate to circulating glucose (9).

Hemochromatosis, a disorder involv-

ing excessive iron deposition in the

liver, is manifested as significantly

broadened water H-i and P-3i reso-

nances in five patients studied (73),

consistent with the paramagnetic

line-broadening effect of iron. In

several patients suffering hereditary

fructose intolerance, ingestion of

small amounts of fructose produced

greater increases in sugar phosphates

and decreased Pi in liver P-3i spectra

than in normal subjects, while re-

duced Pi recorded in spectra follow-

ing overnight fasting suggests some

slight liver damage associated with

the disorder (i24). In all of these din-
ical studies of the liver, spectra were

spatially localized using magnetic

field (TMR) profiling.

Ischemic disease.-Initial applica-

tions of in vivo P-31 spectroscopy to

human ischemic disease began with

simple surface coil studies of the

brain in neonates suffering birth as-
phyxia, again because of the early

availability of small bore supercon-

ducting magnets (84,i2i,122,i25-

1 27). Birth-asphyxiated infants char-

acteristically have dramatically re-

duced PCr/Pi ratios as low as 0.2, de-

pending on severity (121), and com-

mending 2-9 days after birth (i25).

No associated changes in pH have

been observed (84, i2i,i22,i25,i 26).

Infants with PCr/Pi values below 0.8

have a very bad prognosis for surviv-

al and early neurodevelopmental

outcome (i25,i27). However, as their

clinical condition improves or with

infusions of mannitol, PCr/Pi values

increase (i2i). In these studies since,

surface coils provide minimal spatial

information, the interesting question

of metabolic heterogeneity in the

damaged tissue remains (127): Is the

phosphate metabolism globally al-

tered in the birth-asphyxiated brain,

or is there a mixture of local but more

severe metabolic abnormalities inter-
spersed with regions of relatively

normal metabolism?

In chronic adult cerebral infarc-

tions in four patients examined with

DRESS iO weeks to 7 years after on-
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Figure 3. In vivo P-31 spectroscopy in the heart from animal studies to human patients.
(a) Detection of regional ischemia produced by coronary occlusion (reduced PCr, elevated

Pi) and its reversal through drug treatment in isolated perfused rodent hearts (132). Spectra

were acquired in about 20 minutes at 4.3 T with a surface coil. (b) Noninvasive detection of
high-energy phosphate metabolism in normal human heart using DRESS localization (133).

Spectra were acquired at 1.5 T in 20 minutes from 1-cm sections as a function of depth from

the chest. (c) Noninvasive detection and monitoring of regional myocardial ischemia (ele-

vated Pi, reduced pH) after coronary occlusion in dogs using cardiac gated DRESS (134,135).

Spectra derive from the same 1-cm-thick section in the anterior left ventricle in about 10

minutes at 1.5 T. (d) Altered phosphate metabolism (elevated Pi, top spectrum) in human an-

tenor myocardial infarction 5 days after onset (17). Spectra derive from endocardial (endo.)

and epicardial (epi.) localized sections displaced by 0.5 cm. Acquisition time was 5-7.5 mm-

utes at 1.5 T. (e) H-i surface coil heart image corresponding to d with the approximate loca-

tion of selected volumes indicated (ST sternum, LV left ventricle).
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set, we have seen decreases of up to

40% in the total P-3i NMR metabolite

signals compared with normal contra-

lateral regions of the patients’ brains

(61). However, in infarctions there
were no significant accompanying

changes in metabolite ratios and tis-

sue pH was neutral, in contrast to an-

imal studies, which showed elevated

Pi in the acute phase of the injury

(128). These results were attributed to

a reduction in the total number of

metabolically active brain cells, with

the remaining viable cells apparently

exhibiting normal, ischemia-free,

phosphate metabolism (61). The find-

ings have been confirmed in four

other patients with chronic stroke

(129). In 13 patients with ischemic

stroke examined 18 hours to 15 years

after the stroke, significant PCr/Pi
reductions could also be detected

only within the first 7 days; there-

after, metabolite ratios recovered,

even though a clinical neurologic

deficit persisted in all patients (i30).

In survivors, acidic pH was detected

only within the first 32 hours after

the stroke; the pH then became alka-

line and subsequently returned to

neutral by iO days (130). One patient

suffering cerebral infarction associat-

ed with hyperglycemia showed no

metabolic recovery up to 6 days after

stroke; Pi was the only detectable

peak, and pH remained near neutral

(i3i).
From both the infant and adult

studies, it seems that the brain does

not tolerate abnormal phosphate me-

tabolite ratios for very long follow-

ing ischemic injury, and that mecha-

nisms exist for neutralizing or elimi-

nating acidic pH produced during

acute ischemia or hypoxia in the

hours after actual damage has oc-

curred.
Ischemic injury in the heart has

posed a series of challenges to the in
vivo spectroscopist that typify the

problems associated with the clinical

introduction of a modality that pro-

vides fundamentally new diagnostic

information. The challenges we ad-

dressed are illustrated in Figure 3.

For clinical heart spectroscopy to be-

gin, much fundamental information

had to be acquired to affirmatively and

explicitly answer the following ques-

tions. First, could P-31 spectroscopy

detect metabolic changes and thera-

peutic response in regionally isch-

emic isolated animal hearts (132)?

Second, with improvements in spa-

tial localization techniques (34,35,

i36), could localized P-31 spectra be

obtained noninvasively from the

normal human heart (i27,i33,i36,

i37)? Third, could the localization

techniques detect regionally isch-

emic cardiac metabolism noninvasi-

vely in animals (134)? Fourth, bear-

ing in mind the evolution of meta-

bolic changes observed in cerebral

infarction and the likelihood of van-

able delays between the onset of

ischemia and the availability of heart

patients for P-31 spectroscopic exami-

nations, what is the time course of

metabolic changes to be expected in

regional myocardial ischemia and in-

farction (135)? Fifth, after these ques-

tions are answered, what is the nor-

mal P-31 NMR spectroscopic appear-

ance of human heart (17,94,133,136),

and can metabolic changes be detect-

ed noninvasively in patients with

myocandial infarction (17)? The an-

swer we found to the last question

was that the PCr/Pi ratio was signifi-

cantly reduced and the Pi/ATP ratio

elevated in anterior myocardial in-

fanction at 5-9 days after onset in

four patients undergoing drug thera-

py and/or coronary angioplasty (17).
The pH, however, was near neutral

at these times, consistent with studies

in dogs (135). P-3i spectra localized

to adjacent myocardium in two pa-

tients revealed essentially normal,

nonischemic, metabolism (17). Now a

final question remains: How can the

spectroscopic information from the

heart be used to benefit diagnosis or

treatment of patients?

In nine (138) and 1 1 (139) patients

suffering congestive heart failure,

surface coil P-31 NMR spectroscopy

indicates that skeletal muscle metab-

olism is also compromised. The ab-

normality is characterized by an ele-

vated resting muscle Pi level (139)

and a significantly greater and more

rapid PCr level depletion, increase in

Pi/PCr ratio, and pH acidification

with exercise at all work loads
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Table 3

Comparison of Observed Clinical and P-31 Tumor Therapeutic Responses

#{149}Host Organ and Tumor Type Therapy Clinical Response P-3i Response Reference

Bone
Osteosarcoma
Osteosarcoma
Osteosarcoma
Osteosarcoma
Osteosarcoma (pelvis)

Chemo
Chemo
Chemo
Chemo
Rad and

chemo

Regression
Response, still abnormal
Response, relapse
Response, relapse
Temporary regression

Pit, ATP , PM�
Pu, ATP , PM�
ATPt, Pi
PM�, Pit, ATP�
PCr + Pit, PCr/Pi�

80
80
80
80
8i

Fibrous histiocytoma
Ewing tumor

Non-Hodgkin lymphoma
Non-Hodgkin lymphoma

Chemo
Chemo

Chemo
Chemo

Improved
Response, still abnormal
Regression
Regression

ATPt, PMt
Pit
Normal AlP, Pi, PM
PMt

149
80
80
80

Brain
Prolactinoma Chemo Clinically improved, no change in

tumor size
PCr/ATP�, ATM 75

Intracranial lymphoma
Astrocytoma, grade 2
Oligodendroglioma

Rad
Rad
Rad

Regression
NS
NS

PM�, PDt, PCrt
Pit, PMt
PCr/ATPf, PCrt, PM�

75
75
77

Liver
Neuroblastoma Rad and

Chemo
Regression, tumor reduced PM/ATP� 71

Metastasis of uterine adeno-
carcinoma

Embol NS PCr/ATP�, pHi, Pi/ATPt, PD/
ATM

73

Lymph
Non-Hodgkin lymphoma (ax-

illa)
Rad Regression, tumor reduced PCr/ATM, P1/ATM, PD/ATM 86

Muscle
Rhabdomyosarcoma (hand)
Rhabdomyosarcoma (thigh)
Neuroectodermal (thigh)
Melanoma (foot)
Squamous cell carcinoma

Chemo
Rad
Chemo
Chemo
Rad

Worsened
Regression, stable
Regression
Regression, necrosis
Size unchanged

PCr�, PCr/ATM, PCr/Pi�
PCr/Pi�, PCr + Pit
PCr/Pi�, PDt, PCr + Pit
ATM, Pit, PM�, PD�
Pi/ATPt, pHi, Pit, ATM

79
81
81
87

153
(neck)

Not specified
Lymphoma (AIDS related)
25 different cancers

35 superficial tumors

Chemo
Rad

Rad

Tumor shrinkage
NS

Full range

PM�
Changes in PM/ATP, PD/ATP,

PCr/ATP, Pi/ATP, pH
pH fluctuations during therapy

(7-”7.8)

1
82

152

Note.-Rad = radiation, chemo = chemotherapy, embol embolization, t value increased, � value decreased, � increases and decreases, NS not
specified.

* Exhibited negligible PCr.

(138,139). Similar results have been

observed in 1 1 patients with peniph-

enal vascular disease suffering claudi-

cation: Surgical correction in two pa-

tients abolished both claudication

and spectral differences (140). Many

other patients suffering claudication

in the legs have been examined with

surface coil P-31 spectroscopy (2,141).

Seven excised human kidneys pre-

pared for transplantation (142), a

transplanted human kidney in situ

(143), and a normal kidney in situ

(137) have thus far been studied with

localized P-31 spectroscopy. The re-

sults from the excised kidneys sug-

gest that high ATP levels and low Pi

levels during cold ischemia predict

good early graft function (142). Other
studies, in animals, of corneas re-

moved for transplantation (144), and

transplanted hearts in situ (97,145)

where quite dramatic PCn/Pi ratio

and PCn/ATP ratio reductions are ob-

served early in cardiac rejection, sug-

gest that P-31 spectroscopy could

play an important role in the nonin-

vasive evaluation of human organ vi-

ability for transplantation and moni-

toning their function in situ.

Tumor metaholism.-Tumors are an

obvious clinical application for spec-

troscopy because they usually repre-

sent solid masses of abnormal tissue

that are clinically manifested only at

sizes on the order of 1 cm3, which are

accessible to P-31 NMR spectroscopy

(Table 1), and because of the hope

that tumor spectra may provide use-

ful diagnostic information (146). The

latter hope is based on the facts that

the PCr level is, according to the bio-

chemistry, a good indicator of tissue

oxygenation state, that the P-31 spec-

trum provides a measure of the meta-

bolic state of the tumor, and that ear-

ly in vivo animal studies have shown

dramatic spectral changes within

hours of radiation therapy (147).

Human in vivo P-3i studies of tu-

mors began with surface coil studies

of rhabdomyosancoma on the hand

(79), our own study of malignant gli-

oma in brain (148), studies of liver

neuroblastoma in babies (71), and

several extremity bone tumors (149),

all under a variety of conditions. In

the hand, brain, and bone tumors,

the high-energy phosphate profile

showed significantly lower PCr 1ev-

el, or PCr/ATP ratios compared with

those in normal or uninvolved tissue

from the same patient. While PCr is

not normally found in liver (133), the

PM/ATP ratio was highly elevated in

neuroblastoma prior to treatment

(71). Subsequent in vivo surface coil

(81 ,86,87,149,1 50) and spatially local-

ized spectroscopy studies (72,74-

77,80) of tumor patients have also

shown, at first P-31 examination, re-

duced PCr level or PCn/ATP ratio in
non-Hodgkin lymphomas (80,86), B-

cell lymphomas (76,80), osteosarco-

mas (80,81), Ewing sarcomas

(80,81,149), melanomas (81,87,150),

rhabdomyosancoma, chondroblas-

toma, chondrosarcoma, and fibrous

histiocytoma (149) tumors in the ex-

tremities compared with normal

muscle; in squamous cell carcinoma

of the tonsil (150), breast (72), and

lymph (81) compared with normal

muscle; and in brain astrocytomas

(72), meningiomas, oligodendroglio-

mas (72,77), a glioma (77), a prolac-

tinoma, and an intracranial lympho-

ma (75) compared with normal brain

tissue. Like normal liver, hepatoblas-

toma (72) and carcinoid metastases

(74) in liver exhibited no PCn, where-

as a liver metastases of a uterine ade-

nocarcinoma did possess PCr, albeit
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with a PCn/ATP ratio much lower

than that in muscle (72,73). PM/ATP

was elevated in all of these liver tu-

mors compared with normal. In six

breast cancer patients, total phos-
phate metabolite contents were three

to four times higher than normal

(151).

These results provide substantial

evidence that PCr level is very often

reduced in human tumors compared

with their primary host tissue or sun-

rounding tissue at the time that pa-

tients typically present and are avail-

able for P-31 spectroscopic examina-

tion. While a decreased PCr level

suggests a more anaerobic tumor me-

tabolism, however, there is little evi-

dence for acute ischemia (high Pi 1ev-

el and low pH). Thus surprisingly,

pH is often alkaline, even in tumors

with obvious necrosis (72), with val-

ues ranging from near neutral to 7.8

(72,73,75-77,79,81,86,152). Pi is ele-

vated only in some brain (72,77) but

most extremity bone tumors (80,149).

Why is tumor pH elevated? One sug-

gestion, supported by observations of

increased pH in mitogenically stimu-

lated cells, is that the pH elevation is

related to stimulated growth rates in

tumors (72).

Tumor therapy.-Changes in P-31

spectra from human tumors in situ

almost invariably occur after chemo-

therapy, radiation therapy, or embo-

lization therapy. These are very often

seen before any variations in tumor

anatomy can be detected by other

conventional imaging methods and

even on time scales as short as 40

minutes after therapy (86). Such ob-

servations are extremely encouraging

for the potential application of P-3i

spectroscopy as an early indicator of

therapeutic efficacy. The range of ob-

served responses of tumor P-31 spec-

tra to therapy are summarized in Ta-

ble 3. As usual, caution is urged in

comparing data from different

sources, and in particular it should be

noted that the timing of the P-3i ob-

servations relative to the time of

therapy can vary by days. These cave-

ats notwithstanding, the responses,
when viewed en masse, are highly

varied, even among tumors of the

same type from the same organ, so

that the value of the P-31 spectrum as

a predictor of therapeutic response is

not currently obvious.

One common response to therapy
is decreases in tumor PCr or AlP 1ev-

els and/or an elevation in Pi level

(Table 3). This usually occurs in the

absence of tissue acidosis (pH re-

mains elevated) (152) and is usually

attributed to an increase in the frac-

tion of hypoxic tumor cells present or

to cell death in cases of tumor regres-

sion. Unfortunately, however, such

hypoxic indicators can also be ob-

served in growing human tumors

that are not responsive to therapy

(eg, reference 79), while other tu-

mors that do regress show improved

or more normal levels of high-energy

phosphates after therapy (eg, refer-

ences 75,149). This is a paradox. Per-

haps in some cases spectra from re-

gressing tumors contain proportion-

ately larger contributions from

surrounding normal tissue as noted

earlier, although similar results have

been observed in some animal and

cell tumor studies where normal tis-

sue is excluded (154). Important out-

standing questions for this applica-

tion are, Can tumor metabolic re-

sponse to therapy be distinguished

from normal variations in tumor me-

tabolism and from other metabolic

responses occurring in surrounding

uninvolved tissues due, for example,

to the therapy? How specific are met-

abolic responses to tumor type and

therapy type, and how do they vary

among individuals? And, most cniti-

cal for spectroscopy, do tumor meta-

bolic changes provide a measure of

therapeutic efficacy? Clearly, there is

much exciting work to do.

Glycogen, Glycolysis, the Citric
Acid Cycle, and Amino Acids

Many other key metabolic path-

ways and metabolites are directly ac-

cessible to in vivo C-i3 and H-i spec-

troscopy. For example, glycogen is a

polymer used to supply glucose be-

tween meals and during heavy mus-

cular exercise. At natural abundance,

its six chemically different carbons

produce C-13 resonances that are de-

tectable, albeit barely (Table 1), in the

normal human liver in situ via sun-

face coil techniques (155) and in mus-

cle. Five of the resonances (at 61, 72,

74, and 78 ppm) are very close or

overlap glucose resonances, which

are also detectable with C-i3 NMR

spectroscopy, but the sixth at 100.5

ppm is less ambiguous (156). While

no clinical studies of patients have

been published at the time this anti-

cle was completed, metabolic disor-

dens involving abnormalities in tis-

sue glycogen-such as in McArdle

syndrome, phosphofructokinase defi-

ciency, and amyloglucosidase defi-

ciency (discussed eanlier)-are obvi-

ous candidates for C-13 glycogen

studies. A C-i3 DRESS spectrum

from the normal human heart show-

ing glycogen and glucose resonances

is depicted in Figure 4.

ppm

200 100 0

Figure 4. Cardiac gated C-13 DRESS spec-
tra from the human heart acquired without

(A) and with (B) H-i decoupling and NOE.

Spectra derive from a 2-cm-thick section ac-

quired in about 7 minutes at 1.5 T in the an-

tenor myocardium. Insert in B magnifies

(XlO) the region about 100 ppm showing

various glucose (gluc.) and glycogen (glyc.)

carbon resonances (C1.5). (P. A. Bottomley,

C. J. Hardy, 0. M. Mueller, unpublished.)

Energy from 1 mol of glucose in

the form of 2 mol of ATP results from

its conversion to lactate via glycoly-

sis. Alternatively, 36 mol of ATP can

be generated by complete combus-

tion of glucose via the citric acid cy-

cle. These metabolite pathways can

be summarized as follows:

Glycolysis:

glucose *(*pyruvate)�lactate *

+ATP. (6)

Citric acid cycle and related reactions:

amino acids, carbohydrates, fats

-* acetylcoenzyme A, (7)

glucose *(*pyruvate)

-#{247}acetylcoenzyme A, (8)

acetylcoenzyme A -#{247} a-ketoglutarate

a-ketoglutarate -k glutamate*

4-s glutamine*

a-ketoglutarate -b alanine*, (9)

acetylcoenzyme A -#{247} oxaloacetate

oxaloacetate � aspartate*, (10)

where asterisks denote species de-

tectable in vivo by H-i and C-i3

spectroscopy. To see lactate, gluta-

mate, aspartate, and alanine with C-

13 NMR spectroscopy, a C-13 labeled

substrate (eg, C-i3 glucose) must be

provided intravenously because of



Table 4

Summary of Spectral

Organ and Disorder

Abnormalities Detected in Patients inVivo

Type of Abnormality References

Muscle

#{149}

Enzyme deficiencies, mito-
chondrial myopathies,
Duchenne dystrophy,
postviral exhaustion
syndrome, malignant
hyperthermia suscepti-
bility, hypothyroid dis-
ease, claudication, con-
gestive heart failure

Brain

At rest: reduced PCr/Pi,
PCr/ATP, all P-31 metabo-
lites; elevated Pi, PD, -

CH2-
With exercise: slower re-
covery of metabolites, pro-
longed acidosis, or elevat-
ed or neutral pH, elevated
PM

2, 8, 47, 99-i 14, 117-120,
138-140

#{149}

#{149}

�

Infants: asphyxia, atrophy,
acidemia, meningitis

Adults: acute infarction

PCr/Pi reduced, acidosis
(rare)

PCr/Pi reduced in 1st wk,

84, 121, 122, 125, 126, 130

130, 131

. Chronic infarction
pH reduced in ist d

All P-3i metabolites reduced 61, 129, 130
Vascular dementia Elevated PD 90

#{149}Heart
.

#{149}

�

Infarction
Cardiomyopathy

Pi elevated at 5-9 days
PM, PD elevated; PCr/Pi re-

duced

17
94, 1 12, 123

Liver

.

.

�

Cirrhosis, hepatitis, fatty
liver, jaundice

Enzyme deficiencies
Hemochromatosis

Elevated PM, -CH2-

Elevated PM
Broad H-I, P-31 lines

41, 42, 73, 76, 92, 93

73
73

Fructose intolerance After fructose ingestion: in-
creased sugar phosphate,
reduced Pi

124

.

#{149}

Kidney
Transplants High ATP/Pi predicts sur-

vival
142

Tumors#{149}Brain, bone, muscle, liver, Reduced PCr/ATP, creatine, 1, 44, 45, 55, 66, 73-82, 86, 87,
lymph, breast n-AcAsp; elevated Pi, pH,

PM, PD, all metabolites,
H2O, lipid T2; after thera-
py: metabolites return to
normal or abnormalities
increase or remain un-
changed

148-153, 159
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the low natural isotopic abundance

of C-i3 (Table 1). The flux and me-

tabolites in the citric acid cycle have

been studied by this means in isolat-

ed perfused rodent hearts (20,21,157).

The results suggest that the C-13 me-

tabolite amplitudes are very sensitive

to reduced flow conditions and may

vary substantially even before the

onset of ischemia can be detected

with P-3i NMR spectroscopy (20).

Ischemic disease and cancer.-H-1

NMR spectroscopy can detect lactate,

glutamate, and alanine with greater

inherent sensitivity than C-13 spec-

troscopy (Table 1) but with trouble-

some, often large, con,taminating sig-

nals from various other -CH2- and

-CH3 groups. Chemically selective

NMR spectroscopic techniques have

solved the latter problem, at least in

rat brain (13,27) and dog heart (64).

Even so, H-i resonances acquired

without such techniques have been

assigned to these important metabo-

lites in rat brain spectra (158), and in

human in vivo DRESS localized spec-

tra from the brain, liver, and heart

(26,i59). In one of 3 patients with ce-

rebral infarction, elevated lactate was

detected with spatially localized

spectroscopy (160), but no lactate ele-

vations were found in four human

brain tumors studied in vivo (55). In

normal human brain, hyperventila-

tion can also induce lactate increases

(70).

In the brain, glutamate and aspar-

tate also serve as the major excitatory

inotropic neurotransmitters (12). The

major inhibitory neurotransmitter,

gamma-aminobutyric acid (GABA), is

derived from glutamate via a reaction

known as the GABA shunt, which

also yields some ATP (12). This and

another main inhibitory neurotrans-

mitten, glycine, have been assigned
in H-i spectra from rat and human

brain in vivo (27,i59,i60). N-AcAsp

and taunine are other amino acids

with suspected neurologic function

(12) that are detectable with NMR

spectroscopy: The relatively intense

-CH3 resonance of n-AcAsp at 2.0

ppm in H-i spectra is a good in vivo

chemical shift reference when the

H2O signal has been suppressed

(26,27,158,160). In four patients with

different brain tumors (55), and five

patients with large meningiomas

#{149} (159), and other brain tumors (66), n-

AcAsp was either significantly in-

creased or absent in the in vivo tu-

mon spectra compared with its level

in uninvolved brain tissue, consis-

tent with the presumption that the

tumor performs no neurologic func-

tion.

Other amino acids detected with,

or at least assigned in, H-i spectros-

copy in normal human tissue in vivo

are carnitine, tyrosine, histidine, and

tryptophan in liver (67,159); carni-

tine, carnosine, histidine, and taunine

in muscle (68,69); and carnosine, tau-

rine, tyrosine, histidine, tryptophan,

and phenylalanine in heart (67,159).

Elevations in tryptophan, tyrosine,

and phenylalanine have been report-

ed in two patients with liver cancer

(67).

The total creatine pool (cneatine

plus phosphocreatine; see reaction

[2]) is also readily detectable in hu-

man brain (16,26,55,65,160) and heart

(i59). Since it is relatively constant, it

is useful as a concentration reference

in H-i spectra (158). In meningiomas

(159) and other brain tumors (66) it is

absent or markedly reduced, consis-

tent with the P-3i results that show

reduced PCr in tumors.

Sodium and Fluorinated
Pharmaceuticals

Sodium exists in the body in only

one chemical form, so Na-23 NMR

spectroscopy is usually pointless.

However, the sodium does reside in

two physically separate compart-

ments: intracellular and extracellular

pools. Because the extracellular pool

is accessible to agents that can alter

the chemical shift of Na-23, spectros-

copy can permit the resolution of

these two pools into two resonances.

Unfortunately, the membrane-imper-

meable shift reagent, dysprosium,

usually used for this purpose in per-

fused tissue and animal studies (5),

can be toxic, and no human in vivo

studies have yet been performed. Ob-

vious potential clinical research ap-

plications are disorders involving so-

dium transport or membrane disrup-

tion. Na-23 imaging of the human

brain without shift reagents and

spectroscopic information shows dna-

matically elevated Na+ in stroke,

hemorrhage, and brain tumors

(5,161).

There is very little naturally abun-

dant mobile fluorine in the body, so

in vivo F-i9 NMR spectroscopy stud-

ies are invariably performed on arti-
ficially introduced fluorocompounds

(162). In vivo animal studies include
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fluorinated artificial blood substi-

tutes (22,162), studies of fluorine-

bearing anesthetics in brain (23),

fluoro-deoxy-glucose metabolism in

brain (24) in analogy to positron

emission tomography, and the catab-

olism of fluorine-bearing chemother-

apeutic agents in tumors (25). Human

in vivo studies monitoring the time

of the catabolism of 5-fluorouracil in

three patients with tumors have re-

cently been undertaken (163).

CONCLUSIONS

The major thrust of in vivo spec-

troscopy on patients to date has been

in P-31 NMR and high-energy phos-

phate metabolism, where about a

thousand patients have been exam-

med. Table 4 summarizes spectral ab-

normalities detected in vivo in pa-

tients. This establishes the technical

feasibility of spectroscopy under

clinical conditions. Evidence of ab-

normalities in P-31 spectra from nu-

merous metabolic disorders, ischemic

disease and injury, and tumors

throughout the body is substantial, if

not overwhelming. In the limited

cases where spectral response to then-
apy was monitored in metabolic and

ischemic disorders (2,77,lii,1i2,

1 21 ,i 23,140), successful outcomes

were mirrored by improved phos-

phate metabolism.

More extensive data are available

on tumor response to therapy where

early changes are very often seen

(Table 3). A return of PM levels to

normal seems to indicate at least

short-term successes in therapy in

those tumors that initially exhibit el-

evated PM. However, changes in

high-energy phosphate levels with

therapy are highly varied and not

well understood, since opposite ne-

sponses can be associated with the

same clinical outcome and vice versa.

As abnormalities in P-31 spectra from
tumors are shared by other disorders,

it does not appear that P-31 spectros-

copy can be used for tumor diagnosis
alone. The question whether P-3i

spectroscopy might be used to distin-

guish malignant from benign tumors

is not yet fully resolved, although

one study suggests that spectral ab-

normalities are unrelated to malig-

. nant state (72). Nevertheless, from a

biological standpoint, the relative

PCr levels provide a measure of tu-

mor oxygenation state, which may be

useful in assessing vascularization

and planning therapy in some cases.

Metabolic and ischemic disease

present the strongest cases for dis-

ease diagnosis with in vivo NMR

spectroscopy at this stage. In the for-

men, enzymes are not now directly

accessible to P-31 spectroscopy be-

cause their concentrations are too

low. However, the metabolite levels,

intracellular pH, and their response

to stimuli such as exercise or sub-

strate infusion can be used to charac-

terize on localize the metabolic defect

to specific reactions in metabolic

pathways. The competing existing di-

agnostic procedure here is the inva-

sive tissue biopsy, which may not be
well tolerated by patients and is ill-

suited to dynamic studies requiring

many samples. NMR spectroscopy

has not yet been evaluated against

the tissue biopsy for diagnosing met-

abolic disease, but it is clear that

NMR spectroscopy offers the best

and possibly the only hope for per-

forming a noninvasive biopsy.

In the case of ischemia, P-31 spec-

troscopy is unique in its ability to di-

rectly measure ischemic metabolic

changes in the tissue at risk in vivo.

These are characterized by reduced

PCr and elevated Pi levels, and acidic

pH; tissue possessing these proper-

ties may be diagnosed as ischemic.

The problem for clinical applications

is that ischemia is most often tran-

sient: After several hours, ischemic

tissue will usually recover by finding

alternate nutrient sources, by nemov-

al of the original insult on stress, on

by therapeutic intervention. Other-
wise an infarction will develop

wherein cells with inadequate ne-

sources die. Thus the time during

which spectroscopic diagnoses of

ischemia can be made is limited. In

life-threatening situations such as

acute heart attack or stroke where

clinical symptoms are obvious, it ne-

mains to be determined specifically

how the spectroscopic information

could be used to benefit patients di-

rectly except as a research probe to

compare therapeutic protocols. The
most promising clinical applications

are therefore in stable patients with

suspected ischemia, or in stress test

evaluations, for example, in muscle

or heart.

In the progression of ischemia to

infarction in brain (84,i21 ,i 22,125-

127,i30) and heart (17,135), a stage is

observed within days of onset where

the Pi level remains elevated but pH

returns to near neutral. In birth-as-

phyxiated infants the corresponding

reduced brain PCn/Pi ratios are prog-

nostic of survival and neurodevelop-

mental problems (i25,i27). Given the

kidney and heart transplant data

(97,i42,i45), it is not unreasonable to
expect similar prognostic informa-

tion from other organs. Ultimately

the Pi level returns to normal in

chronic cerebral infarction with low-

en overall metabolite levels (61,129).

This may provide a quantitative mea-

sure of neunologic deficit, although

there are other methods of obtaining

such information.

Given their relatively high NMR

sensitivities in tissue, the H-i metab-

olites and amino acids represent a

major untapped but potentially high-

ly fertile resource for clinical applica-

tions of spectroscopy. The problems

have been technical: suppressing wa-

ten and fat, which dominate H-i

spectra, and distinguishing between

metabolites with similar chemical

shifts. While water-suppressed H-i

spectra may distinguish brain tumor

from normal brain tissue based on

the presence of n-AcAsp (55,66,159),

tumors can usually be distinguished

reliably by conventional imaging.

Other tumor lipid studies (51,55) sug-

gest the possibility of assessing ma-

lignancy state in vivo by H-i NMR

spectroscopy. Meanwhile, human

clinical H-i studies of metabolites in

the citric acid cycle, neurotransmit-

tens, and amino acids in normal and

disease states need to be done. C-i3,

F-i9, and Na-23 NMR spectroscopy

offer additional noninvasive win-

dows for viewing body chemistry:

Investigations are currently still

largely in the animal phase, and din-

ical applications will likely involve

the use of spectroscopy contrast agents

that either generate the NMR signals

on enhance the chemical shift disper-

sion.

In conclusion, the extra dimension

of in vivo chemistry that NMR spec-

troscopy can bring to medicine has

both genuine clinical value for diag-

nosing disease and evaluating thera-

py, and scientific value as a new

source of functional information

about the nature of disease states in

patients. The field is rapidly evolv-

ing: 4-T body magnets improve the

quality of spectral information (38),

new moieties are being observed,

and new parameters such as chemical

reaction rates (164) are being mea-

sured and imaged in vivo. Indeed,

the question of the ultimate clinical

utility of spectroscopy will likely re-

duce to one of extent: Will it serve

0.1% of the patient population that

presents for diagnostic imaging eval-

uations, or 10%-or more? There re-

mains work to do-many pathologic

conditions to study and results to Un-

derstand in terms of biochemistry

and the effect on patient treatment.

All this points to a very exciting era
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of the coming of age of clinical NMR

spectroscopy. U
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