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ABSTRACT Solvent-suppression NMR techniques are
combined with a pulsed magnetic field gradient and surface
coil detection method of spatial localization. The result is a
technique that enables observation of metabolites in the hy-
drogen (1H) NMR chemical-shift spectra from preselected
disk-shaped volumes of biological tissue in vivo. Localized
spectra are recorded from the normal human brain and
forearm and from a dog in acquisition periods of 2 s using a
1.5-T imaging/spectroscopy system. This is several hundred-
fold faster than acquiring similar state-of-the-art 31P NMR
spectra of brain metabolites in vivo. Spectroscopy experiments
are followed by conventional surface coil imaging sequences to
precisely defrne the selected volume. Contamination of spectra
by lipid resonances is a problem.

Localized phosphorus (31P) NMR is proving a valuable tool
in the in vivo investigation of animal models of stroke (1-5),
myocardial ischemia (6-8), tumors (9, 10), and the efficacy
of drug therapy (11, 12) as well as human muscular metabolic
diseases (13-15) and cerebral disorders in neonates (16). Its
value resides in the ability to detect and monitor intracellular
pH and in vivo concentrations of metabolites such as
phosphocreatine (PCr), ATP, and Pi, which directly measure
the state of health of tissue. A major impediment limiting
utility of this technology in clinical medicine is the low
sensitivity of the 31P resonance. Thus, data acquisition times
are typically of the order 10 min for a single coarsely
resolved localized volume of the order 20 cm3 in the cur-
rently available large-aperture, 1.5- to 2-T, magnet-based
spectroscopy systems (16-18).
Nucleus for nucleus, the hydrogen (1H) resonance offers a

15-fold improvement in signal-to-noise ratio (19, 20) or a
reduction by a factor of 227 in signal averaging time over 31p
NMR at the same magnetic field strength. 1H NMR spectra
can reveal the relative concentrations of the total PCr/cre-
atine (Cr) pool, phosphocholine (PCho), N-acetylaspartate
(N-AcAsp), some lipid (-CHY-), and lactate metabolites.
Such resonances have been detected in vivo in rat brain (21)
and isolated perfused heart spectra at 8.5 T (22) and recently
in rabbit brain at 1.9 T (23), all with spectral averaging times
of 2-2.5 min and sample volumes of the order 1-10 cm3. The
amplitude of the lactate (-CH3) resonance appears as
sensitive to hypoxia and ischemia as the Pi resonance in 31p
spectra and contains 3-fold as many nuclei. Thus, localized
in vivo 1H NMR spectroscopy could provide spectacular
sensitivity/scan time advantages over 31p for certain meta-
bolic studies and clinical applications.
Key difficulties encountered with the implementation of in

vivo 1H metabolic spectroscopy are the suppression of H20
and lipid -CH2- resonances (21-23) and the method of
spatial localization. The H20 resonance is of order 10,000-

fold more intense than the metabolites and normally swamps
the spectrum. Solvent-suppression techniques that rely on
avoiding excitation of the H20 resonance (24) are unsuitable
for localized spectroscopy schemes involving spatially selec-
tive excitation rf pulses because these excite the entire
spectrum (20, 25). Thus, the best approach is to either
selectively saturate the H20 resonance or otherwise ensure
that the net H20 magnetization is nulled or directed parallel
to the main field during data acquisition. The latter method
has recently been used to separately image H20 and lipid
components in the head and limbs (20, 26). Suppression of
the lipid -CH2- signal is more difficult because its chemi-
cal shift essentially overlaps that of the lactate resonance
(21-23). Fortunately, the NMR-detectable lipid concentra-
tion in brain and homogeneous muscle tissue is minute
compared to that of adipose tissue (17, 18, 20-23, 25). The
problem therefore shifts to that of providing sufficiently
sharp spatial localization that surface adipose and other
infiltrating tissue high in lipid content are effectively ex-
cluded from spectra.
We have combined spatially selective excitation (25) and

H20 suppression by chemical-selective irradiation NMR
pulse sequences (20, 26) with surface coil detection (17, 18,
27) to observe 1H metabolite-level spectra from the human
brain. Spectra are acquired at 1.5 T in averaging periods of
2 s consistent with the expected sensitivity advantage of the
1H nucleus. Spectroscopy sequences are immediately fol-
lowed by conventional planar imaging with the same NMR
coils (28, 29) to precisely determine the location and size of
the spectroscopy volume element (voxel). Studies of the
human arm and the head of a dog are also presented.

METHODS
In vivo experiments were performed on a 1.5-T, 1-m-bore
Oxford Instruments superconducting magnet and a broad-
band quadrature phase-sensitive detection spectroscopy re-
search system operating at 62.2 MHz with a spectrometer
noise figure of around 0.8 dB (decibel) (17, 18). Resonance
was excited with a 25-cm (diameter) saddle-shaped head-
sized NMR coil with distributed capacitance and detected
with either a 3-cm (diameter) or a 6.5-cm (diameter) surface
coil. The transmitter and receiver rf fields were orthogonal
and crossed diodes placed in series with the head coil and in
parallel with the 6.5-cm coil to minimize mutual interactions.
Crossed diodes were unnecessary in the smaller coil. In a
homogeneous sample excited by a uniform rf field, the
surface coil sensitivity profile of both coils is such that 50%
of the total integrated NMR signal derived from a plane lying
5 cm deep and parallel to the coil falls within a 6.5-cm
(radius) disk, as computed from the formula for the field
component of a circular loop lying perpendicular to the main
field (30).

Abbreviations: PCr, phosphocreatine; Cr, creatine; PCho, phospho-
choline; N-AcAsp, N-acetylaspartate.
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The loaded signal-to-noise ratio (4i) of a pure H20 sample
detected by the 6.5-cm (diameter) coil at a 5-cm depth (on
axis) was measured at 38,000 Hz"2/ml by using the projec-
tion technique (31). Assuming a partial saturation factor of
0.71 (T, 0.8 s), T2 0.1 s, and two averages yield qi(H2O)
= 0.71 x 38,000 x 0.11/2 = 8500 per ml (31). A metabolite
present at 10 mM concentrations (e.g., N-AcAsp) with
comparable relaxation times is then detectable in the 1H
NMR spectrum with 4i (10 mM) 1.5 per ml, or 4i (10 mM)

50 from the 13-cm (diameter) sensitive disk, assuming a
5-mm slice thickness and an additional halving of 4i due to
fading of the sensitivity profile off axis. The corresponding
estimate for the 3-cm coil is if (10 mM) 25 in a spectrum
averaging two acquisitions.
Four solvent-suppressed localized hydrogen spectroscopy

NMR pulse sequences were investigated, as depicted in Fig.
1. Sequences shown in Fig. 1 a and b employ a 100-ms
duration, sinc function amplitude-modulated IT/2 rf pulse of
0.7 ppm measured linewidth in the frequency domain cen-
tered on the H20 resonance, for subsequent H2O suppres-
sion. The chemical-selective pulse is followed by a conven-
tional ir/2 sinc function modulated slice-selective pulse
applied in the presence of a magnetic field gradient (Gy)
directed perpendicular to the NMR surface coil used for
detection (25). This excites all of the nuclei in a selected
plane parallel to the surface coil and affects a ir net nutation
to the H20 magnetization, thereby rendering it in principle
unobservable (20). There is no need to change the rf of the
slice-selective pulse because its bandwidth is much greater
than the range of chemical shifts present in the sample. A
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FIG. 1. (a--d) Timing diagram for four methods of performing
solvent-suppressed chemical-shift spectroscopy. Gy is the amplitude
of a linear magnetic field gradient directed coaxial to the surface
detection coil (GY = aB0/ay, where Bo is the main magnetic field); rf
is the envelope of the rfNMR pulses; iT and w/2 denote the effective
nutation angles (amplitude) of the rf pulses; Tis the period between
vr/2 and i pulses in a spin-echo NMR sequence; Tnll is the period
between 7r and ir/2 pulses in an inversion recovery Tl-null sequence;
and sample denotes the data acquisition period. Selective pulses are
depicted as sinc-function modulated envelopes: they are chemical-
shift selective when applied in the absence of the Gy gradient and
spatially selective in the presence of the gradient. A negative Gy lobe
is not required in d if the ir pulse is symmetrically located with
respect to the positive Gy lobe. Slice-selective pulses are phase
alternated in a subsequent application of each sequence and the
NMR data are subtracted to eliminate spurious signals from the
other pulses.

5-mm-thick slice was used throughout. The amplitude of the
H2O-selective pulse is adjusted for maximal annihilation of
the H2O resonance during data acquisition (20). The remain-
ing NMR signal is then either detected immediately follow-
ing the slice-selective pulse (sequence in Fig. la) or
refocused to a spin echo by using a subsequent (nonselec-
tive) IT pulse at time r following the Ir/2 pulse (sequence in
Fig. lb). The latter sequence provides additional attenuation
of any inherently broad H20 resonance component with
short NMR spin-spin relaxation time (T2).

Discrimination on the basis of relaxation times is extended
in the sequence shown in Fig. ic, wherein the chemical-
selective pulse is abandoned to be replaced by an initial IT
inversion pulse applied at time TnulI preceding the slice-
selective I/2 pulse. Thull is adjusted to eliminate the H20
resonance at 'Tnull - 0.69 T, (H20), where T, is the spin-
lattice relaxation time. Inversion pulses are used in a similar
fashion for solvent suppression in conventional NMR spec-
troscopy (32). The sequence shown in Fig. id is a reduction
of that in Fig. lb, in which the initial IT2 excitation pulse is
a chemical-selective pulse tailored to select only the meta-
bolically useful portion of the 1H spectrum, excluding the
H20 resonance. Slice selection is subsequently performed
by the IT refocusing pulse applied in the presence of the
gradient. In all cases, data were averaged from two applica-
tions of the sequences repeated at 1-s periods with the phase
of the IT/2 excitation pulse alternated to remove unwanted
spurious signals generated by the other rf pulses (33).
The magnetic field homogeneity was shimmed for the

narrowest linewidth of the H20 resonance with resistive
shim gradient coils during application of the desired solvent-
suppressed localized hydrogen spectroscopy sequence with
solvent suppression turned off (20). Typically, 0.1- to 0.2-
ppm linewidths were achieved on the head with all surface
coils. This procedure enabled compensation for gradients
occurring during data acquisition due to eddy currents
induced in the magnet cryostat or structural metal by the
slice-selection gradient (20, 25). However, shimming pre-
cludes use of any external or internal spectrometer reference
standards for assigning absolute chemical-shift values. In-
stead, the chemical shifts of H20 and lactate (-CH3) at 370C
were measured with a Varian XL300 300-MHz high-
resolution NMR spectrometer at 4.67 ppm and 1.32 ppm
(doublet), respectively, relative to sodium trimethylsilylpro-
pionate, and the observed chemical shift of a prominent
brain resonance assigned to N-AcAsp at 2.03 ppm (21, 23)
served as spectral reference markers. Absence of substantial
lipid -CHY-- resonances (0.9-1.7 ppm) in the 1H spectrum
is indicative of satisfactory spectroscopy voxel localization
in (normal) muscle or brain tissue (20, 25).

Spectroscopy experiments were repeated on five con-
scious adult male volunteers and on a dog anesthetized with
sodium pentobarbital (25 mg/kg) to serve as a control for
studies involving pathology models. Raw spectroscopy data
were multiplied by a 100-ms time constant exponential filter,
complex Fourier transformed, baseline flattened by using a
convolution difference method (27), and corrected for zeroth
and first-order phase drift. Conventional spin warp spin-
echo planar imaging (18, 28, 29) was then performed with the
identical coil set and slice-selection characteristics as used
for spectroscopy, without moving or disturbing the subject.
Transition from spectroscopy to imaging operation modes
requires only readjustment of the spectrometer data acquisi-
tion filter bandwidths and recall of a new imaging pulse
sequence program from the operating computer. Image
arrays consist of 256 x 256 0.9 mm x 0.9 mm resolution
picture points recorded in 102 s (0.2-s sequence repetition
period) or 512 s (1.0-s sequence repetition period).
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RESULTS
Solvent suppression of brain H20 in a selected plane 4 cm
deep in the human head with sequences of Fig. 1 b and c is
demonstrated in Fig. 2 a and c, respectively. The H20 signal
in the spectrum of Fig. 2b is attenuated 33-fold in integrated
area compared to the spectrum of Fig. 2a and shows a
notched profile characteristic of the chemical-selective ir-
radiation pulse. In the spectrum shown in Fig. 2c, where
H20 is suppressed by adjustment of Tnull, only a reduction in
H20 amplitude by a factor of about 20 ensued. This proved
inadequate to prevent obliteration of PCho/PCr/Cr reso-
nances in the region 3.0-3.3 ppm. The sequence shown in
Fig. la produced comparable results to that of Fig. lb, but
an excessive broad baseline component in brain spectra
rendered phasing difficult. Recording spin-echo data with
the sequence of Fig. lb 40-160 ms (T = 20-80 ms) after slice
selection provided adequate suppression of this short T2
component in brain studies. The sequence shown in Fig. ld
produced essentially equivalent results to that of Fig. lb.

Initially, attempts were made to observe lactate develop-
ment in muscle during exercise because of the success of 31P
NMR in muscle studies (13-15). The sequence in Fig. la
with the 6.5-cm coil and two averages was employed.
Dramatic changes between resting and exercised arm 1H
spectra occur in the peak at 1.3 ppm in Fig. 3 a and b, but the
corresponding images (Fig. 3 c and d) indicate that the
source of the variation is intrusion of bone marrow lipid into
the selected slice as the internal anatomy distorts during
muscular contraction. Some metabolite level resonances are

discernible in the baseline, but the 0.6- to 2.0-ppm region of
the spectra is swamped by lipid.

Fig. 4a is a normal human brain spectrum recorded in 2 s
with the sequence of Fig. lb (T = 20 ms) and 3-cm coil. The
selected plane was saggital and located 5 cm deep from the
surface of the head. A spectrum from the dog head acquired
with the 3-cm coil, 2-s averaging time, 5-cm-deep selected
saggital plane, and the sequence of Fig. lb (T = 80 ms) is
shown in Fig. 4b. The signal-to-noise ratio of the N-AcAsp
resonance is consistent with the H20 measurement/calcula-
tions. Images in Fig. 4 c and d illustrate the sensitivity
profiles in the sample across the same saggital slices cor-
responding to the selected volumes represented by the
spectra in Fig. 4 a and b, respectively. The images verify that
lipid signal contributions to the selected plane from scalp
tissue are minimal. However, it is evident from the image in
Fig. 4d that only about half of the 1H NMR signal in the dog
spectrum derives from the brain. The image in Fig. 4e shows
the effect in the human head of increasing the surface coil
size to 6.5 cm: the relative lipid signal amplitude was roughly

(a) -

(b)-
(c)
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FIG. 2. Depth-resolved 1H spectra recorded from a 4-cm-deep
selected slice in the brain with a 3-cm (diameter) surface coil located
above the temple. Sequences of Fig. 1 b and c were used to obtain
the spectra in b and c, respectively. The spectrum in a was acquired
with the solvent-suppression portion of the sequences turned off.
Each spectrum is an average of two signals recorded at 1-s periods.

H20 -CH2-
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(c) ~~~~(d)
FIG. 3. 'H spectra recorded from the forearm before (a) and

during (b) exercise with the sequence of Fig. la, the 6.5-cm
(diameter) surface coil, and a 2-s averaging time. Images in c and d
show the selected volumes corresponding to the spectra in a and b,
respectively. Images were recorded in 102 s with a 0.2-s repetition
period. Adipose, marrow, and tissue high in mobile lipid appear
bright (--CH2- = lipid resonances).

tripled and the signal-to-noise ratio was doubled. The image
in Fig. 4f is a transaxial scan corresponding to Fig. 4e
showing the slice location in the human head. By compari-
son, a 31P spectrum recorded from a similar-sized localized
volume in the brain with a 1-s repetition period and 6.5-cm
(diameter) surface coil required a 20-mm averaging period
(25) to achieve a comparable signal-to-noise ratio.

DISCUSSION

Clearly, lipid contamination of spectra is problematic, par-
ticularly in muscle spectra. Devising localization schemes
that spatially discriminate against lipid signals lying outside
the selected volume with attenuation factors of more than
1000-fold is a nontrivial feat. However, since shimming for
optimal magnetic field homogeneity within the selected
volume inevitably degrades the homogeneity outside the
volume, external lipid resonances are broadened and even
shifted relative to the spectral markers. In the head, such
broad components are largely eliminated by the baseline
flattening operation. This effect is analogous to the "topical
magnetic resonance" localization technique for spectros-
copy (34) and is likely responsible for differences between
lipid regions of the human head and dog spectra (compare
spatial distributions of adipose/lipid tissues in Fig. 4 a and b)
as well as the improved lipid suppression achieved with the
3-cm coil compared to the 6-cm coil. The calculations of the
vf coil sensitivity profiles do not take this into account.
Techniques for eliminating lipid signals derived from

within the selected volume would be necessary for investiga-
tions of lactate metabolism in pathologies such as muscular
dystrophy and liver cirrhosis. One method for isolating the
lactate (-CH3) resonance contribution is to record spectra
with and without selective NMR decoupling of other lactate
nuclei and calculate a difference spectrum (35). Another
possibility is to add an inversion pulse prior to the sequence
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FIG. 4. (a and b) Typical normal localized 1H s

human brain and a dog head, respectively, recorded
sequence of Fig. lb selecting 5-mm-thick saggital sli4
5 cm in 2 s using the 3-cm (diameter) coil. Images in X
sample distribution across the selected slices in the
experiments corresponding to the voxels of the rest

spectra, as recorded with the same 3-cm coil. Im
illustrate the voxel selected by the 6.5-cm (diameter
the human head: e is a saggital scan similar to c,

corresponding transaxial scan with the location and
slice indicated. Images were obtained in 512 s with a
period. [PCho/PCr/Cr = PCho and total Cr poo

acids including aspartyl group, glutamate, and glu
-CH2- = lipid resonance; La denotes the potentia
lactate -CH3 resonance.]

of Fig. lb and adjust Tnull to minimize the lipid
T1 (lipid) in the H20-suppressed spectrum.
The ability to acquire metabolite-level local

spectra on such a rapid time scale compared t(
possibility that the lactate resonance migi
imaged. However, this would be difficult us
selective pulses for H20 suppression due to t

sp obtaining sufficiently high magnetic field homogeneity
across the whole head (20). The use of conventional surface
coil NMR imaging with depth-localized spectroscopy is

2 - nevertheless a valuable adjunct for determining the precise
nature of the selected volume under investigation.
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