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ABSTRACT  An imaging method is described that makes
use of proton double quantum nuclear magnetic resonance
(NMR) to construct images based on selected metabolites such
as lactic acid. The optimization of the method is illustrated in
vitro, followed by in vivo determination of lactic acid distribu-
tion in a solid tumor model. Water suppression and editing of
lipid signals are such that two-dimensional spectra of lactic acid
may be obtained from a radiation-induced fibrosarcoma (RIF-
1) tumor in under 1 min and lactic acid images from the same
tumor in under 1 hr at 2.0 T. This technique provides a fast and
reproducible method at moderate magnetic field strength for
mapping biologically relevant metabolites.

This paper describes an efficient proton nuclear magnetic
resonance (NMR) imaging method that can be used to
noninvasively map the distribution and levels of certain
biologically significant metabolites in vivo. Metabolites of
clinical interest include lactic acid (1), N-acetylaspartate (2),
alanine (3), and taurine (4). Lactate was chosen for these
initial studies because of its biochemical and pathological
importance. An elevated level of tissue lactate may indicate
(i) the presence of hypoxia, characterized by an increased
rate of anaerobic glycolysis, as is found in certain solid tumor
centers; (ii) conditions of reduced blood flow (ischemia),
such as occurs in coronary infarct and cerebral stroke; (iii)
certain inborn errors of metabolism—for example, pyruvate
dehydrogenase and pyruvate carboxylase deficiency, or (iv)
diabetes (type I)—in which oral phenformin overdose might
be implicated.

To generate an in vivo proton magnetic resonance image
based on a metabolite such as lactate requires the elimination,
or reduction, of signals from the large population of water and
lipid protons present in vivo, as well as separation of metab-
olites, residual water, and residual lipid signals. Because
metabolite concentrations and magnetic field strength are the
limiting factors for in vivo studies, the method must maintain
a high level of efficiency in terms of selectivity, sensitivity, and
minimum data acquisition time. In a previous study (5),
two-dimensional double quantum coherence transfer spec-
troscopy (Fig. 1A) was used to determine steady-state lactate
levels in vivo (Fig. 1B). Because of high residual water and
lipid levels observed in data collected by the method shown in
Fig. 1, both the double quantum (w;) and chemical shift (w,)
dimensions are needed for spectral editing. This means that a
four-dimensional matrix would be required to obtain an image
based on this method.

For practical in vivo imaging, the aim was to eliminate the
requirement for the chemical shift (w,) dimension by improv-
ing the performance of the double quantum method. The w,
dimension can then be used for encoding space rather than
chemical shift.

The efficiency and limits of detection of double quantum
coherence methods were evaluated by using aqueous solu-
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tions of lactic acid or its NMR analogue N-acetyl alanine.
Metabolite specific images using the technique optimized for
water and lipid suppression were then obtained of the lactic
acid distribution in radiation-induced fibrosarcoma (RIF-1)
tumors implanted in C3H mice.

METHODS

These studies were carried out on a General Electric NMR
Instruments 2.0-T CSI spectrometer/imager (Fremont, CA)
operating at a proton frequency of 85.56 MHz and equipped
with Acustar self-shielded gradients.t Data were collected
using a 4-turn 2-cm-diameter solenoid radiofrequency coil.

In the proposed proton double quantum imaging sequence,
the ¢; dimension alone is used to discriminate lactate from
residual water. Fourier transformation of the #; dimension (as
few as 16 0.5-msec increments) leads to a relatively broad
frequency response. The requirements for water suppression
are therefore more stringent, such that the resulting wings of
the residual water signal must not extend with significant
intensity into the double quantum frequency for lactate. To
improve the performance of the double quantum experiment,
and thus provide the necessary basis for metabolite specific
imaging, three modifications to the basic sequence— (i) com-
posite gradients, (i) symmetric multiple quantum excitation/
detection (6, 7), and (iii) selective coherence transfer—were
investigated by obtaining spectra on a 0.5-ml sample of 100
mM N-acetyl alanine in water. In addition, pulse-and-acquire
and double quantum coherence spectra were performed on a
sample in 2H,O to determine relative efficacy.

The optimized sequence was then tested in vivo in RIF-1
(8). The average tumor size examined was 1.1 g (14 days after
implantation). The mice were anesthetized for the duration of
the experiment with sodium pentobarbital (70 mg/kg). Ani-
mals were placed prone in a Plexiglas holder and a 20-mm
4-turn solenoidal radiofrequency coil was positioned around
the tumor. A series of spectra were obtained where the
double quantum evolution time (#;) was incremented in 64
0.5-msec steps from 8 to 40 msec. Each increment was a
single acquisition with a 1-sec recycle time. Total acquisition
time was 64 sec. The transmitter was set on the a-methine of
the lactic acid resonance at 4.2 ppm, and a non-phase-shifted
1331 pulse was used to selectively excite this resonance. The
double quantum coherence transfer selection gradients were
each 3 msec half sinusoidal with maxima of 3.375 and 6.75
G/cm, respectively.

After the in vivo NMR experiments, tumors were freeze-
clamped, ground to a fine powder, extracted into cold per-
chloric acid, and assayed enzymatically for lactic acid (9).

The lactic acid editing sequence was then converted to a
proton double quantum imaging sequence (by addition of
phase and frequency encoding gradients). The limit of de-
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FiG.1. (A) Two-dimensional double quantum coherence transfer
sequence. The three time lines indicate radiofrequency (if), the z
gradient (Gz), and the receiver gate (REC). The total echo time (TE)
is set to 68 msec for these experiments. (B) Contour plot of a
two-dimensional double quantum coherence transfer experiment
(using the sequence shown in A) performed in vivo on a RIF-1 tumor
implanted on the back of a C3H mouse. This 34-min lactate edited
spectrum was collected as a 64 X 2K matrix covering 2000 Hz in &,
and 5000 Hz in w,. The @; dimension (double quantum frequency
axis) was created by allowing #; to evolve in 0.5-msec steps from 10
to 42 msec. The transmitter was set to the water resonance frequency
(4.7 ppm). Sixteen acquisitions, with a 1-sec recycle time, were
acquired for each ¢, increment. The one-dimensional spectrum on the
chemical shift axis (w,) is the first block of the two-dimensional array.
The spectrum on the double quantum axis (w;) was extracted from
the two-dimensional array at 1.3 ppm. A 16-step phase cycle was
used as described (5). The lactic acid signal corresponds to 8.17
umol/g (wet weight) of tumor. The tumor weight was 1.16 g.

tection of this imaging sequence was determined in a phan-
tom consisting of three 5-mm-diameter tubes containing 2.5,
5, and 10 mM lactate in water, placed in a 12-mm tube
containing water. Data were collected as a three-dimensional
matrix consisting of 16 ¢, increments, 64 phase encode steps,
and 128 complex frequency encode points. These images
were acquired in under an hour with 2 acquisitions per block
and a 1.5-sec recycle time. The field of view was 10 cm, and
the transmitter was set at the lactate methyl resonance. A
frequency selective 1331 pulse with a 2-msec interpulse delay
was used to selectively excite the lactate methine. Data were
zero-filled once in the phase encode dimension and then
processed by three-dimensional Fourier transformation.
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Lactate solutions were assayed spectrophotometrically to
confirm concentration.

Lactic acid images (using the same parameters as described
above) were then obtained immediately postmortem in a
mouse bearing a RIF-1 tumor. These results were used for
comparison with lactic acid images obtained from a live
anesthetized mouse bearing a RIF-1 tumor of the same size.

RESULTS

Residual water signal was significantly reduced using a
composite (simultaneous x, y, and z) gradient pair to select
for double quantum coherence transfer (compare Fig. 2 A and
B). This leaves the water spins dephased along the vector sum
of the three orthogonal gradients, rather than along only one
primary gradient axis, and thereby diminishes the probability
of unwanted water signal being rephased by a spurious
gradient during acquisitions.

Signal was increased by =40% using a symmetric multiple
quantum excitation/detection rf scheme (6, 7) (compare Fig.
2 C with B). However, we have found that an even greater
increase in efficiency is achieved by generating selective
coherence transfer (compare Fig. 2 D with B). If a frequency-
selective rf pulse is used in place of the third 7/2 pulse to
selectively excite the a-methine at 4.2 ppm, optimum coher-
ence transfer from methine to methyl is observed.

Selective coherence transfer should theoretically give a
factor of 2 improvement over the coherence transfer exper-
iment with a nonselective 7/2 pulse. Nonselective coherence
transfer signal intensity varies as sin a cos? (a/2), where a is
the tip angle of the third read pulse (10). The selective version
varies as sin a (R. Freeman, personal communication). This
dependence was also experimentally verified (data not
shown). Any selective 7/2 pulse that excites the methine
signal and not the methyl will produce similar results. For
binomial type sequences (11, 12), the maximum should be set
at the frequency of the a-methine and the null at the 8-methyl.
The ultimate consequence of choosing a selective rf pulse in
which the transmitter is set off-resonance, at the desired null
frequency (e.g., 1T or 1331), rather than on-resonance (e.g.,
11, 1331, or a truncated sin x/x), is that residual water will be
observed near 600 Hz rather than around —100 Hz in the (w;)
frequency dimension. In this implementation, the transmitter
is set at the frequency of one of the lactate resonances, and,
as such, the lactate resonance will be observed at a double
quantum frequency of 250 Hz at 2.0 T.

The selective coherence transfer also serves to reduce lipid
signals overlapping the lactate methyl resonance in the region
of 1.4 ppm since selective excitation of the lactate methine at
4.2 ppm does not appreciably excite these lipid resonances.

The efficiency of the sequence shown in Fig. 2D (for lactate
methyl signal to noise) was determined to be ~50% relative
to a simple /2 pulse-and-acquire spectrum of lactate in
99.5% 2H,0 (data not shown). The 2H,O was used to elim-
inate any dynamic range limitation for the ideal pulse-
and-acquire measurement.

The combination of selective coherence transfer, symmet-
ric two-dimensional multiple quantum excitation/detection,
and the use of composite gradients promises to yield the most
effective lactate editing. The selective coherence transfer
results in a single (CH3) resonance detected for lactate and
thereby prevents a chemical shift artifact that would arise
from the lactate methine in the imaging experiment.

The sequence shown in Fig. 2D was tested in vivo to obtain
a lactate edited proton two-dimensional NMR spectrum of a
RIF-1 tumor implanted in a live anesthetized C3H mouse
(Fig. 3). These results are directly comparable to those shown
in Fig. 1B and clearly illustrate in vivo the optimizations
described in Fig. 2.
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FiG.2. The optimization of the proton double quantum sequence. The sample used to compare sequences was 0.5 ml of a 100 mM N-acetyl-
alanine solution. This provided a suitable NMR analogue for the AX; spin system in lactic acid. For this study, all system variables were held
constant (gain, spectral width, and a single acquisition). Pulse sequences, experimental spectra, and measured signal/noise ratios (S/N) are
shown left to right for each of the four sequences. (A) The basic double quantum coherence sequence. (B) Same as in A but with composite
gradients in x, y, and z. (C) The use of a symmetric excitation/detection rf sequence. (D) The addition of selective coherence transfer.

In addition, a dramatic reduction in data acquisition time
was realized as a result of the refinements. Because of water
suppression efficiency and lactate signal level, only a single
acquisition per #; increment was necessary. Elimination of

the phase cycling and signal averaging requirement decreased
data acquisition from >30 min to just over 1 min (64 #, values
with a 1-sec recycle time) for the spectrum shown in Fig. 3.
Potentially, only 16 ¢, steps (or 16 sec) would be required for
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FiG. 3. Contour plot of a proton double quantum experiment,
performed in vivo, on a RIF-1 tumor implanted on the back of a C3H
mouse. This 64-sec lactate spectrum was acquired as a 64 x 2K
matrix covering 2000 Hz in @, and 5000 Hz in w,. The @, dimension
(double quantum frequency axis) was created by allowing ¢, to evolve
in 0.5-msec steps from 8 to 40 msec. TE was set to 68 msec. The
transmitter was set to the lactate methine resonance frequency (4.2
ppm) and a non-phase-shifted 1331 pulse was used to selectively
excite this resonance. A single acquisition, with a 1-sec recycle time,
was collected for each ¢, increment. The one-dimensional spectrum
on the chemical shift axis (w,) is the first block of the two-dimensional
array. The spectrum on the double quantum axis (w;) was extracted
from the two-dimensional array at 1.4 ppm.

Fourier transformation to discriminate lactate from the re-
sidual lipid signals. Lactate level in this study was enzymat-
ically determined to be 10 umol/g (wet weight) of tumor
tissue.

The proton double quantum editing sequence shown in Fig.
2D was converted to a proton double quantum imaging
sequence by addition of phase encoding and frequency
encoding gradients (Fig. 4). To determine the limit of detec-
tion of this method, an image was obtained of a phantom
containing three different concentrations of lactic acid (Fig.
5B). The lactate image was extracted as a 128 X 128 matrix
at the lactate double quantum frequency (w; = 250 Hz) and
is shown with a normal proton image for comparison in Fig.
SA.

Using this sequence, an ‘‘in vivo™ lactate image was
obtained immediately postmortem on an implanted RIF-1
tumor. Fig. 6A shows the normal T,-weighted proton image.
The image represents the distribution of the lactic acid

2.5 mM Lactate
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FiG. 4. Proton double quantum lactate imaging sequence.

throughout the volume of the tumor. Delineation of tumor
from normal tissue as well as from the bone marrow in the
femur is shown. Proton double quantum NMR images were
obtained by using the parameters described above. The
lactate image at the double quantum frequency of 250 Hz (see
Fig. 6B) manifests a heterogeneous distribution of lactate in
the tumor and a larger homogeneous distribution of lactate in
the tissue surrounding the tumor (mostly skin and muscle).
Fig. 6C represents the image at 0 Hz, the double quantum
frequency for residual lipid under these conditions. Super-
imposing this image on the proton image in Fig. 6A4 indicates
that this corresponds to the bone marrow of the mouse
femur.

The metabolite specific imaging protocol was repeated on
two live anesthetized C3H mice bearing RIF-1 tumors. The
in vivo results also showed a heterogeneous distribution of
lactate attributed to islands of hypoxic cell activity. Unlike
the postmortem example, no lactate signal was observed
from normal tissue (Fig. 7). Enzymatic assay indicated an
average lactate concentration of 12 umol/g (wet weight) for
the tumor shown in Fig. 7.

DISCUSSION

Selective two-dimensional double quantum coherence trans-
fer provides the editing and water suppression required for in

2.5 mM Lactate

/

®

~5 mM Lactate

10 mM Lactate

/ 5 mM Lactate

10 mM Lactate

F1G. 5. In vitro lactate imaging. (A) Normal proton image with a recycle time (TR) = 1500 msec, and an echo time (TE) = 28 msec. (B)
Lactate image obtained using the sequence shown in Fig. 4, in a phantom consisting of three 5-mm-diameter tubes containing 10 mM lactate,
5 mM lactate, and 2.5 mM lactate placed in a 12-mm-diameter cylinder containing tap water. TR = 2000 msec, TE = 68 msec. These data were

acquired and processed as described in the text.
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F1G. 6. Proton double quantum images obtained immediately
postmortem on a RIF-1 tumor implanted on the back of a C3H
mouse. Data were collected with a total acquisition time of 51 min for
a 16 x 64 x 128 array. The images shown are normal T, weighted
proton image (TR = 1500 msec, TE = 50 msec) of the tumor (A);
lactate image showing heterogeneous distribution of lactate in tumor
and homogeneous distribution of lactate in surrounding tissue (B);
lipid image, primarily bone marrow in femur (C).

vivo metabolite-specific spectroscopy and imaging. The ad-
vantages of this method over conventional editing sequences
(13-16) are that it is not a difference method and therefore is
not subject to motion- and stability-related subtraction er-
rors, and it provides an optimum level of efficacy for lactic
acid.

As a spectroscopic technique, it provides a fast (<1 min)
reliable measurement of lactate levels in vivo. As an imaging

A

- NORMAL TISSUE

Fi1G. 7. In vivo proton double quantum lactate image of a RIF-1
tumor implanted on the back of a live anesthetized C3H mouse. Data
were acquired as described for Fig. 6. The images shown are a normal
T, weighted proton image of tumor (TR = 1500 msec, TE = 50 msec)
(A) and lactate image showing heterogeneous distribution of lactate
in tumor (B). No lactate was observed in the surrounding tissue.

Proc. Natl. Acad. Sci. USA 86 (1989)

method, the technique is capable of detecting pathologically
relevant levels of lactic acid, of the order of 2.5 mM, at a
moderate field strength (2.0 T). Good spatial detail, =20
ul/voxel, observed in these projection images can be readily
achieved. The technique performs well even in the presence
of large lipid concentrations and consequently is not limited
to use in regions of interest that are low in “NMR visible’’
lipid, such as brain. This avoids having to make the assump-
tion that pathology or reduction in blood flow or oxygen
tension does not render the lipid components in these regions
more mobile and hence NMR visible. In fact, the assumption
that lipid components of tissue remain unchanged structur-
ally during hypoxia or ischemia can be dangerous (17) since
certain membrane changes have been documented in reduced
blood flow (18).

Volume selective and spectroscopic imaging versions of
this technique are readily constructed to meet specific in vivo
applications. Slice-selective imaging is possible by utilizing
the final = pulse to define the slice. One remaining aspect is
the determination of absolute concentrations of metabolites
by NMR. Noninvasive characterization of extent and sever-
ity of the biochemical changes occurring prior to and during
treatment would provide an important clinical tool for gaug-
ing response to tumor therapy.
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