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Proton-decoupled 31P NMR spectroscopy at 1.5 T of the ante-
rior left ventricular myocardium was used to monitor myocardial
phosphate metabolism in asymptomatic patients with hypertro-
phic cardiomyopathy (HCM, n 5 14) and aortic stenosis (AS, n 5
12). In addition to the well-known phosphorus signals a phospho-
monoester (PME) signal was detected at about 6.9 ppm in 7 HCM
and 2 AS patients. This signal was not observed in the spectra of
normal controls (n 5 11). We suggest that in spectra of patients
with myocardial hypertrophy the presence of a PME signal reflects
alterations in myocardial glucose metabolism. © 1998 Academic Press
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INTRODUCTION

Multiple small areas of myocardial ischemia and increased
myocardial glucose consumption that occur in hypertrophied
myocardium are discussed (1–8). In patients with hypertrophic
cardiomyopathy (HCM) or aortic stenosis (AS) such inhomog-
enous perfusion may be involved in the pathophysiology of
arrhythmias which could cause sudden unexpected death in
these patients (8–11). To investigate the link between a pos-
sible reduction in myocardial perfusion and alterations in myo-
cardial glucose metabolism may therefore be helpful in iden-
tifying patients at risk or those who should be surgically treated
to relieve left ventricular outflow tract obstruction (LVOTO).

Expected changes in myocardial phosphate metabolism
can be monitored by31P NMR spectroscopy allowing the
determination of intracellular pH (pHi) (12, 13) and of
high-energy phosphates (14, 15). This method has already
been employed to examine patients with various heart dis-
eases using the phosphocreatine (PCr) to adenosinetriphos-
phate (ATP) ratio (16 –23) or the PCr to inorganic phosphate
(Pi) ratio (16, 21) as a marker of the metabolic state of the
myocardium.

In the present study on asymptomatic patients, proton-de-
coupled localized31P NMR spectroscopy of small volume
elements revealed in addition to these well-known phosphorus

signals a PME signal at about 6.9 ppm in 9 out of 26 patients
with myocardial hypertrophy. The signal which originated
from myocardium was not observed in spectra of normal
controls. This PME signal most likely reflects alterations in
myocardial glucose metabolism.

METHODS

We examined 26 young asymptomatic patients with HCM
(n 5 14, 5 female, mean age 166 7 y) and AS (n 5 12, 6
female, mean age 166 4 y), as well as normal volunteers (n 5
11, 1 female, mean age 276 3 y). None of the patients showed
symptoms of heart failure. The examinations were carried out
on a 1.5-T whole-body imager (Siemens, Erlangen, Germany)
with 31P and1H Larmor frequencies of 25.74 and 63.60 MHz,
respectively. The imager was equipped with a second RF
channel for proton decoupling. Transmission and reception
were performed with a 100-mm-diameter double-resonant sin-
gle-turn surface coil with the decoupling frequency set to the
Larmor frequency of the water protons.

The patients were positioned prone to the surface coil such
that the anterior region of the heart was located just above the
center of the surface coil. Flow-rephased gradient echo proton
images were acquired to control the position of the volume of
interest. Subsequent nonlocalized ECG-gated shimming was
performed on protons up to water linewidths between 13 and
25 Hz within about 5 min.

A two-dimensional ECG-gated phosphorus chemical-shift
imaging sequence (CSI) in combination with axial slice-selec-
tive excitation, coronal slice selective chest muscle saturation,
and WALTZ4 proton decoupling was used to perform a com-
plete three-dimensional localization. This procedure was pre-
viously described in detail (24). The pulse angle in the coil
center was set to 180° and the sequence was triggered to every
heartbeat. The application of this sequence with 2048 acquisi-
tions resulted in spectra out of 53 2.5 3 3 cm3 or 38 ml
volume elements within measurement times of 25–35 min—
see Fig. 1.
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Only one volume element of each subject’s data set was
chosen. This contained the apical part of the interventricular
septum (IVS), and the anterior part of the left ventricular free
wall located close to it (24). The signal of this volume element
was zero filled to 4k, multiplied with a Gaussian function (t1/2

5 150 ms, center att 5 0), Fourier transformed, and phase
corrected.

To focus on small signals in the phosphomonoester region of
the spectra a time domain fit using VARPRO (25) and Gauss-
ian model functions was carried out. The fit results for 2,3-
diphosphoglycerate (2,3-DPG), PCr, and ATP were then sub-
tracted from the spectra, leading to a simplified spectral pattern
of the phosphomonoester region and a flattened baseline as
shown, for example, in Fig. 2.

Due to the limited signal-to-noise ratio of the spectra of
normal controls we performed a summation of all 11 individual
spectra of the controls after normalizing them to equal PCr and
setting the PCr to 0.00 ppm. The sum was then divided by 11,
resulting in the average spectrum.

RESULTS

Figure 1 shows a spectrum of a 25-year-old normal control
and the average spectrum of all 11 normal controls. The signals
were assigned as PME, 2,3-DPG; Pi, phosphodiesters (PDE);
PCr, g-, a-, b-ATP, and nicotinamide adenine dinucleotide
(NAD). The 2,3-DPG signals and a small part of PDE and ATP
originate from blood in the left ventricular chamber. The inset
shows the phosphomonoester region after subtracting from the
average spectrum the great signals, especially 2,3-DPG (see
Methods). The indication ‘‘PME’’ in the inset was assigned
despite its very low signal-to-noise ratio even in the average
spectrum of the 11 controls in order to provide a comparison to
the spectra of the patients in Fig. 2.

Figure 2 shows individual spectra of HCM and AS patients
together with their corresponding insets of the phosphomono-
ester region. In the bottom left spectrum of a HCM patient with
a IVS of 43 mm no 2,3-DPG signal could be detected because
the volume element was completely positioned within the
myocardium. The subsequent subtraction was therefore carried
out only with PCr and ATP in this case. The most prominent
difference between these spectra and the control spectra in Fig.
1 is the presence of a clearly visible PME signal in the four
patient spectra. This can be derived from three of the four
presented cases directly from the measured spectra. Only in the
top right spectrum is a more clear presentation obtained in the
inset. The 2,3-DPG signal of blood in the HCM spectra is small
(Fig. 2, top left) or even below the threshold of detection (Fig.
2, bottom left) due to the extent of hypertrophy. In addition, the
HCM spectra and to a lesser degree also the AS spectra
exhibited a higher signal-to-noise ratio due to the greater
amount of tissue within the volume of interest.

FIG. 2. 31P NMR spectra of the anterior left ventricular wall of two HCM
(left) and two AS (right) patients. Top left: IVS: 37 mm, LVOTO: 32 mmHg;
age: 10 y, sex: male; TR: 746 ms. Bottom left: IVS: 43 mm, LVOTO: none,
age: 23 y, sex: female, TR: 1102 ms. Top right: IVS: 17 mm, LVOTO: 82 mm
Hg, age 10 y, female, TR: 765 ms. Bottom right: IVS: 18 mm, LVOTO: 65 mm
Hg, age 11, sex: male, TR: 1120 ms. Only a subtraction of PCr and ATP but
no subtraction of 2,3-DPG was carried out for the inset of the bottom left
spectrum. All these patient spectra exhibit a clearly detectable PME signal (see
insets). See also legend to Fig. 1 and text.

FIG. 1. Typical 31P NMR spectrum of the anterior left ventricular wall of
a 25-year-old normal control (left, TR: 952 ms), and the average spectrum of
the 11 spectra of all 11 normal controls (right, mean TR: 973 ms). The spectra
are scaled for equal PCr peak height. The inset of the right spectrum shows a
part of the spectrum after subtraction of the 2,3-DPG, PCr, and ATP signals
obtained from the fit (see text).
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DISCUSSION

The patient spectra shown in Fig. 2 clearly revealed a PME
signal at about 6.9 ppm close to the left shoulder of the
2,3-DPG signal of blood. To our knowledge, the presence of
such a PME signal in human cardiac spectra has not been
described so far. This PME signal was clearly visible in 7 out
of 14 spectra of our patients with severe HCM and in 1 out of
12 patients with AS. In the case of one patient with AS and a
less well resolved spectrum the PME signal was visible only as
a pronounced left shoulder of 2,3-DPG and gained more clarity
after subtracting the main strong signals (Fig. 2, top right). A
possible PME signal could not be separated from noise in the
remaining spectra of patients and controls. Only in the average
spectrum of the 11 control spectra does a very small PME
signal seem to be visible and it was tentatively assigned in the
inset of Fig. 1.

In addition to the signals from myocardium, the spectra in
Figs. 1 and 2 with the exception of Fig 2 bottom left also show
signals from blood (26) in the left ventricular chamber: the
2,3-DPG signals and a greater part of PDE. In addition, a small
amount of Pi and a somewhat larger amount of ATP also
originate from blood. The reason for the blood contamination
in the spectra is the size and shape of the volume element
which is necessary to end up with a satisfying signal-to-noise
ratio. Thus, either the voxel has to be positioned partly in the
chest muscle wall, which prevents contamination from blood
signals but leads to contamination from skeletal muscle, or—as
carried out here—the location of the voxel can be moved
deeper into the heart such that no chest muscle signal contrib-
utes but blood contamination can occur. The 2,3-DPG signal
can be used as a marker for the amount of blood contamination
in the spectra. Since the spectrum of the HCM patient with
severe hypertrophy, shown in the bottom left of Fig. 2, showed
no detectable 2,3-DPG signal but a clearly visible PME signal,
the PME signal could not originate from blood contamination.
This fact was confirmed by a second spectrum of a HCM
patient with clearly visible PME but undetectable 2,3-DPG
signal (not shown).

To exclude contaminating signals from liver tissue a suitable
transverse slice selection (24) was employed which ensured
that liver tissue was not excited. Furthermore, artificial signals
from the liver would contribute to both PME and PDE. The
PDE signal, however, is smaller in the HCM spectra in Fig. 2
than in the control average spectrum, while the PME signal is
greater. It is therefore unlikely that the greater PME signal
originates from contaminating liver tissue. Moreover, contam-
inating signals from the liver would occur also in spectra of
normal controls and thus would be visible as a PME signal,
which is not the case.

It is therefore most likely that the PME signal originates
from the myocardium. The evaluation of this signal might
provide information about the activity of glucose metabolism
because the PME signal is known to cover glycolytic interme-

diates and to a lesser degree also adenosinemonophosphate
(AMP) (27, 28). Indeed, such alterations in myocardial glucose
metabolism were found in myocardial hypertrophy in animals
(5–7) and humans (3, 4). Smithet al. (5) detected in hypertro-
phied rat myocardium decreased oxidative phosphorylation
and increased nonoxidative glucose metabolism. Andersonet
al. (6) also reported that hypertrophied rat hearts have a greater
potential for nonoxidative glycolytic metabolism leading to an
increased by-product accumulation. Evidence for altered glu-
cose metabolism is further provided by Kagayaet al. (7), who
found increased uptake of labeled glucose and decreased ex-
traction of free fatty acids in the hypertrophied rat myocardium
induced by creation of aortic stenosis. In humans, PET studies
of patients with HCM have been performed which support the
hypothesis of a shift of cardiac metabolism toward glucose
consumption (3, 4) showing heterogeneously elevated glucose
retention in the myocardium.

Thus, the PME signal in the spectra of the patients presented
in Fig. 2 most likely reflects alterations in myocardial glucose
metabolism. Since PME was visible in only 7 out of 14 HCM
patients and in 2 out of 12 AS patients, more examinations will
now be necessary to illuminate its origin. It is known from
animal studies (27) that the PME signal in rat heart covers
glucose-6-phosphate,a-glycerolphosphate, and further glyco-
lytic intermediates and to a lesser degree also AMP; thus, a
suitable model function for a fit of the PME signal is not
available. This also explains why it is so difficult to provide
here an exact chemical shift of PME. Moreover, neitherT1

relaxation nor the NOE enhancement of this signal group is
known. Thus, considerable problems will have to be solved
before a quantitative analysis is possible, especially in light of
the exclusive visibility of PME in spectra of patients. More-
over, it remains unclear at the moment why not all patients
exhibited a PME signal. This surprising fact is similar to
findings in ischemic rat heart (27) where a PME signal was
present only in those hearts which did not recover well after
ischemia. Our patient group is at the moment too heteroge-
neous to allow formation and statistical evaluation of different
subgroups which would eventually help to solve this question.
Patients may, for example, be stratified according to age,
degree of LVOTO, extent of myocardial hypertrophy, and
genetic aspects. It will be interesting to see whether detection
and evaluation of the PME signal in clinical cardiac spectro-
scopic investigations may help to increase the amount of in-
formation beyond that obtained by the PCr/ATP and Pi/PCr
ratios frequently used.
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