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Abstract Magnetic resonance spectroscopy (MRS)
allows for the non-invasive detection of a wide variety
of metabolites in the heart. To study the metabolic
changes that occur in heart failure, >'P- and '"H-MRS
have been applied in both patients and experimental
animal studies. *'P-MRS allows for the detection of
phosphocreatine (PCr), ATP, inorganic phosphate (Pi)
and intracellular pH, while '"H-MRS allows for the
detection of total creatine. All these compounds are
involved in the regulation of the available energy from
ATP hydrolysis via the creatine kinase (CK) reaction.
Using cardiac MRS, it has been found that the PCr/CK
system is impaired in the failing heart. In both, patients
and experimental models, PCr levels as well as total
creatine levels are reduced, and in severe heart failure
ATP is also reduced. PCr/ATP ratios correlate with the
clinical severity of heart failure and, importantly, are a
prognostic indicator of mortality in patients. In addi-
tion, the chemical flux through the CK reaction, mea-
sured with 3'P saturation transfer MRS, is reduced
more than the steady-state levels of high-energy
phosphates in failing myocardium in both experimental
models and in patients. Experimental studies suggest
that these changes can result in increased free ADP
levels when the failing heart is stressed. Increased free
ADP levels, in turn, result in a reduction in the avail-
able free energy of ATP hydrolysis, which may directly
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contribute to contractile dysfunction. Data from
transgenic mouse models also suggest that an intact
creatine/CK system is critical for situations of cardiac
stress.
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Introduction

Cardiac magnetic resonance imaging (MRI) has
recently been developed with great success and has
found its way into mainstream cardiology. However,
although cardiac MRI can provide excellent anatomi-
cal and functional information, it does not provide
biochemical information about the myocardium. In
contrast, cardiac MR spectroscopy (MRS) allows for
the non-invasive study of cardiac metabolism without
the need to give external radioactive tracers, as is
required, for example, in positron emission tomogra-
phy (PET). MRS provides chemical information about
compounds that contain nuclei with a nuclear spin.
Table 1 summarises information on nuclei of interest
for cardiac MRS: These include "H (protons from
metabolites other than water and fat), 3¢, 2Na and
3P (which is the most widely studied nucleus). The
biochemical information provided by non-invasive
imaging of cardiac metabolism would allow us to
answer many clinical questions. The main reason why
MRS has not yet fulfilled its promise in clinical cardi-
ology is the relatively low resolution that can currently
be achieved. Most nuclei studied with MRS have a
much lower MR sensitivity than 'H, and the metabo-
lites of interest are present in concentrations that are
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Table 1 Nuclei of interest for the metabolic study of cardiac
tissue by MRS

Nucleus Natural Relative MR Myocardial tissue
abundance sensitivity concentrations
(%) (%)
'H 99.98 100 H,0 110 M;
up to ~90 mM
(CH5-'H of creatine)
Bc 1.1 1.6 labelled compounds,
several mM
Na 100 9.3 10 mM (intracellular);
140 mM (extracellular)
3p 100 6.6 Up to ~18 mM (PCr)

several orders of magnitude lower than that of water
(Table 1). The means that, while MR spectra can be
obtained from the human heart, the temporal and
spatial resolution of MRS is many times lower than
that of MRI, and therefore, high-resolution metabolic
imaging by MRS is not yet a clinical reality. In contrast,
MRS has been a standard method in experimental
cardiology, ever since the first *'P-MR spectrum from
an isolated heart was obtained by Radda’s group in
1977 [1]. Since then, MRS has been used for the study
of many aspects of cardiac metabolism. Other pio-
neering groups in this field were those of Ingwall [2]
and Jacobus et al. [3]. *'P-MR spectra of the human
heart were first obtained in the 1980s [4, 5], while more
recently, "H-MR spectra of the human heart have also
been acquired [6].

So far the application of MRS to study heart failure
has been limited to studies on cardiac high-energy
phosphate metabolism using *'P- and "H-MRS. ATP is
the only substrate for all energy-consuming reactions
in the cell as its hydrolysis provides free energy:

ATP < ADP + Pi (1)

Phosphocreatine (PCr), the other major high-energy
phosphate compound, acts as an energy buffer and has
at least two additional roles: First, PCr serves as an
energy transport molecule in the ‘“‘creatine kinase
(CK)/PCr energy shuttle” [7] (Fig. 1). The high-energy
phosphate bond is transferred from ATP to creatine at
the site of ATP production (i.e., the mitochondria).
This reaction is catalysed by the mitochondrial CK
isoenzyme (mito-CK):

ATP + Cr «— PCr + ADP + H* 2)

PCr, which is a smaller molecule than ATP, then
diffuses through the cytosol to the myofibrils or to
other sites of ATP utilization, where the back reaction
occurs, ATP is reformed and is used for contraction.
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Fig. 1 Schematic representation of the creatine kinase (CK)/PCr
energy shuttle. The high-energy phosphate bond is transferred
from ATP to creatine to form PCr and ADP at the mitochondria.
This reaction is catalysed by CK. PCr diffuses to the site of
energy utilization, i.e. the myofibrils, where the reverse reaction
takes place, to maintain adequately high ATP and low ADP
levels

This reaction is catalysed by the myofibrillar-bound
MM-CK isoenzyme (M-CK). Free creatine (Creree)
then diffuses back to the mitochondria. This “energy
shuttle” is required, because free ADP is present in the
cytosol in concentrations (40-80 uM) that are too low
to provide the necessary capacity for back diffusion to
the mitochondria [7]. Crgee, however, is present at high
concentrations. The second crucial function of the PCr/
CK system is to maintain the free cytosolic ADP
concentrations at a low level. Free ADP cannot
directly be measured but is calculated from the CK
equilibrium assumption:

ADP = ([ATP]) x [Cr]/([PCr]) x [H'] x Keq 3)

where K.q is the equilibrium constant of the CK
reaction.

A low free cytosolic ADP concentration is required
for normal cardiac function, since ADP largely deter-
mines the free energy change of ATP hydrolysis
(AG p1p; kJ/mol), a measure of the amount of energy
released from ATP hydrolysis:

AGatp = AG, + RT In (ADP x Pi)/ATP (4)

where AG, is the standard free energy change at 37°C,
[Mg®*] = 1 mM; R = universal gas constant; T = tem-
perature [K]; Pi = inorganic phosphate.

In the normal heart, AGatp is ~ =58 kJ/mol. Many
intracellular enzymes such as SR-Ca®*-ATPase and
others will stop functioning properly below a threshold
value for AG of about -52 kJ/mol.
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3P-MRS allows in principle for the examination of
PCr, ATP and Pi levels, as well as for the quantification
of intracellular pH (pH;), from the chemical shift dif-
ference between PCr and Pi, which is pH-sensitive.
With >'P saturation transfer techniques the flux
through the CK reaction can be measured in the intact
heart [8]. '"H-MRS can be used to examine a wide
variety of compounds, including creatine and deoxy-
myoglobin.

MRS of the human heart—methodological aspects

MRS of the human heart comes with substantial
technical challenges: Time for signal acquisition is
limited by the fact that total examination time should
not be more than one hour, or even shorter for patients
with severe cardiac disease. Since the heart is rapidly
moving, acquisition needs to be gated to the heartbeat,
and, possibly, to respiration as well. Finally, signal from
skeletal muscle in the chest wall must be suppressed.
Therefore, localization techniques are required, which
results in further signal loss. However, a new localiza-
tion method termed SLOOP (spectral localization with
optimum pointspread function) [9] allows selection of
voxel sizes of not only rectangular, but any shape; this
should improve signal to noise by improved matching
of voxel and heart shape. For most spectroscopic
techniques, scout images are first obtained with MRI,
which are used to select the spectroscopic volume(s).
The relatively low sensitivity of MRS requires large
voxel sizes, usually >25 cm®. Figure 2 (bottom panel)
shows a typical *'P-MR spectrum of a healthy volun-
teer. The three >'P-atoms of ATP and PCr are clearly
visible. Compared to >'P spectra from isolated hearts
(see below), two additional resonances appear: 2,3-
diphosphoglycerate (2,3-DPG), arising from the pres-
ence of blood (erythrocytes) in the selected voxel, and
phosphodiesters (PDE), a signal assigned to membrane
as well as serum phospholipids. The 2,3-DPG reso-
nances appear at about the same frequency as Pi.
Therefore, Pi, and as a result pHj, cannot be detected
in blood-contaminated spectra. Further technical
improvements are required to allow for voxel sizes that
are small enough to avoid major blood contamination
of *'P-spectra, which should make measurements of Pi
and pH; possible. The most common way of quantify-
ing *'P-spectra from the human heart is in relative
terms, ie., the PCr/ATP and phosphodiester/ATP
peak area ratios are calculated. PCt/ATP is considered
an index of the energetic state of the heart: The CK
reaction equilibrium favours ATP synthesis over PCr
synthesis by a factor of ~100. Therefore, ATP will only
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Fig. 2 Human cardiac *'P-MR spectra. From bottom to top:
spectra from volunteer, patient with dilated cardiomyopathy
(DCM) with normal PCr/ATP ratio, DCM patient with reduced
PCr/ATP ratio, and DCM patient with severely reduced PCr/
ATP ratio; this patient died one week after the MR examination.
PDE = phosphodiesters; PCr = phosphocreatine; y-, a-, and f-P
atom of ATP. From: Neubauer etal. [10] Printed with
permission, American Heart Association

decrease when PCr is substantially depleted. In chronic
heart failure, however, the total creatine pool is
depleted [11], further decreasing the PCr/ATP ratio.
The meaning of the phosphodiester/ATP ratio is
poorly understood; it was suggested that an increase of
phosphodiester/ ATP indicates membrane damage [12],
but phosphodiester/ATP ratios do not seem to change
with cardiac disease. Measuring PCr/ATP ratios has
the disadvantage that this underestimates the change in
PCr when ATP levels are reduced, while changes in
ATP levels are not detected at all. Therefore, absolute
quantification of PCr and ATP is preferable, although
technically demanding. Absolute quantification of
3P_metabolite levels has been performed in two dif-
ferent ways: (i) By obtaining simultaneous signal from
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a 'P-standard as well as estimates of myocardial mass
based on MR imaging [13] or (ii) by simultaneous
acquisition of a 'H spectrum that is used to calibrate
the *'P-signal to the tissue water proton content [14].
Finally, human *'P-spectra also need to be corrected
for the effects of partial saturation [15, 16] and for the
amount of blood contamination, since blood contrib-
utes signals from ATP, 2.3-diphosphoglycerate and
phosphodiesters to the *'P-heart spectrum.

Total creatine (PCr + Crye.) in the human heart can
be measured with 'H-MRS [6]. 'H-MRS has the
advantage that the relative MR sensitivity is high, but
is complicated due to the dominant signal from water
protons. This signal is so much higher than that of any
other compound (except fat) that its active suppression
is required. By using water-suppressed spectra to
examine creatine content and unsuppressed spectra to
examine water content absolute metabolite concen-
trations can be calculated.

A limitation of *'P-MRS has been that the method
cannot interrogate the entire heart. Therefore, in most
studies only the anterior portion of the heart has been
measured. However, a recent study reports on mea-
surements on the inferior wall using acquisition
weighted MRS [17]. *'P-MRS is most suited to study
myocardium that shows spatially homogenous pathol-
ogy, such as in dilated cardiomyopathy or in valve
disease. However, large voxel sizes make conditions
with regional heterogeneity of metabolism, for exam-
ple heart failure due to ischemic heart disease, difficult
to examine.

Normal human myocardium

'P-MR spectroscopy studies of normal human heart
have found relatively large variations in PCr/ATP
ratios (1.23-2.46). This probably does not reflect bio-
logical variation, but instead is most likely due to dif-
ferences in methodologies used. If spectra are
appropriately corrected for partial saturation and
blood contamination, the consensus is that the PCr/
ATP ratio is close to 1.8 [18]. Absolute concentrations
of PCr and ATP, measured by *'P-MR spectroscopy,
are in the range of ~11 and ~6 umol/g wet weight,
respectively. Some 'H-MRS studies [6, 19] report on
measurement of total creatine content. Using wet
chemistry techniques, total CK activity (indicating the
amount of protein) is ~12 IU/mg protein, comprised of
~1% MB-, 89% MM- and 10% mito-CK isoenzyme
[20].

CK reaction velocity in the human heart has also
been measured with *'P-MRS [21, 22], which was
found to be between 3.3 and 5.6 (umol/g wet

weight x s), i.e., similar to CK reaction velocities
reported for rat heart. Although feasible in principle,
values for free ADP and AGatp, based on simulta-
neous measurement of PCr, ATP, Pi, pH; and creatine
by *'P- and 'H-MRS, have not yet been reported.

Heart failure due to ischemic heart disease

As discussed above, heart failure due to ischemic heart
disease is difficult to study with MRS. Due to the
heterogeneous nature of the disease, studies will
unavoidably show large regional variation; normally
perfused, ischemic or scarred regions will all have a
different metabolic state, and large voxels will inevi-
tably examine an ill-defined mix of energetic changes
due to ischemia and to chronic heart failure. To date,
few studies have examined such patients [17, 23], but
all have found a significant reduction of PCr/ATP
ratios.

Dilated cardiomyopathy

In contrast to ischemic heart disease, dilated cardio-
myopathy is ideally suited for the application of MRS
to study cardiac energetics in heart failure, since the
disease affects the entire heart in a mostly uniform
manner.

Using wet chemistry, it was found that in dilated
cardiomyopathy, creatine levels were reduced by 51%
and total CK activity by 34% compared to controls.
Compared to donor hearts, dilated cardiomyopathy
hearts showed 50% and 71% reductions of MM- and
mito-CK isoenzyme activities, respectively, while
CK-MB activity remained unchanged [11].

Figure 2 shows typical >'P-MR spectra from patients
with dilated cardiomyopathy of varying severity. Initial
studies on *'P-MRS measurements in dilated cardio-
myopathy patients did not detect significant reductions
of PCr/ATP ratios [12, 24-26]. However, in these early
studies patients were not categorized according to the
severity of heart failure and patients in all stages of
disease were analysed as one group. Hardy et al. were
first to show that the myocardial PCr/ATP ratio was
significantly reduced (from 1.80 + 0.06 to 1.46 + 0.07)
in symptomatic patients with dilated cardiomyopathy
[23], a finding confirmed by other studies. This
decrease of PCr/ATP ratios in dilated cardiomyopathy
was found to correlate with the clinical severity of
heart failure according to the New York Heart Asso-
ciation class [27], as well as with left ventricular ejec-
tion fraction [28]. Thus, in dilated cardiomyopathy,
PCr/ATP ratios are reduced in the highly symptomatic
stages of heart failure but remain normal during initial
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stages. In another study, we treated a small group of
patients with dilated cardiomyopathy with standard
medical therapy including ACE inhibitors, digitalis,
diuretics and beta-blockers. This lead to clinical
improvement and normalisation of PCr/ATP ratios
from 1.51 + 0.32 to 2.15 £ 0.27 [27]. We also showed
that PCt/ATP ratios hold prognostic information on
survival of patients with dilated cardiomyopathy. The
myocardial PCt/ATP ratio was a significant predictor
of long-term survival, with stronger predictive power
than either left ventricular ejection fraction or
New York Heart Association class [10] (Fig. 3).

Recently, absolute concentrations of PCr and ATP
were reported in patients with dilated cardiomyopathy
[29]. Both PCr and ATP were significantly reduced,
PCr by 51%, ATP by 35% and PCr/ATP by 25%. This
result underlines the importance of measuring absolute
concentrations rather than ratios, as the PCr/ATP ratio
clearly underestimates the severity of the changes and
the decrease in ATP levels would not be detected at all
if only ratios are examined.
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Fig. 3 Kaplan-Meier life-table analysis for total mortality (%;
left) and mortality from cardiovascular causes (%; right) of
patients with dilated cardiomyopathy divided into two groups
split by PCr/ATP ratio (<1.60 vs. >1.60; top), NYHA class (III vs.
I and II; middle), and LVEF (<30% vs. >30%; bottom). EF
indicates ejection fraction. PCr/ATP ratio was the strongest
predictor of mortality. From: Neubauer et al. [10] Printed with
permission, American Heart Association
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In a recent study, Nakae etal. [19] measured
myocardial creatine content in patients with dilated
cardiomyopathy with "H-MRS. They reported that
myocardial creatine is significantly reduced in patients
with dilated cardiomyopathy. Myocardial creatine con-
tents were 28 pmol/g wet weight in control subjects and
16 pmol/g wet weight in patients with dilated cardio-
myopathy, which is in line with data from biopsy studies.

Using saturation transfer techniques, Weiss et al.
[22] were able to measure flux through the CK reaction
in the human heart, both in healthy subjects as well as
in patients with mild to moderate heart failure. They
showed that in healthy volunteers flux through the CK
reaction is faster than that through oxidative phos-
phorylation (ATP synthesis) and that it does not
increase significantly during dobutamine infusion, de-
spite of a doubling of the rate-pressure product. In
patients with mild to moderate heart failure, they
reported a reduced PCr content but unaltered ATP
levels. Flux through the CK reaction, however, was
reduced more than PCr levels, and it was suggested
that in severe heart failure, where ATP levels decline
and PCr levels are further reduced, flux through the
CK reaction should be even lower, possibly limiting
contractile function.

Experimental studies

The first cardiac MRS study was reported by Garlick
et al. [1] using the isolated perfused heart. When this
model is placed into an MR tube and the effluent is
aspirated, the heart can be positioned into conven-
tional high-resolution MR spectrometers. Ever since,
hearts of various species have been used to study
myocardial biochemistry. A typical example of a
mouse heart *'P spectrum is shown in Fig. 4A. This
technique is still the most widely used to study the
heart with MRS. In larger animal models, in vivo car-
diac MRS has been applied since the 1980s [30-32].
Recently, in vivo *'P- and "H-MRS in mice have been
shown to be feasible [33, 34]. This, however, is tech-
nically very demanding because of the miniature size of
the mouse heart, and only a few laboratories in the
world are currently able to perform such studies.

In various models of heart failure cardiac energetics
have been studied using *'P-MRS. For example,
high-energy phosphate metabolism in the failing heart
was studied with >'P-MRS in rat hearts subjected to
chronic myocardial infarction (MI) [35]. Eight weeks
after MI induced by ligation of the left anterior
descending coronary artery (LAD), hearts were
harvested and perfused in the Langendorff mode. We
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Fig. 4 *'P-MR spectra of isolated, perfused mouse hearts. Panel
A: heart from a wild-type mouse. Panel B: heart from a mouse
overexpressing the cardiac creatine transporter (CrT OE). PCr,
the three phosphate groups of ATP (y-, a-, and -ATP) and

found that PCr in residual intact myocardium was
significantly reduced by 31%, but ATP levels were
unchanged. Flux through the CK reaction was reduced
by 50% and total CK activity was reduced by 17%,
while total creatine content decreased by 35%. Cal-
culated [ADP] was unchanged. Thus, energy reserve
was substantially reduced in these hearts and when
hearts were subjected to acute stress (hypoxia),
recovery during reoxygenation was impaired. Similar
results were found in pigs that were subjected to MI,
which resulted in congestive heart failure [36]. Using
in vivo *'P-MRS, it was shown that PCr/ATP ratios
were reduced in myocardium remote from the infarct
scar in failing hearts. In the same animals, in vivo
cardiac 'H-MRS was performed to measure deoxy-
myoglobin. Infusion of dobutamine resulted in a
comparable decrease of PCr/ATP in both groups, but
the increase in rate-pressure product was blunted in
failing hearts. This attenuated response was not asso-
ciated with detectable deoxymyoglobin, indicating that
insufficient myocardial oxygenation was not a limiting
factor. The effect of ACE inhibition or f-receptor
blockade after MI was tested in rats [37]. Treatment
with either drug partially prevented LV contractile
dysfunction, and also largely prevented the reduction
in Cryopa, PCr and flux through the CK reaction that
occurred in untreated rats.

Reduced PCr/ATP ratios have also been found in
other models for heart failure. Dogs with volume-
overload hypertrophy due to severe mitral regurgitation
showed reduced PCr/ATP, despite normal perfusion
[38]. In Syrian cardiomyopathic hamster with advanced
heart failure it was shown that ATP, PCr, Crgee, ADP,
CK activity and flux through the CK reaction were all
significantly reduced [39].

inorganic phosphate (Pi) can be clearly identified. Note the
substantially increased PCr content in the CrT OE heart. This
figure is an original figure and these spectra have not published
before

All these studies show a reduction in PCr/ATP ratio,
in Cryo, content and a reduced flux through the CK
reaction. [ADP] and phosphorylation potential, how-
ever, are unaltered in some of these models. This raises
the question whether the decreases in PCr and Cryyy
are causal to heart failure, a consequence or an escape
mechanism to maintain low [ADP].

Several approaches have been made to answer this
question. Unchanged [ADP] and phosphorylation
potential are found under low-workload conditions,
mostly in the isolated heart model where workload
conditions are generally lower than in vivo [35]. To
address this, several studies have examined [ADP]
under high-workload conditions. In post-infarct failing
pig hearts it was shown that f-adrenergic stimulation
with dobutamine resulted not only in a reduction in
PCr/ATP, similar to sham operated hearts, but also in a
disproportionate increase of [ADP], which did not
occur in control hearts [40]. This study shows that,
while [ADP] and phosphorylation potential in failing
hearts may be normal under resting conditions, the
changes in high-energy phosphates result in an
impaired energy state under high-workload conditions.
Thus, under such conditions the available free energy
might be inadequate and this could contribute to the
development of heart failure, and to limited contractile
reserve.

Another approach to test whether an impaired CK/
PCr system can contribute towards the development of
heart failure has been to study models in which the CK/
PCr system is impaired, independently of heart failure/
hypertrophy. This has been done by targeting the
enzyme, CK, or the substrate, creatine.

CK was pharmacologically inhibited using iodoace-
tamide. It was shown that contractile reserve decreased
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in line with decreasing CK activity and an inverse
linear relationship between contractile performance
and AG atp was demonstrated [41]. Another approach
was made by knocking out the gene for one or more
isoforms of CK in mice [42, 43]. In the heart the main
isoforms of CK are cytosolic muscle type CK (M-CK)
and mitochondrial CK (mito-CK). Hearts from M-CK
knockout mice showed normal contractile characteris-
tics and normal PCr and ATP concentrations, in spite
of a 38% reduction in flux through the CK reaction as
shown by *'P saturation transfer techniques [44]. Mice
lacking mito-CK or both isoforms, in contrast, showed
reduced PCr content [45, 46]. Mice lacking both
isoenzymes also exhibited increased susceptibility to
ischemic injury [47]. Finally, it has been shown that
mice lacking mito-CK or both isoforms develop left
ventricular hypertrophy and dilatation [48]. These data
suggest that it is mito-CK that is most important, as
disruption of this isoform results in functional and
metabolic derangement.

Impairing the CK/PCr system by targeting the sub-
strate creatine has also been achieved by two different
approaches. The heart does not synthesize creatine
itself; instead, creatine is made in the liver and the
kidneys and taken up via food. Cardiomyocytes de-
pend on the uptake of creatine from blood via a spe-
cific creatine transporter protein. To prevent uptake of
creatine via this route, f-Guanidinopropionate (3-GP)
has been fed to rats [49]. f-GP is a creatine analogue
and competes with creatine at the creatine transporter.
p-GP can be used in the CK reaction, but its utilization
is at least 3 orders of magnitude lower than that of
creatine. Feeding 1% f-GP largely depleted the heart
of creatine. Using *'P-MRS on isolated hearts it was
shown that PCr was also largely depleted but ATP
levels remained intact. Flux through the CK reaction
was reduced by 90%. These isolated hearts showed left
ventricular dilatation and impaired contractile perfor-
mance, but in vivo, only contractile reserve was
impaired. In another study the effect of f-GP feeding
was tested in a model of chronic LAD ligation [50].
p-GP feeding after MI did not further impair contrac-
tile function but the additional PCr depletion resulted
in the inability of hearts to maintain ATP homeostasis.
In a separate group rats were fed with f-GP before MI.
In this group 24-h mortality was 100%, showing that
severe depletion of myocardial creatine was incom-
patible with survival after a myocardial infarction. A
second approach was made by deleting the gene for
guanidinoacetate-N-methyltransferase (GAMT) in
mice [51]. GAMT is the enzyme that catalyses the
second essential step in the synthesis of creatine. By
feeding these animals a creatine free diet, hearts were
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depleted of creatine. Hearts, however, did accumulate
guanidinoacetate, the precursor of creatine, normally
catalysed by GAMT into creatine. Guanidinoacetate
can be used in the CK reaction, but only at a very low
rate (<1% of creatine) and phosphorylated guani-
dinoacetate was found instead of PCr in these hearts
with *'P-MRS. These mice did not develop cardiac
hypertrophy, but showed reduced contractile reserve
during f-adrenergic stimulation and increased suscep-
tibility to ischemia and reperfusion injury. Thus, these
models show that, when the heart is stressed, either
due to increased workload or ischemia, a high capacity
creatine/CK system is critical.

All published studies consistently show that the PCr/
ATP as well as the CK reaction velocity is reduced in
failing myocardium. PCr content and total creatine
content are also consistently reported to be reduced.
Since both, total creatine and PCr, are reduced in the
failing myocardium, this raises the question whether
increasing the myocardial creatine content would be
beneficial and could prevent the development of con-
tractile dysfunction. In order to investigate this, rats
subjected to MI were fed with a high dose of creatine in
their food [52]. Creatine feeding, however, did not
increase myocardial (phospho-)creatine in sham oper-
ated or infarcted hearts and did not result in improved
contractile function in post-MI hearts. Why did the
myocardial creatine content not increase in these
hearts? As mentioned, creatine content of the heart
depends on uptake of creatine via the creatine trans-
porter. When rats are fed with creatine, their plasma
creatine content increases but the creatine uptake
capacity of the myocardium via the creatine trans-
porter decreases [53]. This downregulation of the cre-
atine transporter also occurs in the failing hearts of
post-MI rats and contributes to the reduced creatine
content in the failing heart [54]. Therefore, creatine
feeding does not increase myocardial creatine content.
In order to circumvent this downregulating mecha-
nism, we recently created a mouse with cardiac-specific
overexpression of the creatine transporter [55]. These
mice indeed show myocardial creatine content and PCr
levels increased to supranormal levels, as measured by
3'P-MRS (Fig. 4). Surprisingly, however, these mice
develop heart failure. The most likely explanation for
this is the fact that they fail to keep the increased
creatine pool adequately phosphorylated. Therefore,
the PCr/Crye, ratio decreases, and as follows from Eq.
(2), so does the ATP/ADP ratio. Therefore, the free
energy change of ATP hydrolysis is reduced, likely
contributing to the development of heart failure. These
findings show that in the healthy heart, disturbance of
the tightly regulated creatine levels is deleterious.
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However, the question whether increasing creatine
levels in heart failure, a situation where creatine levels
are reduced, is beneficial remains to be answered.

Summary and future perspective

Taken together, MRS techniques have clearly shown
that total creatine and PCr are substantially reduced in
patients with severe heart failure due to dilated car-
diomyopathy and that ATP levels are reduced only in
advanced dilated cardiomyopathy. Flux through the
CK reaction is reduced, to a greater extent than steady-
state levels of PCr and ATP, even in mild to moderate
heart failure. Further reduction of voxel size for
3'P-MRS will be needed to allow for the reduction of
blood contamination, and thereby the examination of
Pi and pH;. The simultaneous measurement of myo-
cardial creatine, PCr, ATP, Pi and pH; levels in
patients with severe heart failure should elucidate
whether free ADP levels are increased and free energy
change of ATP hydrolysis is decreased.

In experimental studies, PCr and ATP levels as well
as flux through the CK reaction are reduced and it has
been shown that increased workload or stress can re-
sult in an increase of free ADP in failing hearts. Also,
increased free ADP levels have been found to corre-
late with reduced contractile reserve. However, further
characterization of existing experimental models as
well as development of new models will be required to
clarify whether increased ADP levels contribute di-
rectly to contractile impairment in heart failure.

So far only "H- and *'P-MRS have been applied to
study heart failure. MRS of other nuclei might in the
future also contribute to the study and diagnosis of
heart failure. *Na-MR spectroscopic imaging has
recently been shown to be an indicator of myocardial
viability [56]. From experiments using fluorescent
techniques in isolated cardiomyocytes it is also known
that intracellular Na* levels are increased in the failing
myocardium [57]. Thus, **Na-MRS could potentially
be used to measure this in whole hearts. To discrimi-
nate between intra- and extracellular Na*, however, a
shift reagent is required, and the currently available
shift reagents are all toxic and can only be used to
study isolated hearts or in terminal in vivo studies.
There are many additional adaptations or derange-
ments in myocardial metabolism in the failing heart
(Recently reviewed by Stanley et al. [58]). *C-MRS
can be used to study various metabolic pathways in
isolated hearts [59] and to measure myocardial sub-
strate selection in vivo [60]. Due to the very low MR
sensitivity and the low natural abundance of '°C,

however, such studies can currently only be done using
(expensive) '*C-labelled compounds. Recently, how-
ever, hyperpolarized '*C-MRI/S has been reported
[61]. With this technique, the signal to noise is
enhanced by a factor of 10° and metabolic *C imaging
may become a possibility. Further development of this
technique could lead to the analysis of many complex
metabolic pathways and their role in human heart
failure.
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