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1. ABSTRACT 
 

Magnetic resonance spectroscopy (MRS) is an 
established technique for the non-invasive assessment of 
myocardial metabolism.  MRS is ideal for the evaluation of 
heart failure, as it allows quantification of the primary 
energy source for all myocardial cellular functions (ATP), 
the energy reserve phosphocreatine (PCr), and the creatine 
kinase reaction, which maintains cellular energy 
equilibrium.  PCr forms the primary ATP buffer in the cell 
via the creatine kinase (CK) reaction and is involved in 
transporting the chemical energy from the ATP-producing 
mitochondria to the ATP-consuming contractile proteins. 
Using 31phosphorus (31P) MRS, a low cardiac PCr/ATP has 
consistently been found in patients with heart failure, 
supporting the hypothesis that the failing heart is energy 
starved.  The use of 1H MRS has allowed the detection of 
total creatine, which when combined with 31P MRS, 
provides an in depth examination of the creatine kinase 
reaction. MRS signals from 31P, 1H, 23Na and 13C, including 
novel hyperpolarization techniques, have provided 
considerable insight into the understanding of energy 
metabolism in the healthy and diseased heart.    

 
 
 
 
 
 
 
 
 
2. INTRODUCTION AND TECHNICAL ASPECTS 
 

Heart failure is the end result of a number of 
genetic, ischemic and metabolic abnormalities, ultimately 
leading to complex myocardial alterations, including 
changes in gene expression, signal transduction, energy 
metabolism, ion homeostasis and contractile properties. 
Yet, despite significant technological advances, most 
routine diagnostic tools for the myocardium are limited to 
providing anatomical and gross functional information. 

 
Magnetic resonance spectroscopy (MRS) 

extends cardiac assessment beyond anatomy, function 
and viability, to include quantitative information on 
cardiac metabolism.  Whilst magnetic resonance imaging 
(MRI) uses the signal from protons (1H) in water to 
provide spatial information, MRS can use a number of 
nuclei to provide biochemical information, making it an 
attractive tool to study myocardial diseases, including 
heart failure.  These nuclei, which include 1H, 31P, 23Na 
and 13C, have the property of “nuclear spin” and when 
placed in a magnetic field and excited at a specific 
radiofrequency (rf), subsequently give off an rf signal. 
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Figure 1. An example of cardiac 31P MR spectrum in a 
healthy subject showing 2,3 diphosphoglycerate (2,3-DGP), 
phosphodiester (PDE), phosphocreatine (PCr) and the three 
phosphorus peaks of ATP (γ, α and β).  The spectrum is 
presented as a function of the precession frequencies 
divided by the magnetic field strength and expressed on the 
x-axis in parts per million (ppm). 

 
Nuclei suitable for MRS can provide a signal with a 
frequency in the range of normal radio waves. The strength of 
the signal correlates linearly with the strength of the magnetic 
field.  Therefore, MRI and MRS are normally performed in 
magnets with high field strength.  Most clinical MRS studies 
have been carried out at a magnet strength of 1.5 T (Tesla), 
although there may be a two-fold better signal-to-noise ratio 
for spectra at 3T (1).  This shows promise of better sensitivity 
with the emergence of even higher field strength magnets, such 
as 7 T.  In magnets suitable for animal studies, the smaller bore 
size makes it technically easier to create a strong, homogenous 
magnetic field.  This means magnets used for experimental 
studies are generally stronger than clinical scanners, typically 
varying between 4.7 T and 18 T.   

 
The frequency of the signal in MR can be 

expressed as: γ = Ω x B0 
 

where γ is the frequency of the signal, B0 the 
strength of the magnetic field and Ω a constant specific for 
the studied nucleus.  This property is used in spectroscopy 
to determine metabolite concentrations and in MR imaging 
to gain spatial information.  By providing a gradient of 
varying magnetic strengths along the magnet bore, the 
location of interest can be investigated.  Nuclei, even 
within the same metabolite, resonate at different 
frequencies depending on their spatial distribution and 
chemical environment, a phenomenon called chemical 
shift.  For instance, chemical shift allows quantification of 
the hydrogen nuclei associated with both water and lipids 
within the same proton spectrum and both phosphocreatine 
and ATP within the same 31P MR spectrum.  A 31P MR 
spectrum relies on the principle that signal from the three 
31P nuclei in ATP have a lower resonance frequency than 
the signal from the 31P in PCr.  Although these differences 
are small, they allow differentiation of metabolite quantities 
within the same sample, or voxel, of interest.  The spectrum 
of data is presented as a function of the different precession 

frequencies divided by the magnetic field strength, and 
expressed on the x-axis as parts per million (Figure 1).  
MRS then allows quantification of metabolites by 
determination of the area under each spectral peak.  
 

3. 31PHOSPHORUS SPECTROSCOPY  
 

The most widely studied nucleus in MRS is 
31phosphorus (31P). In a 31P MR spectrum there are over six 
discernible phosphorus peaks (Figure 1), including those from 
two important cardiac metabolites, ATP (as three peaks; γ, α 
and β) and PCr.  Phosphodiesters and 2,3-diphosphoglycerate 
can also be seen.  The signal of inorganic phosphate (Pi) is 
usually hidden in human cardiac 31P MR spectra by the signal 
from 2,3-diphosphoglycerate from blood in the ventricle, 
which resonates at a frequency close to Pi, making Pi 
quantification, as well as determination of the intracellular pH, 
difficult, if not impossible.  The frequency of Pi depends on 
pH, which can be used in animal work as an indirect measure 
of intracellular pH.  Measuring intracellular pH was first 
published in the 1970’s and is now routinely performed on 
isolated hearts (2, 3). 

   
There are various methods used for 

quantification of high energy phosphate molecules detected 
using spectroscopic techniques.  Absolute quantification 
can be achieved by comparing the signal from the sample 
with an external reference or by quantifying one of the 
metabolites, eg. ATP, via a separate method, including high 
performance liquid chromatography (HPLC). Although PCr 
can also be measured by HPLC, the true concentrations can 
be underestimated, as it is highly unstable and degrades 
rapidly.  Absolute quantification of PCr and ATP is 
possible in isolated heart, however it is more challenging in 
vivo.  Because of the difficulties involved when 
determining absolute quantities using in vivo 31P 
spectroscopy, the ratio of PCr/ATP is more commonly 
used.  Despite this limitation, PCr/ATP is a powerful index 
of the energetic state of the heart. 
 
4. PROTON SPECTROSCOPY 

Using 1H MRS, a wide range of metabolites can 
be studied. Although 1H MR spectroscopy has been 
established in the mouse heart in-vivo(4), little has been 
reported for humans in heart failure. 1H MRS allows 
characterisation of myocardial fat content, lactate, 
carnitine, myoglobin and total creatine levels, which are 
reduced in heart failure (5, 6).  The combination of 1H and 
31P MRS provides a more complete metabolic profile, 
giving total creatine and high energy phosphate 
compounds, respectively (7).  A major technical challenge 
in 1H MRS is suppression of the 1H signal from water, 
given its abundance (55 M) compared with other proton 
containing molecules that are in millimolar concentrations.  
Water suppression techniques, however, may cause signal 
loss from other metabolites.  
 
5. 23SODIUM AND 87RUBIDIUM MR 
SPECTROSCOPY   
 

23Na MRS can be used to measure intra and 
extracellular Na+ and 87Rb MRS calculated to determine
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Figure 2. The phosphocreatine/creatine kinase system. 
ATP synthesized by the mitochondria reacts with creatine 
(Cr) in a reaction catalyzed by the mitochondrial isoform of 
creatine kinase (Mito-CK) to form phosphocreatine (PCr) 
and ADP. PCr diffuses to the myofibrils where the muscle 
type isoform of creatine kinase (MM-CK) catalyzes the 
back reaction to form ATP and Cr, maintaining adequately 
high ATP and low ADP levels to facilitate contraction. 

 
myocardial Na+/K+ ATPase activity, Rb+ being a K+ 
congener. Both methods have been used to study ischemic 
myocardium(8-10), but not to study the failing heart. 
Experimental in vivo cardiac 23Na NMR studies allow 
determination of the total Na+ signal, and the intra- and 
extracellular Na+ pools can be split into two resonances 
after the addition of a shift reagent to the perfusate, 
although 23Na-shift reagents are not yet available for 
clinical use. 23Na MRI in rats has shown increased sodium 
in non-viable myocardium, compared with non-scarred, or 
viable, myocardium, indicating a potential role for this 
technique in infarct identification without the need for 
external contrast agents (11).  23Na MRI has also proven 
useful for identification of solid malignant tumors in human 
brain that might help curtail the need for invasive biopsies 
on cardiac tumours if applied to heart (12). 

 
6. HYPERPOLARIZATION  
 

New and innovative hyperpolarization 
techniques have been developed that allow detection of 
molecules with low abundance.  Even in the strongest 
magnets, there is relatively low nuclear polarization under 
usual conditions, hence the low sensitivity of MR.  Ways of 
increasing the polarization of nuclear spins includes 
increasing the magnetic field strength, decreasing the 
temperature or specific hyperpolarization techniques, such 
as dynamic nuclear polarization (DNP).  In DNP, radicals 
and a substance labelled with 13C, are frozen and irradiated 
close to the electron resonance frequency in a high 
magnetic field, improving the sensitivity of 13C MR 
spectroscopy by many orders of magnitude (13, 14).  
Following dissolution, the resultant “hyperpolarized” 
solution has an enhanced 13C MR signal that can be used 
for determination of metabolites and enzyme kinetics in 
fundamental metabolic pathways of substrate metabolism.  
To date, this technique has been limited to research 
applications.  Assessment of pyruvate and its metabolites, 
including lactate, alanine and bicarbonate, have been 
possible in in vivo animal hearts (15-17), with changes in 
flux through the pyruvate dehydrogenase (PDH) enzyme 
complex demonstrated following ischaemia-reperfusion. 
Further work using hyperpolarized pyruvate has 
demonstrated the ability to assess Krebs cycle metabolism 
(18) and intracellular pH (19) in real time. Thus, an 
enormous amount of information can be gained from these 

techniques. We can speculate that, if this technique were 
suitable for use in humans, it would have the potential to 
provide real-time metabolic assessment in heart failure 
patients and to monitor response to therapies.    
 
7. THE PHOSPHOCREATINE/CREATINE KINASE 
SYSTEM 
 

Cardiac MRS has been most widely used to 
study energy metabolism, in particular the 
phosphocreatine/creatine kinase system.  This is highly 
relevant to the study of heart failure, because available 
evidence suggests that the failing heart is energy starved 
(20, 21), and therefore energy metabolism is considered a 
promising target for new forms of heart failure therapies. 

 
All cellular energy consuming processes are 

fuelled by the hydrolysis of ATP to ADP:  
 

ATP ↔ ADP + Pi 
 
In cardiomyocytes, most of the ATP is 

synthesised in the mitochondria and reacts with creatine 
(Cr) in the creatine kinase (CK) reaction to form 
phosphocreatine (PCr):  

 
ATP + Cr ↔ ADP + PCr + H+ 

 
Phosphocreatine (PCr), the other major energy-

rich phosphate compound, serves as a reservoir of energy 
and has at least two additional functions.  PCr serves as an 
energy transport molecule in the creatine 
kinase/phosphocreatine "energy shuttle" (Figure 2). In 
mitochondria, a high-energy phosphate bond is transferred 
from ATP to creatine, producing phosphocreatine and 
ADP. This reaction is catalyzed by the mitochondrial 
isoenzyme of creatine kinase.  Phosphocreatine, a much 
smaller molecule than ATP, then diffuses through the 
cytosol to sites of ATP utilization, including the myofibrils.  
At the myofibrils, there is a reverse reaction, where ATP 
used for contraction, forming ADP and creatine. The free 
creatine then diffuses back to the mitochondria. This 
"energy shuttle" is essential for cells with high energy 
consumption, because the low concentration of free 
cytosolic ADP (40-80 µM) does not provide the necessary 
back-diffusion to mitochondria, whereas free creatine 
concentrations are at least two orders of magnitude higher.  
The second crucial cellular function of phosphocreatine and 
the creatine kinase reaction is to keep the free cytosolic 
ADP concentration low. The concentration of free ADP 
cannot be determined directly, but is calculated on the 
creatine kinase equilibrium equation:  

 
ADP = ([ATP]) x [creatine]) / ([phosphocreatine]) x [H+] x 
Keq) 

 
Where [H+] is the intracellular proton concentration and Keq 
is the equilibrium constant of the creatine kinase reaction.  
 

A low free cytosolic ADP concentration is 
essential for the maintenance of normal contractile 
function, as ADP directly determines the free energy
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Figure 3. 31P Magnetic Resonance Spectroscopy from a 
normal volunteer, with a normal PCr/ATP ratio (left) and a 
patient with dilated cardiomyopathy (DCM) and severely 
reduced PCr /ATP (right). Reproduced from EHJ 16:115-
118, 1995 with permission. 

 
change of ATP hydrolysis (∆G, kJ/mol), which is 

a measure of the energy that is released on ATP hydrolysis:  
 
∆GATP = ∆G0 + RT ln (ADP x inorganic phosphate) / ATP 
∆G0 is the standard free energy at 37°C, [Mg2+] = 1 mM, R 
is the universal gas constant and T is the temperature [K].  
 

Normally ∆G is in the order of -58 kJ/mol. 
Various intracellular enzymes, such as the SR-Ca2+-
ATPase, stop functioning if ∆G falls below a threshold of 
about -52 kJ / mol.  
 
8. CARDIAC MRS IN THE HEALTHY HEART 
 

The first cardiac 31P NMR spectra of the heart 
were published in the 1970s using isolated perfused rat 
hearts (22) and the first publication on in vivo cardiac 
spectroscopy was in 1980 on rat heart (23).  The technique 
is now well established in specialized research centres for 
the non-invasive assessment of human cardiac high energy 
phosphate metabolism.  By using an external standard, 
absolute concentrations can be determined, however ratios 
of PCr/ATP are most commonly reported.  Experimental 
determination of PCr/ATP has yielded normal values of 
approximately 2, however in vivo human MRS studies have 
reported a wide range of normal values, from 1.1 to 2.5, 
with evidence of a decrease in high-energy phosphate 
metabolites with increasing age (24-26).  The wide 
variation in normal values reflects the differences in 
acquisition, post-processing techniques and correction 
factors, such that institutions need to establish their own 
normal ranges. Although direct comparison between sites is 
a problem, it will be essential if cardiac MRS is to become 
clinically useful in the long term.  

 
Absolute concentrations of myocardial PCr and 

ATP are roughly similar in different species, being ~10 
µmol/g wet weight for PCr and ~6 µmol/g wet weight for 
ATP in both canine and human heart (7, 27-30).  In one in 
vivo canine study, 1H and 31P MRS were used to measure 
myocardial PCr, ATP and Cr and to calculate the free ADP 
concentration, which was 0.11 µmol/g wet weight with 
∆GATP -56.3 kJ/mol. Total Cr concentrations in human 
myocardium have been measured using 1H MRS to be ~ 27 
µmol/g wet weight (31, 32).  Like the PCr and ATP 
concentrations, the forward reaction velocity of the creatine 
kinase reaction, kfor, appears to be similar in healthy rat, 

dog and porcine myocardium at ~ 0.5 s-1. In human 
myocardium, a kfor of ~0.3 s-1 and a CK flux of 3.2 µmol/g 
wet weight per second have been reported, with flux not 
altered by an increased rate pressure product during 
dobutamine infusion (33). 
 
9. CARDIAC MRS IN THE FAILING HEART 
 

Cardiac MRS has been widely used for the 
assessment of myocardial metabolism in systolic 
dysfunction. Figure 3 shows examples of 31P-MRS spectra 
from a healthy subject and from a heart failure patient.  On 
considering all heart failure MRS studies, clinical and 
experimental, it becomes clear that, regardless of the 
aetiology of heart failure, the PCr/CK system is impaired. 
Myocardial PCr, Crtotal and CK enzyme levels are 
consistently low at all stages of heart failure and can 
precede cardiac dysfunction.(34) Indeed, abnormalities in 
cardiac energy metabolism may underlie the 
pathophysiology of heart failure with preserved systolic 
function; “diastolic heart failure” (35, 36).  Supporting this 
theory, cardiac PCr/ATP was reduced in 37 patients with 
heart failure and preserved systolic function, versus control 
subjects (1.57 ± 0.52 vs. 2.14 ± 0.63), indicating reduced 
energy reserves (37).   

 
Flux through the CK reaction also decreases in 

failing myocardium. However, reduced CK kinetics is only 
found in more advanced stages of heart failure. The 
PCr/CK system appears to be designed to keep the ATP 
levels constant for as long as possible, such that reduced 
ATP levels are only found in severe, end-stage heart 
failure.  
 
9.1. Heart failure due to ischemic heart disease  

The role of MRS for assessment of heart failure 
caused by ischemic heart disease has been limited by low 
spatial resolution (38). Due to the difficulties in assessing 
inhomogeneous diseases, such as ischemic heart disease 
(IHD), there have been a limited number of studies 
examining the myocardium of patients with heart failure 
due to IHD (39).  1H and 31P MRS have been used to 
identify ischemic myocardium and established infarction 
(38, 40, 41).  Handgrip exercise testing in 16 patients with 
left anterior descending artery ischemia showed reduced 
PCr/ATP ratios in ischemic  myocardium, and the energy 
deficit reversed after revascularization (42).  A study by 
Hardy et.al. found significantly reduced PCr/ATP in 
patients with dilated cardiomyopathies secondary to 
ischemic heart disease.  A recent study in 15 patients with 
previous anterior myocardial infarction, demonstrated that 
mean myocardial ATP and PCr concentrations were 39% to 
44% lower in the infarct territory, measured using 31P-
MRS, compared with control subjects (PCr 5.4 ± 1.2 versus 
9.6 ± 1.1  mol/g wet weight).(43)  In these subjects, the 
myocardial CK rate constant, k, was normal in myocardial 
infarct patients compared with control subjects, as was 
PCr/ATP (1.74 ± 0.27 in the infarct group, versus 1.87 ± 
0.45 in the control group). The infarct group also had a 
50% lower CK flux with the conclusion that ATP supply 
was significantly reduced as a result of substrate depletion, 
probably as a result of myocyte loss. Within the same heart,
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Figure 4.  Kaplan-Meier life table analysis for total 
mortality of patients with dilated cardiomyopathy. Patients 
divided into two groups according to PCr to ATP ratios 
(<1.60 and >1.60). Patients with a reduced PCr to ATP 
ratio had an increased mortality over the study period 
compared to those with a higher ratio (p=0.036). 
Reproduced from Circulation 1997; 96; 2190-6 with 
permission from the American Heart Association.  

 
patients with IHD can have full thickness 

infarction, subendocardial infarcts, hibernating and normal 
myocardium, but the voxel sizes used in current MRS 
techniques are too large to consistently distinguish these 
compartments.  

 
Experimental MRS studies in heart failure due to 

ischemic heart disease have been performed.  In one study, 
rats were subjected to chronic myocardial infarction (MI) 
induced by ligation of the left anterior descending coronary 
artery (LAD). After eight weeks, hearts were excised, 
isolated and perfused in the Langendorff mode. Using 31P 
MRS, PCr and ATP levels, as well as the CK reaction 
velocity, in residual intact myocardium were measured. 
Although ATP levels were unchanged, PCr levels were 
significantly reduced by 31% and flux through the CK 
reaction was decreased by 50%. Interestingly, calculated 
[ADP] was unchanged. Another study used 31P-MRS to 
investigate the effect of mesenchymal stem cells to repair 
myocardial infarction in rat heart, to show that stem cell 
therapy spared myocardial stores of PCr (44).   

 
MRS has fundamental advantages over current 

diagnostic methods for assessment of viability, including 
nuclear perfusion scanning, dobutamine-stress 
echocardiography and positron emission tomography: it is 
radiation free, requires no intravenous substances, no 
physical or pharmacological stress and uses intrinsic 
contrast to distinguish between viable and nonviable 
myocardium. Therefore, if there were a significant 
improvement in the temporal and spatial resolution of the 
technique (leading to smaller voxel sizes), 31P-MRS 
theoretically could have widespread clinical application in 
IHD for the assessment of myocardial viability. Further 
studies are required to determine if changes in PCr, ATP or 
ATP turnover rates could be used as markers for diagnosis 
or prognosis in IHD. 

9.2. Hypertrophic cardiomyopathy 
Cardiac MRS has been used to evaluate patients 

with hypertrophic cardiomyopathy and their asymptomatic 
relatives, showing reduced PCr/ATP in both groups (45, 
46, 47). This suggests that abnormalities in myocardial 
energy metabolism precede morphological abnormalities 
and also suggests a possible role for 31P MRS in screening.  
These findings have led to the recent paradigm that 
hypertrophic cardiomyopathy is a disease of compromised 
energetics (48), a paradigm further supported by 
experiments on mice with a mutation at position 403 in the 
β-cardiac myosin heavy chain, which leads to familiar 
hypertrophic cardiomyopathy (49). Such mice show 
impaired diastolic function. 31P MRS examination revealed 
that myocardial PCr/ATP ratios were reduced, similar to 
the reduction found in HCM patients. The reduction in 
PCr/ATP was caused by reduced PCr levels, whilst ATP 
levels were essentially unaltered. These mice also showed 
increased Pi levels and the calculated ∆GATP was reduced, 
suggesting that energetic abnormalities may contribute to 
the diastolic dysfunction observed. Similar results were 
obtained by the same group on mice bearing another 
mutation associated with a clinical form of familial 
hypertrophic cardiomyopathy, the R92Q mutation in 
cardiac troponin T (50). 

 
Differentiating between pathological left 

ventricular hypertrophy caused by hypertrophic 
cardiomyopathy or hypertensive heart disease on the one 
hand, and adaptive hypertrophy in athletes on the other, can 
be clinically challenging.  MRS may develop to be a useful 
tool for this clinical challenge, as studies using 31P MRS 
have shown normal high energy phosphate ratios in 
athletes, but impaired PCr/ATP in hypertensive patients 
and those with left ventricular pressure overload (51-55).  
 
9.3. Dilated cardiomyopathy 

MRS has been extensively evaluated in patients 
with dilated cardiomyopathy, with PCr/ATP correlating 
with the clinical severity of heart failure and having greater 
prognostic value than left ventricular ejection fraction (41, 
56).   Reduced PCr/ATP not only predicts symptoms in 
patients with dilated cardiomyopathy, but also predicts 
mortality (Figure 4, 56).  In one study, absolute 
concentrations of PCr and ATP were measured in DCM 
patients (29).  The reduction in PCr/ATP found in other 
studies was confirmed but, importantly, it was also shown 
that both PCr and ATP were decreased by 51% and 35%, 
respectively. This implies that the reduction in PCr/ATP 
observed in these patients underestimated the true 
biochemical changes in this disease.  A recent study 
investigating the effects of exercise training on myocardial 
function and energetics in dilated cardiomyopathy found 
improvement in left ventricular end-systolic volume and 
ejection fraction, however no change in cardiac PCr/ATP 
levels (53).  The authors concluded that the absence of 
deterioration in myocardial energetics suggested that the 
exercise training was not energy-costly to the myocardium, 
supporting exercise therapy in dilated cardiomyopathy. 

 
Using 1H MRS it has been shown that total 

myocardial creatine content in patients with DCM is also
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Figure 5. 31P spectra of a patient with dilated 
cardiomyopathy before (left panel) and 18 weeks after 
treatment with digitalis, diuretics, ACE inhibitors and β-
blockers (right panel). The clinical status improved from 
New York Heart Association class III to II, while PCr/ATP 
ratio increased. Reproduced from Circulation 1992; 86: 
1810-1818 with permission from the American Heart 
Association.  

 
reduced, from 28 µmol/g wet weight in control subjects to 
16 µmol/g wet weight in patients (32), possibly to maintain 
∆GATP at normal levels. 
 
9.4. Diabetes 

In support of a metabolic basis for diabetic 
cardiomyopathy, patients with diabetes and normal systolic 
function have low cardiac PCr/ATP ratios, unrelated to the 
duration of diabetes and independent of microvascular 
dysfunction (36, 57-59).  Studies using 1H MRS have 
shown reduced myocardial triglycerides after a low calorie 
diet in diabetic patients, and similar studies in heart failure 
patients are awaited (60-62).  1H MRS has the potential to 
help define the effect of triglyceride metabolism, modified 
by diet and drugs, on the failing heart.  
 
9.5. Heart transplantation 

A study using cardiac 31P-MRS has shown that 
functional recovery after human heart transplantation is 
related to the metabolic condition of the donor heart (63).  
Animal studies have suggested that 31P-MRS could be 
suitable for the detection of heart rejection after 
transplantation (64-66). Therefore, it was hoped that the 
MRS could provide a non-invasive diagnosis of the extent 
of graft rejection, and thus eliminate the need for repetitive 
endomyocardial biopsies.  Clinical studies could not 
confirm this, unfortunately.  Although the PCr/ATP ratios 
were reduced in transplanted hearts with histological signs 
of rejection, there was no correlation with the histological 
severity of rejection (65, 67).  A further study using 
exercise phosphorus MRS studies in heart transplant 
patients showed a decrease in PCr/ATP during exercise, 
although this was only in some patients with no correlation 
made with histological rejection (68).  
 
10. MONITORING HEART FAILURE THERAPIES  
 

Medical treatment for heart failure has included 
neuro-hormonal antagonism, with associated improvement 
in outcome after ACE inhibitors, angiotensin II receptor 
blockers and β-blockers.  A small group of patients with 
dilated cardiomyopathy was studied before and after 

initiation of heart failure therapy, with PCr to ATP ratios 
improving from 1.51 ± 0.32 to 2.15 ± 0.27 within 3 months, 
in line with an improvement in clinical status (Figure 5, 
41).  This demonstrates that such heart failure therapies can 
ameliorate the metabolic deficit in heart failure, partially 
through energy-sparing effects, and also shows that cardiac 
spectroscopy can potentially be used to guide heart failure 
treatment. In a group of heart failure patients with ischemic 
and non-ischaemic aetiologies, a study using a substrate 
modulator, Trimetazidine, which switches energy 
metabolism from fatty acid to glucose oxidation, found a 
33% improvement in PCr/ATP ratios from 1.35 ± 0.33 to 
1.80 ± 0.50 (69).   Although small, this randomised, 
double-blind, cross-over study in twelve heart failure 
patients, already on standard heart failure therapy, suggests 
promising results for this drug, and other potential 
therapies, that modulate myocardial substrate metabolism.  
 
11. TECHNICAL DEVELOPMENTS 
 

Technical developments have improved spectral 
signal. Skeletal muscle from the chest wall can contaminate 
the cardiac spectra and, therefore, localization techniques 
are required, that can result in further signal loss.  Improved 
spectral quality can be obtained with saturation bands 
placed over the skeletal muscle and liver during acquisition 
to reduce contamination (70).  Furthermore, SLOOP 
(spectral localization with optimum point spread function) 
is a localization method employed to reduce contamination 
from adjacent tissue, including skeletal muscle and liver, 
but is difficult to implement (28).  Matching voxel shape to 
the curvature of the heart helps to increase the signal-to-
noise and avoids contamination from myocardial tissue 
outside the region of interest, from skeletal muscle and 
from blood. Nuclear Overhauser Enhancement (NOE) can 
additionally be applied to improve signal-to-noise (71).  
The evolution of higher field strength magnets may allow 
smaller voxel sizes with improved signal-to-noise and 
reduced adjacent tissue contamination (70). 
 
12. LIMITATIONS CURRENTLY PREVENTING 
WIDESPREAD CLINICAL APPLICATIONS 
 

Technical limitations have so far prevented the 
widespread clinical application of MRS, in particular the 
limited temporal and spatial resolution, which result in high 
variability and low reproducibility, especially at low field 
strengths. The main reason for this is the intrinsically low 
signal of MRS compared with MRI, owing to the lower 
concentrations and MR sensitivity of the nuclei being 
studied. Concentrations of metabolites that are studied in 
MRS are generally several orders of magnitude lower than 
those of proton in water (Table 1).  The lower nuclei 
concentrations and signal result in low signal-to-noise 
ratios. The limitations mean that larger voxel sizes and long 
scan times are needed to produce sufficient signal-to-noise 
ratios. This has important practical considerations when 
assessing heart failure patients, as large voxel sizes are only 
suitable for studying predominantly homogenous 
myocardial diseases. Additionally, long scan times are 
often not tolerated by heart failure patients, who have to lie 
prone in the magnet.  
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Table 1. Nuclei for MRS of the heart 
Nucleus Natural abundance Relative MR sensitivity Myocardial tissue concentrations Relative  signal intensity compared with 

H2O 
1H 99.98 % 1 H2O 55 M, Cr up to 90 mM Cr;  1:1200 
31P 100 % 0.066 Up to 20 mM (PCr) 1:80000 
13C 1.1 % 0.016 Labelled compounds, several mM 1:100000000 
23Na 100 % 0.093 ~11 mM (intracellular); 140 mM (extracellular) 1:100000 

 
13. CONCLUSION 
 

Cardiac 31P and 1H spectroscopy have improved 
our understanding of high energy phosphate and creatine 
metabolism in heart failure, but the technique remains a 
research tool.  The development of new spectroscopy 
sequences, higher field strengths and better coil design may 
enable high-resolution metabolic imaging as a routine 
diagnostic tool in cardiology for patients with heart failure.  
This could include examination of high energy phosphate 
metabolism, the use of 1H MRS to study the CK reaction 
velocity and myocardial triglyceride content (especially in 
obese and diabetic patients) and hyperpolarization 
techniques to determine substrate metabolism. The advent 
of higher field strength magnets and improved sensitivity 
may allow wider use of MRS in the assessment of 
myocardial disorders and may deliver the promise of a tool 
suitable for clinical use.  In the meantime, 31P MRS will 
continue to be used as a powerful research tool for 
assessment of cardiac energy metabolism in vivo.   
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