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ABSTRACT

Magnetic resonance spectroscopy (MRS) can noninvasively provide a window into the metabolic status
of the heart. This technique has shown abnormalities in the phosphocreatine-to-adenosine triphos-
phate ratio in patients with severe cardiomyopathies, either dilated or hypertrophic. Data indicate that
abnormal metabolic parameters can risk stratify patients with dilated cardiomyopathy and provide
independent prognostic information. Finally, the use of MRS in patients after cardiac transplantation
is being explored. The information from cardiac MRS will likely provide the investigator and clinician
with unique data and assist in the diagnosis and management of patients with various forms of heart

disease.
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INTRODUCTION

Nuclear magnetic resonance spectroscopy (MRS) is a
powerful noninvasive tool that can provide insight into
the metabolic status of the myocardium. Over the past
decade, investigators have examined animal models and
patients with cardiomyopathies in an effort to understand
the metabolic abnormalities associated with these patho-
physiologic processes and define the role of MRS in hu-
mans. This review attempts to define where we are in this
effort and to identify the role of MRS in diagnosing the
severity and prognosis of cardiomyopathies.

Before addressing these issues, it is important to de-
fine the term ‘‘cardiomyopathy’’ and understand that the
term may encompass several disorders that have distinct
etiologies and manifestations. Perhaps the simplest defi-
nition is that which describes any global pathologic pro-
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cess that alters either the metabolism, anatomy, or func-
tion of the myocardium (1). Encompassed within this
definition are disorders of decreased contractility without
hypertrophy, usually due to a toxic exposure of drugs
(e.g., alcohol or adriamycin), metabolic diseases (e.g.,
thyrotoxicosis), chronic volume overload (e.g., due to
valvular heart disease), immunologic processes (e.g.,
after transplantation), and, perhaps most importantly, id-
iopathic processes. All these processes generally lead to
a dilated cardiomyopathy (DCM) that is symptomatically
manifested as congestive heart failure and is character-
ized by replacement of myocytes by fibroblasts and com-
pensatory hypertrophy of the remaining myocytes (1).
The diagnosis and accurate characterization of these pro-
cesses in patients is crucial because of the prevalence of
congestive heart failure in the population and its high
morbidity and mortality.
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In contrast to DCM, hypertrophic cardiomyopathies
(HCM) are generally a response to increased overload
(e.g., aortic stenosis or hypertension), genetic abnormali-
ties, or infiltrative diseases (e.g., hemochromatosis) and
are characterized pathologically by increased wall thick-
ness and replacement and hypertrophy of myocytes. Both
DCM and HCM appear to share metabolic abnormalities,
perhaps because of the late stage at which these processes
have been diagnosed and investigated in humans.

ANIMAL STUDIES USING MRS

Models of both DCM and HCM have been studied
using MRS to define the metabolic abnormalities in these
conditions. The importance of these studies, despite their
imperfect modeling of the complexity of human disease,
is their ability to better define the metabolic abnormalities
in cardiomyopathies and point us to the abnormalities ob-
served in patients.

Numerous animal studies of cardiomyopathies have
demonstrated reductions in the relative contents of the
high energy phosphates phosphocreatine (PCr) and aden-
osine triphosphate (ATP), generally defined as the ratio
of PCr/ATP. In general, the severity of the reduction in
PCr/ATP has mirrored the severity of the pathologic in-
sult. For example, McDonald et al. (2) examined remod-
eled myocardium in an open-chest canine model of left
ventricular dysfunction produced by infarction of a dis-
tant myocardial region. Using an adiabatic pulse tech-
nique that provided localization to either the subendocar-
dium or subepicardium, these investigators found a
reduction of PCr/ATP in the subendocardium of hearts
with left ventricular dysfunction when compared with
normal hearts (1.71 * 0.07 vs. 2.05 * 0.7, p < 0.05)
and evidence of phosphomonoesters not observed in the
spectra of normal hearts. Although these phospho-
monoester resonances may represent greater contamina-
tion of the myocardial spectra with the 2,3-diphosphog-
lycerate of blood, their presence has been associated with
abnormalities in glycolytic metabolism and accumulation
of glycolytic intermediates under ischemic conditions
(3,4). Interestingly, these abnormalities were largely re-
versed with infusion of adenosine to increase blood flow,
suggesting that the lower PCr/ATP ratio was a reflection
of an oxygen supply—demand imbalance. Similar find-
ings of reduced PCr/ATP were noted by Markiewicz et
al. (5) in a Syrian hamster model of cardiomyopathy. In
their study, verapamil also improved the metabolic ab-
normality, although the mechanism is unknown. These
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nuclear magnetic resonance studies validate the meta-
bolic abnormalities previously observed using biopsy
techniques (6).

The data in animal models of myocardial hypertrophy
(left ventricular hypertrophy [LVH]) are less clear and,
in general, only demonstrate metabolic abnormalities in
models of severe hypertrophy or under conditions of se-
vere imbalance of oxygen supply and demand. In a por-
cine model of modest LVH (34% increase in mass), Mas-
sie et al. (7) were not able to demonstrate any difference
in PCr/ATP between control and LVH animals, either
under baseline conditions or with increased oxygen de-
mand. However, during dobutamine stimulation, glucose
uptake and oxidation were greater in the LVH animals,
consistent with a shift of metabolism from free fatty acids
to glucose. In a similar study of animals with a 66% in-
crease in left ventricular mass, Bache et al. (8) found a
reduction in PCr/ATP and an increase in inorganic phos-
phate (P;) in the subendocardium of LVH animals under
pacing stress. These metabolic abnormalities were asso-
ciated with significant reductions in the ratio of subendo-
cardial and subepicardial blood flow, suggesting that the
metabolic changes were due to ischemia. Interestingly,
inotropic stimulation with dobutamine in these animals,
although globally reducing PCr/ATP, did not result in a
transmural gradient of these metabolites, a finding that
was not altered by increasing blood flow with adenosine.
These findings are more consistent with a regulatory re-
sponse to inotropic stimulation, such as an increase in
[ADP], than metabolic abnormalities indicative of isch-
emia.

Animal models also provide the opportunity to exam-
ine nuclei other than phosphorus and define abnormalities
detectable by MRS that may be more specific or provide
more understanding of the pathologic process than phos-
phorus-31 MRS. For example, using sodium-23 MRS,
Jelicks and Siri (9) found that baseline levels of sodium
were higher in compensated hypertrophied hearts than in
either normal control or failing hearts. Coupled with the
observation that intracellular sodium is higher in diabetic
hearts (10), these studies indicate other potential nuclei
that may provide additional information in human studies
of cardiomyopathies.

HUMAN STUDIES USING MRS
Dilated Cardiomyopathy

Localization techniques allow the acquisition of spec-
tra from the human heart with minimal contamination
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Figure 1. The metabolic response of myocardial high energy
phosphates (PCr/ATP) in patients with DCM under conditions
of inotropic stimulation with dobutamine infusion. Aside from
one patient who was clinically unstable (dotted line), there was
no reduction in PCr/ATP with dobutamine. (Adapted from ref-
erence 13.)

from either skeletal muscle or blood (11). Initial studies
of normal volunteers quickly expanded to studies of pa-
tients with cardiomyopathies. Schaefer et al. (12) exam-
ined 14 normal subjects and 17 patients to determine
whether patients with either DCM (ejection fraction =
30%) or LVH, either mild or severe, had metabolic ab-
normalities when compared with normal subjects.
Briefly, this study found only a trend to lower PCt/ATP
ratios in patients with DCM (0.70 = 0.12 vs. 0.89 *
0.08) but a marked increase in the phosphomonoester res-
onance similar to the findings of McDonald et al. (2) in
their animal model.

This study was followed by an examination of eight
patients with DCM using inotropic stimulation with do-
butamine to test the hypothesis that increasing oxygen
demand would worsen the metabolic state of these pa-
tients. Notably, dobutamine did not decrease the ratio of
PCr/ATP in seven of eight patients (Fig. 1) (13). This
finding suggested that myocardial ischemia did not play
arole in the metabolic abnormalities of these patients and
that [ADP] was not regulatory under these conditions.
These findings corroborated those of the Syrian hamster
model of cardiomyopathy (14) in which dobutamine did
not alter high energy phosphate concentrations in animals
with mild disease. Interestingly, the one patient who did
have a significant reduction in PCr/ATP with stress was
only marginally compensated, suggesting (as subse-
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Figure 2. The relationship between PCr and ATP (CP/ATP
ratio) as a function of NYHA grade I-IV. As the clinical status
of the patients worsened and NYHA grade increased, PCr/ATP
fell significantly. In addition, there was a highly significant
relationship between NYHA grade and PCr/ATP (r = 0.60,
p < 0.005). (Adapted from reference 15.)

quently verified by others) that the clinical status of the
patient with DCM is likely the most important predictor
of metabolic abnormalities.

Definitive findings of lower PCr/AP ratios in patients
with severe DCM were subsequently published by Neu-
bauer et al. (15). Additionally, the PCr/ATP ratio corre-
lated with the clinical severity of heart failure (as as-
sessed by NHYA class) and furthermore improved with
medical therapy in six patients (Fig. 2). This study was
the first to indicate that phosphorus-31 spectroscopy
could function as a clinical tool to assess the response to
therapy.

Additional support for the role of MRS in patients
with DCM was provided by these investigators in a sub-
sequent study examining the predictive value of an ab-
normal PCr/ATP ratio in patients with DCM (16). Thirty-
nine patients were followed for a mean of 2.5 yr after
initial measurement of left ventricular ejection fraction,
NYHA class, and PCt/ATP. Using a retrospective divi-
sion of patients into normal (mean, 1.98 *+ 0.07) and low
(mean, 1.30 £ 0.05) PCr/ATP ratios, they found that
both the PCr/ATP ratio and the NYHA class were inde-
pendent predictors of both total and cardiovascular mor-
tality (Fig. 3). In contrast to many studies of mortality in
patients with congestive heart failure, ejection fraction
did not provide additional prognostic information (16).
Clearly, this study is enticing in that it suggests that MRS
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Figure 3. Kaplan-Meier life table analysis for total mortality
in patients with DCM divided into groups with normal (>1.60)
and low (<1.60) PCr/ATP. PCr/ATP was a better predictor of
mortality than ejection fraction. (Adapted from reference 16.)

has the potential to provide important prognostic infor-
mation. However, the predictive role of MRS in relation
to both clinical indicators and measures of left ventricular
size and function must still be defined in a prospective
trial.

Valvular Heart Disease

Valvular heart disease can cause either symptomatic
or asymptomatic cardiomyopathy due to either pressure
overload (such as in aortic stenosis) or volume overload
(such as with aortic or mitral regurgitation). In either in-
stance, increased wall stress in the common thread of
these pathologic states, and it has been postulated that
this increased wall stress, and hence oxygen demand,
could result in metabolic abnormalities detectable by
phosphorus-31 MRS. In addition, there has been the hope
that identification of patients with abnormal metabolism
could lead to appropriate and timely (but not unneces-
sary) valve replacement, thereby aiding in the surgical
triage of these patients. Data demonstrate that abnormali-
ties in PCr/ATP are present in patients with both aortic
stenosis and mitral regurgitation. In the setting of pres-
sure overload with aortic stenosis, metabolic abnormali-
ties have only been observed inpatients with significant
hemodynamic abnormalities (high wall stress) (17). In
patients with volume overload due to mitral regurgita-
tion, PCr/ATP was lower in those with severe regurgita-
tion and evidence of hemodynamic sequelae such as left
ventricular dilation (18) (Fig. 4). The value of phospho-
rus-31 MRS in deciding who should undergo valve re-
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Figure 4. The relationship between PCr/ATP and end-sys-
tolic dimension (ESD) in patients with chronic mitral regurgita-
tion. Similar relationships were found between these metabolic
variables and left ventricular mass and shortening fraction, but
not with wall stress. (Adapted from reference 18.)

placement (independent of clinical and hemodynamic
markers of disease severity) has not been tested in a large
cohort of patients.

Hypertrophic Cardiomyopathy

Although there is clinical and pathologic overlap be-
tween patients with valvular heart disease or systemic hy-
pertension leading to pressure overload and those with
hypertrophy due to (congenital) myopathy, the latter pa-
tients have characteristics that predispose them to chronic
myocardial ischemia and lethal arrhythmias. In addition,
these patients have pathologic abnormalities that suggest
a distinct process. Hence, investigators have sought to
examine these patients to determine if the pathology is
reflected in metabolic abnormalities. As in DCM, patients
with even asymptomatic (but structurally severe) HCM
have lower PCr/ATP ratios than control subjects (19,20).
However, in contrast to DCM patients in whom the phos-
phomonoesters (PME)/ATP ratio is probably not altered
by the disease process (20), these patients have elevated
ratios (19) (Fig. 5). In addition, data show increased P;
and a lower pH in patients with HCM (20). In parallel
to animal studies of hypertrophy, this finding has been
interpreted to represent increased glycolytic flux and a
shift away from oxidative metabolism.
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Figure 5. The ratio of PC4/ATP in normal subjects and in
patients after cardiac transplantation. Although the ratio is sig-
nificantly depressed in patients with either mild or moderate
rejection, the overlap in the data make it difficult to separate
these groups or to reliably differentiate individual abnormal
measurements from the normal subjects. (Adapted from refer-
ence 22.)

Transplantation

Animal studies have shown that acute rejection results
in dimunition of PCr/ATP that is proportional to the de-
gree of rejection (21), likely due to the necrosis of myo-
cytes due to this process. Unfortunately, the sensitivity
and specificity of phosphorus-31 MRS in human hearts
after transplantation, although separating rejecting from
nonrejecting hearts, has not been sufficient to differenti-
ate degrees of rejection (22) (Fig. 6). This may reflect
the insensitivity of MRS to rejection or the relative inade-
quacy of localized endocardial biopsy to accurately diag-
nose a global rejection process. Recent data suggest-that
some transplant patients show a significant reduction in
PCr/ATP with isometric exercise, consistent with micro-
vascular abnormalities in oxygen delivery (23). This
finding may allow MRS to provide information comple-
mentary to that of endomyocardial biopsy.

Adriamycin

Of the toxins capable of causing myocardial injury and
therefore a global cardiomyopathic process, the antime-
tabolite adriamycin has been characterized most clearly.
Adriamycin affects Na*-Ca* exchange and calcium re-
lease via the ryanodine receptor and causes cytosolic cal-
cium overload and hence cellular injury (24). Fluorine
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Figure 6. Average spectra from patients with severe HCM
(HCM 1I), mild HCM (HCM 1), and control patients demon-
strating the increased PME and P; resonances in patients with
severe HCM. These spectra do not show the PCr or ATP reso-
nances, which are further upfield. (Adapted from reference 19.)

spectroscopy was used in conjunction with phosphorus
spectroscopy to examine, in an animal model of acute
adriamycin toxicity, whether the increases in Ca®* were
related to any metabolic abnormalities (25). This study
did not demonstrate any changes in PCr, ATP, or P; de-
spite near doubling of intracellular Ca®*. A clinical di-
lemma is titrating the total dose of adriamycin chemo-
therapy to provide adequate therapy without inducing
cardiomyopathic injury. This is currently done by lim-
iting the dose of adriamycin, which unfortunately results
in toxicity in some patients that is only revealed late by
left ventricular dysfunction. The hope that phosphorus-
31 MRS would be able to monitor these patients during
chemotherapy and optimize the dose based on evidence
of cellular injury is as yet unrealized.

Peripheral Muscle Metabolism in Patients
with Congestive Heart Failure

MRS has also provided important information on ab-
normalities of peripheral muscle metabolism in patients
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with cardiomyopathies and clinical heart failure. These
patients typically have reduced exercise tolerance due to
abnormalities of peripheral muscle function. The charac-
terization of these abnormalities and the relative roles of
defects in cellular oxygenation, oxidative ATP synthesis,
or metabolic efficiency have been targets of studies.
Common findings from these studies of patients with
DCM include a reduced phosphate potential and in-
creased acidosis during exercise and slow recovery of
PCr after exercise (26). Combining phosphorus and pro-
ton spectroscopy (to measure both phosphate compounds
and deoxymyoglobin), Mancini et al. (27) determined
that metabolic abnormalities in these patients (such as a
greater increase in P;/PCr with exercise) were not associ-
ated with greater deoxymyoglobin signals and were
therefore not secondary to cellular hypoxia. This conclu-
sion was supported by data obtained using near-infared
spectroscopy showing comparable muscle oxygenation.
The character of the metabolic abnormalities (given this
equality of oxygenation) was elucidated by Kemp et al.
(28) who found that the primary abnormality was de-
creased metabolic efficiency rather than a defect in mito-
chondrial oxidation.

CONCLUSION

Cardiac spectroscopy of patients with heart failure (ei-
ther due to DCM or HCM) has been shown to detect ab-
normalities in high energy phosphates (PCr/ATP) in
patients with cardiomyopathies. In general, metabolic ab-
normalities reflect either hemodynamic deterioration in
patients with DCM or severe structural abnormalities in
patients with HCM. The ability of spectroscopy to inde-
pendently risk stratify patients with DCM is early evi-
dence of the potential of MRS to provide important clini-
cal information in patients with cardiomyopathies.
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