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Abstract
The metabolic syndrome is associated with a well known increased risk of coronary disease, but the
syndrome or its components are also associated with adverse cardiac remodeling and decreased
function [1,2]. Changes in myocardial substrate preference, efficiency, and energetics probably
contribute to cardiac remodeling and dysfunction [3–5]. The focus of this review is on noninvasive
imaging techniques and the insights they have provided on myocardial metabolism and the
pathogenesis of noncoronary heart disease associated with the metabolic syndrome.
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Introduction
The healthy myocardium is an omnivore, able to
use several different substrates for the production of
ATP. Animal studies of obesity and insulin resistance,
hallmarks of the metabolic syndrome, suggest that
excessive myocardial fatty acid metabolism, whether
oxidation, storage, or both, is directly detrimental
to cardiac function [1,2]. There is little information
evaluating the effect of the metabolic syndrome as a
whole on human myocardial metabolism, but insights
may come from evaluating how the different components of the metabolic syndrome affect myocardial
metabolism.
The components of the metabolic syndrome
are: abdominal obesity, triglyceride concentrations
 150 mg/dL, high-density lipoprotein (HDL) concentration < 40 mg/dL (men) or < 50 mg/dL (women),
blood pressure  130/85 mm Hg, or a fasting glucose
concentration 110 mg/dL[3]. Ifapatienthasanythree
of these, they have the metabolic syndrome, according
to Adult Treatment Panel III guidelines. The metabolic
syndrome is also associated with insulin resistance.
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Imaging techniques for quantification of
myocardial metabolism
Positron emission tomography
Positron emission tomography (PET) imaging in
humans enables quantification of rates of myocardial
substrate uptake and metabolism using radiolabeled
tracers. Myocardial oxygen consumption (MVO2) is
quantified using carbon-11-labeled acetate; glucose
uptake and utilization are quantified using fluorine18-labeled fluorodeoxyglucose (FDG) or 11C-glucose;
fatty acid uptake, utilization, and oxidation are quantified either using compounds labeled with [11F]-6thia-heptadecanoic acid or using [11C]palmitate; and
lactate is quantified using [11C]lactate. A PET scanner
collects the gamma rays released after the collision of
a positron (from a radiopharmaceutical) with an electron in tissue. Figure 1 shows sample images from two
[11C]palmitate PET studies and the time–activity
curves that are used in conjunction with compartmental modeling to quantify the myocardial uptake
and utilization of fatty acid.
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Figure 1. Top: Composite positron emission tomography (PET) myocardial images obtained from a young lean male (left)
and a young obese female (right), 3–30 min after injection of [11C]1-palmitate tracer. Images are displayed on the horizontal
long axis with the base of the heart on top, septal wall on the left and lateral wall on the right. Compared with the lean
control, the obese heart shows greater accumulation of tracer, indicative of greater uptake of free fatty acid (FFA). Bottom:
Blood ( ) and myocardial ( ) time–activity curves obtained from the corresponding dynamic PET images of the same
individual were used in conjunction with kinetic modeling to measure FFA uptake and oxidation (both in nmol/g per min).
The obese individual had greater myocardial uptake, utilization, and oxidation of FFA than the lean control (eg, myocardial
fatty acid utilization ¼ 433 nmol/g per min compared with 87.6 nmol/g per min).

Limitations of PET include its high cost, and the
need for a cyclotron to manufacture certain tracers.
(Myocardial scintigraphy, another nuclear cardiology
technique, is able to evaluate myocardial metabolism
in a semiquantitative manner.)

Magnetic resonance spectroscopy
Magnetic resonance spectroscopy (MRS) is similar to
magnetic resonance imaging, in that both use the
same type of scanner equipped with a large magnet
to generate images. However, in addition to measuring the total signal emitted by the nuclei within the
body and displaying an image, MRS allows for different chemicals or metabolites within a given volume of
tissue to be tracked and displayed on a spectrum. For
example, phosphorus-31 MRS is used to determine
the relative amount of high-energy phosphates, eg,
phosphocreatine (PCr) and adenosine triphosphate
(ATP), within the heart. A low PCr : ATP ratio is
generally believed to be deleterious, and is a predictor
of cardiovascular mortality in patients with dilated
cardiomyopathy [4]. Measurement of absolute concentrations of human cardiac high-energy phosphate
is possible using 3-dimensionally resolved spectra [5].
12

Hydrogen-1 MRS may be used to quantify triglycerides deposited within the myocardium [6].
MRS-quantified triglyceride content correlates well
with histochemical triglyceride quantification. Challenges in applying this approach to study of the
metabolism of the human heart include accounting for
the motion of the myocardium and contamination of
the myocardial spectrum by pericardial fat. Because
of the latter, the volume of interest is often placed in
the interventricular septum.

Applying these imaging approaches to the
metabolic syndrome
Myocardial metabolism in abdominal obesity
and insulin resistance
In a study of young women, PET imaging demonstrated that body mass index (BMI) was linearly and
positively correlated with MVO2 and with the myocardial uptake, utilization, and oxidation of fatty acid
[7]. Insulin resistance was even more closely related
to fatty acid uptake and metabolism than was BMI [7].
Increased BMI also predicted decreased cardiac
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efficiency [7]. Glucose utilization was not different
between obese and nonobese individuals, although it
was low in all (fasting) individuals. These data are
consistent with studies in animal models of insulin
resistance, which have demonstrated that increased
myocardial fatty acid uptake and metabolism precede
and contribute to decreased cardiac function [1,2,8].
The failure of other studies to demonstrate differences
in myocardial fatty acid uptake and oxidation
between those who were glucose intolerant and normal controls may relate to differences in tracers,
numbers of individuals studied, sex, age, or baseline
endogenous myocardial fat stores [9,10].
Accumulation of excess lipid in the myocardium
may also be detrimental to the heart in obese individuals, via a process known as ‘lipotoxicity’ [1].
Supporting this, an [1H]-MRS study showed that
increased BMI was related to increased accumulation
of triglyceride in human myocardium, and that this
was related to impaired cardiac contractility [6,7].

Myocardial metabolism in diabetes mellitus
Fasting hyperglycemia, a component of the metabolic
syndrome, is common to both type 1 and 2 diabetes
mellitus. In a recent study, PET was used to demonstrate that individuals with type 1 diabetes mellitus
had greater plasma free fatty acid concentrations,
MVO2, myocardial fatty acid utilization and oxidation, and lower glucose utilization, compared with
nondiabetic controls [11]. A hyperinsulinemic/euglycemic clamp may increase glucose utilization in
diabetic patients such that it is not different from
controls [12,13]. This increased reliance on fatty acid
metabolism at the expense of glucose metabolism by
the myocardium is concordant with findings from
animal studies and results in a loss of metabolic
flexibility [14].
In type 2 diabetes mellitus, the data are more mixed.
Some PET studies have demonstrated decreased myocardial glucose uptake, but others did not [15–17].
Nevertheless, rosiglitazone, an antidiabetic drug, has
been shown to improve myocardial glucose uptake
in patients with type 2 diabetes, with or without
coronary artery disease [18,19].
A myocardial [31P]-MRS study of patients with type
2 diabetes mellitus, however, clearly demonstrated
that myocardial energy metabolism is abnormal, as
diabetic patients (without overt cardiac disease) had
impaired myocardial energy metabolism, manifested
by a lower PCr : ATP ratio compared with controls.
Moreover, myocardial PCr : ATP ratios correlated
negatively with fasting plasma free fatty acid concentrations, suggesting a pathophysiologic link between
excessive fatty acid availability to the heart and
impaired energy metabolism [20].
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Myocardial substrate metabolism
in hypertension
In contrast to obesity and diabetes mellitus, humans
with hypertension-induced cardiac hypertrophy have
decreased myocardial uptake, utilization, and oxidation of fatty acid compared with controls, as
demonstrated by PET [21]. This is similar to observations in animal models [22]. Whether there is an
increase in myocardial glucose utilization in humans
with hypertension is not known.

Myocardial substrate metabolism
in hyperlipidemia
Animal models and coronary arterial–venous balance
studies in humans have shown that triglycerides are a
fuel for the myocardium and that, if their delivery to
the heart is increased, so is their myocardial metabolism [23]. There is little information evaluating this in
humans by means of noninvasive imaging, however,
and there are no studies on the effect of low concentrations of HDL cholesterol on myocardial metabolism. The net effect of the metabolic syndrome on
myocardial metabolism in persons with insulin resistance, hypertension, and other components is probably determined by the degree and interaction of
all components.

Conclusion
Many components of the metabolic syndrome are
associated with abnormalities in myocardial energy
metabolism that may contribute to decreased cardiac
function. Noninvasive imaging modalities are being
used to quantify myocardial substrate preferences,
and the oxidation, storage and energetics of the substrates that are particular to the metabolic syndrome.
The sum of the data from human studies of the effects
of most of the components of the metabolic syndrome
(except hypertension) suggest that there is an overdependence on and an increase in myocardial uptake,
metabolism, and storage of fatty acid. Further development and application of cardiac metabolic imaging
techniques to the metabolic syndrome will help
to define novel therapeutic targets and assess their
efficacy.

REFERENCES
1. Unger RH. Lipotoxic diseases. Annu Rev Med. 2002;53:319–
336.
2. Aasum E, Hafstad AD, Severson DL, Larsen TS. Age-dependent
changes in metabolism, contractile function, and ischemic
sensitivity in hearts from db/db mice. Diabetes. 2003;52:434–
441.

13

Metabolic imaging
L. Peterson

3. Grundy SM, Brewer HB, Cleeman JI, et al. Definition of
Metabolic Syndrome: report of the National Heart, Lung, and
Blood Institute/American Heart Association Conference on
Scientific Issues Related to Definition. Circulation. 2004;109:
433–483.
4. Neubauer S, Horn M, Cramer M, et al. Myocardial phosphocreatine-to-ATP ratio is a predictor of mortality in patients
with dilated cardiomyopathy. Circulation. 1997;96:2190–
2196.
5. Bottomley PA, Atalar E, Weiss RG. Human cardiac highenergy phosphate metabolite concentrations by 1D-resolved
NMR spectroscopy. Magn Reson Med. 1996;35:664–670.
6. Szczepaniak LS, Dobbins RL, Metzger GJ, et al. Myocardial
triglycerides and systolic function in humans: in vivo evaluation by localized proton spectroscopy and cardiac imaging.
Magn Reson Med. 2003;49:417–423.
7. Peterson LR, Herrero P, Schechtman KB, et al. Effect of obesity
and insulin resistance on myocardial substrate metabolism
and efficiency in young women. Circulation. 2004;109:2191–
2196.
8. Zhou YT, Grayburn P, Karim A, et al. Lipotoxic heart disease in
obese rats: implications for human obesity. Proc Natl Acad Sci
U S A. 2000;97:1784–1789.
9. Turpeinen AK, Takala TO, Nuutila P, et al. Impaired free fatty
acid uptake in skeletal muscle but not in myocardium in
patients with impaired glucose tolerance: studies with PET
and 14(R,S)-[18F]fluoro-6-thia-heptadecanoic acid. Diabetes.
1999;48:1245–1250.
10. Knuuti J, Takala TO, Nagren K, et al. Myocardial fatty acid
oxidation in patients with impaired glucose tolerance. Diabetologia. 2001;44:184–187.
11. Herrero P, Peterson L, McGill J, et al. Increased myocardial
fatty acid metabolism in patients with type 1 diabetes mellitus.
J Am Coll Cardiol. In press.
12. vom Dahl J, Herman WH, Hicks RJ, et al. Myocardial glucose
uptake in patients with insulin-dependent diabetes mellitus
assessed quantitatively by dynamic positron emission tomography. Circulation. 1993;88:395–404.
13. Nuutila P, Knuuti J, Ruotsalainen U, et al. Insulin resistance is
localized to skeletal but not heart muscle in type 1 diabetes.
Am J Physiol. 1993;264:E756–E762.

14

14. Randle PJ, Newsholme EA, Garland PB. Regulation of glucose
uptake by muscle. 8. Effects of fatty acids, ketone bodies and
pyruvate, and of alloxan-diabetes and starvation, on the
uptake and metabolic fate of glucose in rat heart and diaphragm muscles. Biochem J. 1964;93:652–665.
15. Jagasia D, Whiting JM, Concato J, Pfau S, McNulty PH. Effect
of non-insulin-dependent diabetes mellitus on myocardial
insulin responsiveness in patients with ischemic heart disease.
Circulation. 2001;103:1734–1739.
16. Iozzo P, Chareonthaitawee P, Dutka D, Betteridge DJ,
Ferrannini E, Camici PG. Independent association of type 2
diabetes and coronary artery disease with myocardial insulin
resistance. Diabetes. 2002;51:3020–3024.
17. Utriainen T, Takala T, Luotolahti M, et al. Insulin resistance
characterizes glucose uptake in skeletal muscle but not in the
heart in NIDDM. Diabetologia. 1998;41:555–559.
18. Lautamaki R, Airaksinen KE, Seppanen M, et al. Rosiglitazone
improves myocardial glucose uptake in patients with type 2
diabetes and coronary artery disease: a 16-week randomized,
double-blind, placebo-controlled study. Diabetes. 2005;54:
2787–2794.
19. Hallsten K, Virtanen KA, Lonnqvist F, et al. Rosiglitazone but
not metformin enhances insulin- and exercise-stimulated skeletal muscle glucose uptake in patients with newly diagnosed
type 2 diabetes. Diabetes. 2002;51:3479–3485.
20. Scheuermann-Freestone M, Madsen PL, Manners D, et al.
Abnormal cardiac and skeletal muscle energy metabolism
in patients with type 2 diabetes. Circulation. 2003;107:
3040–3046.
21. de las Fuentes L, Herrero P, Peterson LR, Kelly DP, Gropler RJ,
Davila-Roman VG. Myocardial fatty acid metabolism: independent predictor of left ventricular mass in hypertensive heart
disease. Hypertension. 2003;41:83–87.
22. Young ME, Laws FA, Goodwin GW, Taegtmeyer H. Reactivation of peroxisome proliferator-activated receptor alpha is
associated with contractile dysfunction in hypertrophied rat
heart. J Biol Chem. 2001;276:44390–44395.
23. Carlson LA, Kaijser L, Rossner S, Wahlqvist ML. Myocardial
metabolism of exogenous plasma triglycerides in resting man.
Studies during alimentary lipaemia and intravenous infusion
of a fat emulsion. Acta Med Scand. 1973;193:233–245.

Heart Metab. 2006; 30:11–14

