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Aims and Scope

Heart and Metabolism is a quarterly
journal focusing on the management
of myocardial ischemia. Its aim is to
inform cardiologists and other spe-
cialists about the newest findings of
the role of metabolism in cardiac
disease and to create awareness of
its potential clinical implications.
The management of patients with
angina, as well as those with heart
failure and hypertrophic or dilated
cardiomyopathy, will also be dis-
cussed. Moreover, the effects of
metabolic diseases such as diabetes
mellitus on the heart will be high-
lighted. Each issue will include an
editorial, followed by articles on a
key topic. Experts in the field will
explain the metabolic consequences
of cardiac disease and the multiple
potential targets for pharmacothera-
Ey in ischemic and non-ischemic
eart disease.

The figures on the cover show: The transthoracic
echocardiogram in the parasternal long axis view
depicts moderate mitral regurgitation (Top)
during atrial fibrillation, which disappears after
cardioversion to sinus rhythm (Bottom).
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s heart failure a metabolic disease?

René Lerch
Cardiology Center, Geneva University Hospital, Geneva, Switzerland
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Although overall mortality from cardiovascular
disease is declining, heart failure is increasing
in prevalence and is becoming a major chal-
lenge in cardiovascular medicine. Heart fail-
ure is the endstage condition of most cardio-
vascular disorders including coronary artery
disease, hypertension, valvular disease, con-
genital heart disease, and cardiomyopathy.
Improved survival in these predisposing condi-
tions, paradoxically, contributes to the overall
increase in the number of patients experienc-
ing late complications, including heart failure.

But why does the heart eventually fail?
Understanding the critical event(s) leading to
heart failure is essential for the improvement
of strategies to maintain circulatory function in
a compensated state for as long as possible. In
the 1960s, research mainly focused on the
hypothesis of depleted energy for contraction
and relaxation. In part because no clear rela-
tionship could be found between a reduction
in myocardial ATP content and contractile
dysfunction, the “energy depletion hypothe-
sis” lost popularity in the late 1970s. Instead,
observations on activation of neurohormonal
systems, accumulation of cytokines, downreg-
ulation of B-receptors, as well as altered
expression of cytoskeletal, contractile, and cal-
cium-handling proteins were seminal for the
development of today’s therapeutic
strategies.! Nevertheless, recent observations?
in both animal models and patients have
rekindled interest in myocardial energy
metabolism of the failing heart and have moti-
vated this issue of Heart and Metabolism.

In their introductory article, Paul Mohacsi
and colleagues emphasize that despite
progress in drug therapy, mortality in heart
failure remains high. Some further improve-
ment can be expected by more consequent
implementation of optimal treatment with
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ACE inhibitors, B-blockers, and aldosterone
antagonists to all eligible patients. Even if
available treatment options do not cure the
disease, they can considerably delay further
deterioration of the clinical condition. Pro-
gression of heart failure to NYHA classes 111
and IV is associated with both increased mor-
tality and an increase in the frequency of hos-
pital admissions, which is of concern not only
in terms of quality of life but also in terms of
economic cost. The authors mention that
many readmissions after discharge may be
prevented by improved postdischarge care of
patients.

The articles by William Stanley and Frans
Visser critically review recent reports on
changes in myocardial glucose and fatty acid
metabolism during left ventricular dysfunction.
Professor Visser emphasizes the role of
radionuclide imaging in extracting metabolic
information from patients noninvasively. Both
authors agree that the overall picture of the
pathogenetic role of substrate metabolism in
heart failure is incomplete. A number of stud-
ies in animal models of left ventricular over-
load in response to hypertension, aortic band-
ing, aorto-caval fistula, or infarction indicate
that left ventricular remodeling is associated
with a decrease in fatty acid oxidation and an
acceleration of glycolysis, and, in some stud-
ies, an increase in glucose oxidation.3-® This
suggests a return to a more fetal-like pattern
of substrate metabolism during left ventricular
remodeling, as pointed out by Professor Viss-
er. Unfortunately, very few studies have
specifically investigated the metabolic changes
occurring during progression from compensat-
ed remodeling to overt heart failure. In this
context, of interest are observations on the
expression of regulatory genes of substrate
metabolism which suggest downregulation of
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protein expression of enzymes of fatty acid
oxidation at the moment of cardiac decom-
pensation.” It may therefore be speculated
that myocardial function might be compro-
mised by a sudden restriction of fatty acid oxi-
dation, leading to lack of energy and/or accu-
mulation of potentially toxic fatty acid esters
in the myocardium. However, as pointed out
by Professor Visser, it remains to be deter-
mined whether these changes in gene expres-
sion are causally involved in progression to
heart failure or are epiphenomena.

Dr Stanley challenges the hypothesis of
restriction of fatty acid oxidation, referring to
clinical observations in patients with NYHA
class 11111 heart failure that suggest a shift in
the opposite direction in substrate use, from
glucose to fatty acid oxidation.? He presents
arguments indicating that high, rather than
low, fatty acid oxidation may trigger rapid
deterioration of function in the failing heart.
From studies in hearts with transient ischemia
it is known that inhibition of glucose oxidation
under conditions of high fatty acid oxidation
lowers metabolic efficiency in terms of con-
tractile function, most likely by accumulation
of protons. In his article Dr Stanley provides
initial evidence from clinical and experimental
studies indicating that pharmacological inhibi-
tion of fatty acid oxidation with etomoxir or
trimetazidine may improve contractile func-
tion of failing hearts, similar to observations
made during postischemic reperfusion.’

Is heart failure a metabolic disease? The
question cannot be answered at present, nor
probably in the foreseeable future. Heart fail-
ure is a multifactorial process and compro-
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mised energy metabolism may be just one
part. However, there is increasing evidence
that metabolic regulation is altered in failing
hearts, potentially opening up new avenues
for therapeutic interventions. m
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Myocardial energy metabolism in
heart failure: unanswered questions and
therapeutic opportunities
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Introduction

Chronic heart failure is generally defined as
the inability to maintain normal cardiac out-
put, and it classically presents with left ven-
tricular chamber dilation, impaired systolic
function, and elevated diastolic filling pres-
sure. Despite optimal medical therapy, heart
failure is a progressive disease with a high rate
of mortality and morbidity." Multiple neuro-
hormonal systems are overactivated (eg, sym-
pathetic nervous system, renin-angiotensin
system, cytokines, endothelin, atrial natriuretic
peptide, etc), which contributes to the pro-
gression of left ventricular remodeling, cardiac
fibrosis, and worsening of clinical symp-
toms.23 Current pharmacotherapies are aimed
at either symptom relief (eg, diuretics for
edema or dobutamine for acute cardiac
decompensation), or suppression of the over-
activation of the renin-angiotensin axis (ACE
inhibitors and angiotensin Il receptor antago-
nists) and the sympathetic nervous system
(B-adrenergic receptor antagonists).* These
therapeutic approaches significantly reduce
mortality in heart failure patients; however,
there is still progression of left ventricular dys-
function and a high rate of mortality and mor-
bidity. In addition, these drugs can acutely
compromise hemodynamic function, and they
are frequently poorly tolerated. Thus there is a
clear need for agents that are free of any neg-
ative effects on cardiac function but that will
stop or reverse the progression of heart failure
and improve cardiac function.

Heart and Metabolism

Myocardial energy metabolism
in heart failure

Cardiac muscle has an extremely rapid rate of
metabolism. Blood flow and oxygen consump-
tion are high and proportional to the rate of
formation of ATP in the mitochondria. ATP
synthesis is matched by ATP breakdown in the
cytosol, which drives the contractile work of
the heart and fuels the ion pumps that allow
for diastolic relaxation (Figure 7). The content
of ATP in the heart is low relative to the rate
of ATP breakdown, with complete turnover of
the cardiac ATP pool every 10-15 s.> ATP is
resynthesized via oxidative phosphorylation, a
process that is driven by the combustion of
carbohydrates and fat in the mitochondrial
matrix, and the transfer of electrons from car-
bon fuels to reduced nicotinamide adenine
dinucleotide (NADH) and the electron trans-
port chain (Figure 7).

The electron transport chain pumps protons
into the mitochondrial intermembrane space,
and ATP is formed via oxidative phosphoryla-
tion by the mitochondrial ATPase (Figure 7).
The heart is an omnivore, and forms ATP with
energy released from the combustion of a
mixture of lactate (10 to 25% of the total
energy), glucose (10 to 25%), and fatty acids
(50 to 80%).

There is growing evidence from pharmacol-
ogy studies that impaired carbohydrate oxida-
tion and high rates of fatty acid oxidation con-
tribute to the mechanical dysfunction of the
myocardium and the progression of heart fail-
ure.5"" Unfortunately, our understanding of
the role of changes in myocardial energy
metabolism in the natural history of heart fail-
ure is poor.'? Studies in heart failure patients
and large animal models of heart failure sug-
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Figure 1. Pathways of myocardial energy metabolism. ATP is formed by oxidative phosphorylation on the inner
mitochondrial membrane, and is broken down in the cytosol to release energy for contractile work, Ca?*
uptake into the sarcoplasmic reticulum, and ion pumps. The metabolism of carbon fuels transfers

hydrogen atoms to reduced nicotinamide adenine dinucleotide (NADH), which fuels the electron transport
chain and oxidative phosphorylation. Pi, Inorganic Phosphate; PDH, pyruvate dehydrogenase.

gest that the function of cardiac mitochondria
is depressed, and there are lower ATP lev-
els.>"'8 Cardiac fuel selection has been mea-
sured in NYHA class Il-Il heart failure
patients, showing a significant switch towards
fatty acid metabolism, with less carbohydrate
oxidation compared with age-matched
healthy people.’ On the other hand,
myocardium from patients?® and dogs?' in
endstage heart failure suggests a switch to glu-
cose oxidation and away from fatty acids as
the heart decompensates.

Metabolic therapies for heart failure

There are intriguing data in heart failure
patients suggesting that acute treatment with
agents that switch substrate oxidation away
from fatty acids and towards carbohydrate
oxidation improves cardiac function without
eliciting any negative hemodynamic effects.
Studies in humans and animals found that the
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contractile performance of the heart at a given
rate of oxygen consumption is greater when
the heart is oxidizing glucose and lactate
rather than fatty acids.?>>* The rate of fatty
oxidation is mainly regulated by the concen-
tration of free fatty acids in the plasma, the
activity of carnitine palmitoyl transferase-1
(CPT-1), and the activity of a series of
enzymes that catalyze the multiple steps of
fatty acid B-oxidation (Figure 2).?° Fatty acid
oxidation strongly inhibits glucose and lactate
oxidation at the level of pyruvate dehydroge-
nase (PDH); this inhibition is mediated by the
high ratios of NADH/oxidized NAD and
acetyl-CoA/free CoA induced by fatty acid
oxidation, which feed back and inhibit flux
through PDH (Figure 2). The rate of fatty acid
oxidation can be pharmacologically
decreased, and the rate of glucose and lactate
oxidation increased, by inhibiting the enzymes
of fatty acid oxidation or CPT-1 (Figure 2), or
by activating PDH through inhibition of PDH
kinase, the regulatory enzyme that phosphory-

Heart and Metabolism



Free fatty acids

Cytosol
Pyruvate

Outer mitochondrial membrane

Inner mitochondrial membrame

Fatty acyl-CoA

Fatty acyl-camitine

NAD" + CoA-SH

Acetyl-CoA

Citric
Mitochondrial acid
matrix cycle

Fatty acyl-CoA

Fatty acid
B-oxidation

. “Trimetazidine
NAD "~ + CoA-SH

Figure 2. Regulation of mitochondrial carbohydrate and fatty acid metabolism. Fatty acids are esterified to
fatty acyl-free coenzyme A (CoA) in the cytosol, which cannot pass the inner mitochondrial membrane. The
enzyme carnitine palmitoyl transferase-1 (CPT-1) converts fatty acyl-CoA to fatty acyl-carnitine, which is trans-
ported into the mitochondrial matrix, reconverted back to fatty acyl-CoA, and undergoes B-oxidation to form
acetyl-CoA and generate reduced nicotinamide adenine dinucleotide (NADH). Glucose and lactate are con-
verted to pyruvate, which is oxidized by pyruvate dehydrogenases (PDH) to acetyl-CoA and NADH. The flux
of pyruvate to acetyl-CoA through PDH is strongly inhibited by the NADH and acetyl-CoA formed from fatty
acid B-oxidation. The antianginal drug trimetazidine inhibits the B-oxidation enzyme 3-ketoacyl! thiolase, and
increases the oxidation of pyruvate. CoA-SH, free Coenzyme A; NAD*, oxidized NADH.

lates and inhibits PDH.2> When myocardial
carbohydrate oxidation is acutely increased in
heart failure patients by inhibiting PDH kinase
with intravenous dichloroacetate there is a
rapid improvement in left ventricular mechani-
cal function.® A similar effect is observed when
pyruvate oxidation is increased with an intra-
coronary infusion of pyruvate.?® We have
shown that acute treatment with the partial
fatty acid oxidation inhibitor ranolazine results
in an increase in cardiac output and external
ventricular power without an increase in
myocardial oxygen consumption in dogs with
microembolism-induced chronic heart fail-
ure.®? Thus there is good evidence that acute-
ly reducing the rate of fatty acid oxidation and
increasing carbohydrate oxidation improves
mechanical function in the failing heart.

Heart and Metabolism

Is the progression of heart failure reversed
or slowed by chronic treatment with drugs
that switch cardiac substrate metabolism away
from fat and towards carbohydrate oxidation?
The answer to this question is not known.
There is strong evidence that this approach
works for the treatment of chronic stable angi-
na. In double-blind placebo-controlled trials
with partial inhibitors of cardiac fatty acid oxi-
dation, such as the long-chain 3-ketoacyl-
CoA-thiolase (3-KAT) inhibitor trimetazi-
dine,?”28 or with perhexiline? or ranolazine,®
there is a significant improvement in exercise
duration and time to 1T-mm ST-segment
depression in patients with stable angina,
despite no effect on heart rate or blood pres-
sure. Trials specifically testing the effects of
these agents in heart failure patients have not
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been reported. A recent open-label study in
NYHA class II-11l heart failure with etomoxir
(a partial inhibitor of fatty acid oxidation
acting on CPT-1) showed improvement in
exercise performance and left ventricular
function (stroke volume and left ventricular
ejection fraction at rest increased from 69 + 4
to 92 £9 mL and from 21.5 + 2% to 27.0
* 2.3%, respectively, after 3 months of treat-
ment).'%3" As noted by Michael Bristow in his
recent editorial in the Lancet,?' “[these results]
are consistent with the hypothesis that eto-
moxir can favourably alter the expression of
dysregulated genes that control contractile
function in the failing human heart’. Preclini-
cal results with the 3-KAT inhibitor trimetazi-
dine suggest that direct inhibition of fatty acid
oxidation improves survival in heart failure.
When cardiomyopathic Syrian hamsters (a
rodent model of heart failure with impaired
myocardial carbohydrate oxidation)'® were
given trimetazidine in the drinking water to
achieve plasma levels similar to those found in
clinical trials with stable angina patients, there
was a significant 57% increase is survival time
from 364 to 560 days.” Taken together, these
results suggest that inhibition of fatty acid oxi-
dation can slow the progression of heart fail-
ure, and that therapies that chronically inhibit
fatty acid oxidation and stimulate carbohy-
drate oxidation in the heart could result in a
long-term improvement in clinical outcome.
There is some indication that the efficacy of
B-adrenergic receptor antagonists in heart fail-
ure patients is associated with a switch in sub-
strate metabolism from fat towards greater
carbohydrate oxidation. Chronic treatment of
heart failure patients with metoprolol3? and
carvedilol®3 is associated with a significant
shift in substrate metabolism away from fatty
acids and towards carbohydrate oxidation and
improved cardiac function. It remains to be
established whether the switch in substrate
use is causally related to improvement in left
ventricular function.
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Conclusion

In summary, the chronically failing heart has
been shown to be metabolically abnormal, in
both animal models and in patients. At pre-
sent, there are few data on the effects of heart
failure on the rates of myocardial glucose, lac-
tate and fatty acid metabolism and oxidation;
thus it is not possible to draw definitive con-
clusions about cardiac substrate preference in
the various stages and manifestations of the
disease. There is some indication that com-
pensated NYHA class [I-11I heart failure
patients have impaired carbohydrate oxida-
tion, and that therapies that partially inhibit
fatty acid oxidation and increase carbohydrate
oxidation result in acute and chronic improve-
ment in left ventricular function, and slow the
progression of the disease. This intriguing
hypothesis awaits clinical evaluation. m

REFERENCES

1. Bristow MR, Gilbert EM, Abraham WT, et al.
Carvedilol produces dose-related improvements in
left ventricular function and survival in subjects with
chronic heart failure. Circulation.
1996;94:2807-2816.

2. Francis GS, Goldsmith SR, Levine TB, Olivari MT,
Cohn JN. The neurohumoral axis in congestive
heart failure. Ann Intern Med. 1984;101:370-377.

3. Baumgarten G, Knuefermann P, Mann DL.
Cytokines as emerging targets in the treatment of
heart failure. Trends Cardiovasc Med.
2000;10:216-223.

4. Williams JF, Bristow MR, Fowler MB, et al. Guide-
lines for the evaluation and management of heart
failure: report of the American College of Cardiolo-
gy/American Heart Association Task Force on Prac-
tice Guidelines (Committee on Evaluation and Man-
agement of Heart Failure). Circulation.
1995;92:2764-2784.

5. Opie L. The Heart: Physiology, from Cell to Circula-
tion. Philadelphia, PA: Lippincott-Raven; 1998.

6. Bersin RM, Wolfe C, Kwasman M, et al. Improved
hemodynamic function and mechanical efficiency
in congestive heart failure with sodium dichloroac-
etate. ] Am Coll Cardiol. 1994;23:1617-1624.

7. D’hahan N, Taouil K, Dassouli A, Morel JE. Long-
term therapy with trimetazidine in cardiomyopathic
Syrian hamster BIO 14:6. Eur ] Pharmacol.
1997;328:163-174.

8. Sabbah HN, Mishima T, Suzuki G, et al. Ranolazine,
a partial fatty acid oxidation inhibitor improves left
ventricular function in dogs with heart failure but

Heart and Metabolism



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

not in normals [abstract]. Circulation. 2000; 102:
11-721.

. Sabbah HN, Chandler MP, Suzuki G et al.

Ranolazine improves left ventricular mechanical
efficiency in dogs with heart failure: comparison
with dobutamine [abstract]. /] Am Coll Cardiol.
2001;37:173A.

Schmidt-Schweda S, Holubarsch C. First clinical trial
with etomoxir in patients with chronic heart failure.
Clin Sci. 2000;99:27-35.

Turcani M, Rupp H. Etomoxir improves left ventric-
ular performance of pressure-overloaded rat heart.
Circulation. 1997;96:3681-3686.

Stanley WC, Hoppel CL. Mitochondrial dysfunction
in heart failure: potential for therapeutic interven-
tions? Cardiovasc Res. 2000;45:805-806.

Bashore TM, Magorien D), Letterio J, Shaffer P,
Unverferth DV. Histologic and biochemical corre-
lates of left ventricular chamber dynamics in man.
J Am Coll Cardiol. 1987;9:734-742.

Shen W, Asai K, Uechi M, et al. Progressive loss of
myocardial ATP due to a loss of total purines during
the development of heart failure in dogs: a com-
pensatory role for the parallel loss of creatine.
Circulation. 1999;100:2113-2118.

Hoppel CL, Tandler B, Parland W, Turkaly JS, Albers
LD. Hamster cardiomyopathy: a defect in oxidative
phosphorylation in the cardiac interfibrillar mito-
chondria. J Biol Chem. 1982;257:1540-1548.

Di Lisa F, Chong-Zu F, Gambassi G, Hogue GA,
Kudryashova I, Hansford RG. Altered pyruvate
dehydrogenase control and mitochondrial and free
Ca?* in hearts of cardiomyopathic hamsters.

Am | Physiol. 1993;264:H2188-H2197.

Sabbah HN, Sharov VG, Riddle JM, Kono T, Lesch
M, Goldstein S. Mitochondrial abnormalities in
myocardium of dogs with chronic heart failure.

] Mol Cell Cardiol. 1992;24:1333-1347.

Sharov VG, Sabbah HN, Cook JM, Silverman N,
Lesch M, Goldstein S. Abnormal mitochondrial res-
piration in failed human and dog myocardium.

] Mol Cell Cardiol. 1998;30:1757-1762.

Paolisso G, Gambardella A, Galzerano D, et al. Total
body and myocardial substrate oxidation in conges-
tive heart failure. Metabolism. 1994;43:174-178.
Sack MN, Rader TA, Park S, Bastin J, McCune SA,
Kelly DP. Fatty acid oxidation enzyme gene expres-
sion is downregulated in the failing heart. Circula-
tion. 1996;94:2837-2842.

Recchia FA, McConnell Pl, Bernstein RD, Vogel TR,
Xu X, Hintze TH. Reduced nitric oxide production
and altered myocardial metabolism during the
decompensation of pacing-induced heart failure in
the conscious dog. Circ Res. 1998;83:969-979.

Heart and Metabolism

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Korvald C, Elvenes OP, Myrmel T. Myocardial
substrate metabolism influences left ventricular
energetics in vivo. Am J Physiol.
2000;278:H1345-H1351.

Mjas OD. Effect of free fatty acids on myocardial
function and oxygen consumption in intact dogs.

J Clin Invest. 1971;50:1386-1389.

Simonsen S, Kjekshus JK. The effect of free fatty
acids on myocardial oxygen consumption during
atrial pacing and catecholamine infusion in man.
Circulation. 1978;58:484-491.

Stanley WC, Lopaschuk GD, Hall JH, McCormack
JG. Regulation of myocardial carbohydrate metabo-
lism under normal and ischaemic conditions:
potential for pharmacological interventions.
Cardiovasc Res. 1997;33:243-257.

Hermann HP, Peike B, Schwarzuller E, Jeul J,

Just H, Hasenfuss G. Haemodynamic effects of
intracoronary pyruvate in patients with congestive
heart failure: an open study. Lancet.
1999;353:1321-1323.

Kantor PF, Lucien A, Kozak R, Lopaschuk GD. The
antianginal drug trimetazidine shifts cardiac energy
metabolism from fatty acid oxidation to glucose oxi-
dation by inhibiting mitochondrial long-chain
3-ketoacyl coenzyme A thiolase. Circ Res.
2000;86:580-588.

Dalla-Volta S, Maraglino G, Della-Valentina P, Viena
P, Desideri A. Comparison of trimetazidine with
nifedipine in effort angina: a double-blind,
crossover study. Cardiovasc Drugs Ther.
1990;4:853-860.

Cole PL, Beamer AD, McGowan N, et al. Efficacy
and safety of perhexiline maleate in refractory
angina. A double-blind placebo-controlled clinical
trial of a novel antianginal agent. Circulation.
1990;81:1260-1270.

McCormack JG, Stanley WC, Wolff AA. Pharmacol-
ogy of ranolazine: a novel metabolic modulator for
the treatment of angina. Gen Pharmacol.
1998;30:639-645.

Bristow MR. Etomoxir: a new approach to treat-
ment of chronic heart failure. Lancet.
2000;356:1621-1622.

Eichhorn EJ, Heesch CM, Barnett JH, et al. Effects
of metoprolol on myocardial function and
energetics in patients with ischemic dilated car-
diomyopathy: a randomized double blind, placebo-
controlled study. J Am Coll Cardiol.
1994;24:1310-1320.

Wallhaus TR, Taylor M, DeGrado TR, et al. Myocar-
dial free fatty acid and glucose use after carvedilol
treatment in patients with congestive heart failure.
Circulation. 2001;103:2441-2446.

Number 14, 2001



Prevalence, increase,
and costs of heart failure

Paul Mohacsi, Giorgio Moschovitis, Hildegard Tanner, Otto M. Hess, Roger Hullin
Cardiology, Swiss Cardiovascular Center Bern,
University Hospital (Inselspital), Bern, Switzerland

Correspondence: Dr Paul Mohacsi, Cardiology, Swiss Cardiovascular Center Bern,
University Hospital (Inselspital), 3010 Bern, Switzerland.
Tel: +41 31 632 4464, fax: +41 31 632 4299, e-mail: paul.mohacsi@insel.ch

Introduction

Heart failure is recognized as a major and
escalating public health problem in industrial-
ized countries with aging populations. It is
therefore of utmost importance to carry out
epidemiologic and economic investigations
into heart failure. Morbidity in heart failure
patients, measured as quality of life or hospi-
talization rate, is high; if the heart failure is in
an advanced stage and untreated, the mortal-
ity rate in these patients is comparable to that
in malignant neoplasia.? Heart failure patients
may die as quickly as those suffering from
pancreatic tumor and their suffering is proba-
bly no less. Nobody would question the
necessity of investigating patients with a sus-
pected malignancy using expensive CT or MRI
technology. Measurement of sometimes ques-
tionable tumor markers is widely accepted, as
are the costs of these treatment strategies,
even in hopeless cases. Cancer patients
receive treatment even at an advanced age.

Unfortunately, patients with heart failure are
not managed in the same way as those with
carcinoma. It is acknowledged that diagnostic
evaluation and guideline-based treatment are
not sufficiently widespread.3=

Epidemiologic data on heart failure are
available® but are incomplete, for example
with respect to the speed of the rising preva-
lence, which is certainly partly due to the
increasing number of elderly. With heart fail-
ure, we may face a new medical challenge
which may surpass epidemiological problems
such as HIV or BSE. National and internation-
al heart failure registry data will help us to
assess the magnitude of the epidemic and
enable us to influence colleagues who do not
adhere to heart failure guidelines, as well as
health care insurance providers, administra-
tors, and politicians.’®
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Any attempt to describe the epidemiology,
growth rate and costs associated with heart
failure must rely on a precise definition of
what heart failure is (Table ). The focus of this
article is a clinical syndrome which also
includes patients with asymptomatic disease
labeled NYHA class | heart failure, for exam-
ple asymptomatic left ventricular systolic or
diastolic dysfunction.® Many patients are not
given a correct diagnosis, particularly those
with mild to moderate heart failure in whom a
diagnosis based solely on clinical findings is
unreliable.’® In the heart failure population,
cardiac function must be objectively assessed
by echocardiography.’'> Echocardiographic
surveys of individuals within well-defined
populations are needed.

Comprehensive reviews of the epidemiology
and associated burden of heart failure have
been published by McMurray et al® and

Table I. Definitions of heart failure.

* A state in which the heart fails to maintain an ade-
quate circulation for the needs of the body despite
a satisfactory filling pressure (Wood, 1950)

* A pathophysiological state in which an abnormality
of cardiac function is responsible for the failure of
the heart to pump blood at a rate commensurate
with the requirements of the metabolizing tissues
(Braunwald, 1980)

* A clinical syndrome caused by an abnormality of the
heart and recognized by a characteristic pattern of
hemodynamic, renal, neural, and hormonal
responses (Poole-Wilson, 1985)

* Symptoms of heart failure, objective evidence of
cardiac dysfunction, response to treatment directed
towards heart failure (ESC Task Force, 1995)"

* A complex clinical syndrome characterized by
abnormalities of left ventricular function and neuro-
humoral regulation which are accompanied by
effort intolerance, fluid retention, and reduced
longevity (Packer, 1998)'?
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Cowie et al.” The latter review gives a clear
overview of the epidemiology of heart failure.
Recently, McMurray and Stewart published a
comprehensive update on the epidemiology,
etiology, and prognosis of heart failure.?

One of the earliest articles on the epidemi-
ology of heart failure came from the Framing-
ham study.®

Analysis of 34 years of follow-up in the
Framingham study provided clinically relevant
insights into the prevalence, incidence, secu-
lar trends, prognosis, and modifiable risk fac-
tors of heart failure in a general population
sample. Heart failure was found to be highly
prevalent, affecting 1% of individuals in their
fifties and rising progressively with age to
afflict 10% of those in their eighties.® The
annual incidence also increased with age,
from approximately 0.2% in individuals aged
45 to 54 years, to 4% in men aged 85 to 94
years, the incidence approximately doubling
with each decade of age.

In the Framingham study, hypertension and
coronary artery disease were the predominant
causes of heart failure and accounted for
more than 80% of all clinical events. Factors
reflecting deteriorating cardiac function were
associated with a substantial increase in risk
for overt heart failure. These include poor
vital capacity (demonstrated as pulmonary
vascular engorgement resulting from malfunc-
tion of the left ventricle), sinus tachycardia,
and ECG evidence of left ventricular hypertro-
phy. The risk of heart failure tended to
increase progressively with heart rate through-
out the range observed in both sexes but
more prominently in men than in women. At
a rate above 85 bpm, the risk of heart failure
in men was almost double that of individuals
with lower heart rates at all blood pressure
levels. Modifiable predisposing risk factors for
heart failure included hypertension, impaired
glucose tolerance, elevated total:HDL choles-
terol ratio, obesity, and cigarette smoking. We
believe that using simple clinical evaluations
and laboratory tests, it is possible to identify
high-risk candidates for heart failure early in
its course, thus enabling preventive manage-
ment before irreversible myocardial damage
occurs.®
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During the 1980s, the annual age-adjusted
incidence of congestive heart failure among
individuals aged 45 years was 7.2 cases per
1000 in men and 4.7 cases per 1000 in
women, whereas the age-adjusted prevalence
of overt heart failure was 24 per 1000 in men
and 25 per 1000 in women. Despite
improved treatments for ischemic heart dis-
ease and hypertension, the age-adjusted inci-
dence of heart failure has declined by only
11% per calendar decade in men and by 17%
per calendar decade in women during a 40-
year period of observation. In the pre-B-
blocker era, however, congestive heart failure
remained highly lethal, with a median survival
of only 1.7 years in men and 3.2 years in
women, and a 5-year survival of 25% in men
and 38% in women.'®

The abovementioned article by McMurray
and Stewart,® published in 2000, is the most
recent on the epidemiology of heart failure. It
demonstrates these data are principally avail-
able from five types of study:

* Cross-sectional and longitudinal follow-up
surveys of well-defined populations: these
have almost exclusively focused on individ-
uals with clinical signs and symptoms
indicative of chronic heart failure. Ongoing
registries such as the IMPROVEMENT of
HFE?3# the Swiss Heart Failure Registry,> and
the future European Advanced Heart Failure
Registry belong to this group. Most also
include individuals from other types of study.

* Cross-sectional surveys of individuals who
have been medically treated for signs and
symptoms of heart failure within a well-
defined region.

* Echocardiographic surveys of individuals
within a well-defined population to deter-
mine the presence of left ventricular sys-
tolic dysfunction: one such survey is cur-
rently ongoing among an elderly popula-
tion (age 70 to 80 years), organized by Ulf
Dahlstrom in Sweden (personal communi-
cation).

* Nationwide studies of annual trends in
heart failure-related hospitalization identi-
fied on the basis of diagnostic coding at
discharge: the Euro Heart Failure Survey'”
is @ major attempt to describe the quality
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of hospital care, both diagnostic and thera-
peutic, in patients with suspected or con-
firmed heart failure among member coun-
tries of the European Society of Cardiology
(ESC). Patients will be interviewed subse-
quent to hospital discharge to assess their
understanding of the condition, their side
effects from and compliance with therapy,
and their satisfaction with the management
of their heart failure. The quality of man-
agement will be judged according to the
recommendations contained in the ESC
guidelines on the diagnosis and treatment
of heart failure."" Outcome will be fur-
ther assessed by repeated interviews in
6-12 months’ time. A further survey of
heart failure in 2001/2002 is also planned.
One article from Switzerland studied a

group of heart failure patients referred in
1998 to a university hospital.’ This study,
however, was not nationwide.

* Comprehensive clinical registries collected
in conjunction with clinical trials: these
include a large proportion of individuals
identified on the basis of having both
impaired left ventricular systolic dysfunc-
tion and signs and symptoms of heart fail-
ure; the SOLVD and SPICE investigators set
up this type of registry.2%21

In the USA, there are some 5 to 6 million
heart failure patients comprising about

600,000 new cases per year. In Switzerland,

there are some 150,000 heart failure cases®

and equivalent to almost half the population
of Zurich. The overall reported prevalence
rate of heart failure in the UK, USA, and

Table II. Reported prevalence of heart failure according to McMurray and Stewart.”

Study

Surveys of treated patients
RCGP, 195832
Gibson et al, 1966°*
RCGP, 1986%*
Parameshwar et al, 199223
Rodeheffer et al, 199324
Mair et al, 19943°
RCGP, 19953¢
Clarke et al, 19952%°
Mohacsi et al, 2001°

Population screening

Location Overall prevalence Prevalence rate in older
rate age group

UK national data 3/1000 —

Rural cohort, USA 9-10/1000 65/1000 (>65 years)

UK national data 11/1000 —

London, UK 4/1000 28/1000 ( >65 years)

Rochester, MN, USA 3/1000 (<75 years) —

Liverpool, UK 15/1000 80/1000 (>65 years)

UK national data 9/1000 74/1000 (65-74 years)

Nottinghamshire, UK 8-16/1000 40-60/1000 (>70 years)

Switzerland 4/1000 —

Droller & Pemberton, 195337 Sheffield, UK

Garrison et al, 19662°
McKee et al, 1971%
Landahl et al, 198428
Eriksson et al, 198938
Schocken et al, 199229

Mittelmark et al, 199331

RCGP, 1995
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Georgia, USA
Framingham, MA, USA
Sweden (males only)
Gothenburg, Sweden

USA national data
(NHANES)

USA national data
(Cardiovascular Health
Study)

UK national data

11

20/1000

— 30-50/1000 (>62 years)
21/1000 (45-74 years)

35/1000 (65-74 years)
23/1000 (60-79 years)
80-170/1000

3/1000 (<63 years)

3/1000 (<75 years) >67 years)

— 130/1000 (>67 years)
20/1000

(
(
(
(
(
80/1000 (>65 years)

80/1000 (>65 years)
9/1000 (25-74 years) 74/1000 (65-74 years)
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Annual CHF incidence, per 1,000 persons

Table IlI. Reported incidence of heart failure in the literature.’

Study Location

Eriksson et al, 198938 Sweden

(men born in 1913)

Remes, 1992 Eastern Finland

Ho et al, 1993'¢
Rodeheffer et al, 19932

Cowie et al, 199939 London, UK

Sweden is between 3 and 20 per 1000 popu-
lation and in the older age group ranges
between 23 and 130 per 1000 population
(Table I1).7-9,22-31

The reported incidence of heart failure was
summarized in the literature as shown in Table
m.°

Outlook
As already indicated, we can expect a remark-

able increase in the prevalence of heart failure
in the foreseeable future. It is difficult, howev-

S0 ] Men

] Women

204

1l

O T T T T T 1
30-39 40-49 50-59 60-69 70-79 80-89

Age (years)

Figure 1. Incidence rate of congestive heart failure
among Framingham heart study subjects according
to gender and age.’®
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Framingham, MA, USA
Rochester, MN, USA

Incidence rate

Whole population  Older age groups

— 10/1000
(61-67 years)
1-4/1000 8/1000
(45—74 years) (>65 years)
2/1000 =
1/1000 16/1000
(<75 years) (>65 years)
1/1000 12/1000
(>85 years)

er, to calculate a likely prognosis. Figure 1
depicts the incidence rate of congestive heart
failure among Framingham heart study sub-
jects according to gender and age. Since the
aging population is growing, we will have to
confront a continuing increase in the numbers
of heart failure patients at least in the Western
industrialized countries.

Heart failure in the elderly

Heart failure readmission rates, especially in
the elderly, are high.*® Clinical trials have
shown that the case fatality related to heart
failure is high but can be significantly reduced
by medical therapies such as ACE inhibitors
and, more recently, B-blockers. However,
these studies have enrolled mainly middle-
aged men and thus are unrepresentative of
the general population of patients with heart
failure, who tend to be elderly and distributed
equally between the sexes. The prognosis of
these older patients has been less well stud-
ied. Maclntyre et al*' evaluated current sur-
vival and the impact of newer therapies such
as ACE inhibitors and fatality rates over a 10-
year period in a large unselected population
of 66,547 patients referred to hospital. The
study revealed that heart failure fatality is
much higher in the general population than in
clinical trials, especially in the elderly.
Although survival has increased significantly
over the last decade, there is still room for
improvement.
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Nurse-directed, multidisciplinary interven-
tion has been shown to improve quality of life
and reduce hospital use and medical costs in
elderly patients with congestive heart failure.*?

Impact on heart failure management

Only a small proportion of heart failure
patients receive optimal treatment. There is a
strong need to improve the care of patients
with heart failure, encompassing the whole
spectrum of patient management including
diagnosis, medical treatment, and education
of patients and relatives to increase their
knowledge about heart failure and self-care.
This could be achieved by dissemination of
the specialized knowledge accumulated over
many years in university-based heart failure
centers. Regional heart failure centers should
be established and staffed by specialist cardi-
ologists. This strategy would enable the estab-
lishment of regional heart failure disease man-
agement programs and national cluster net-
work systems. Since we are dealing with an
epidemic, specially trained nurses must be
employed in the future.*> A number of coun-
tries have been using this successful compre-
hensive approach for many years.13:50:44-48
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Costs

Cardiovascular disease accounts for approxi-
mately 40% of the annual mortality in the
USA, and ischemic heart disease is the main
cause of death in both men and women.*
Within the context of this enormous public
health problem, there are some both encour-
aging and discouraging trends. On the one
hand, the death rate from myocardial infarc-
tion, the main cause of death within the gen-
eral category of cardiovascular disease, has
been declining over the last 20 years. Yet, as
patients live longer with coronary artery dis-
ease, or as it develops later in life, the related
problem of heart failure from ischemic car-
diomyopathy or other causes has emerged as a
health problem of epidemic proportions with
major socioeconomic implications.®° The high
annual mortality, marked disability, and subse-
quent unemployability of subjects with heart
failure are heavy burdens on society.

Heart failure consumes 1 to 2% of health
care expenditure in a number of industrialized
countries.? Figure 2 depicts the heart failure
admissions rate per year in Western devel-
oped countries from 1978 to 1993. Figure 3
summarizes the costs of chronic heart failure
compared with total health care expenditure

- Sweden Netherlands
(>75 years) (65—74 years)
o o 6 O ¢
Spain
(All ages)

Scotland
(All ages)

(65—74 years)

Sweden USA
(All ages)

20 New Zealand
o h—A—p—t— & A[ iy
10

1978 1980 1982 1984

1986 1988 1990 1992 1993

Figure 2. Heart failure admissions rate per year in Western developed countries from 1978 to 1993.%
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Sweden (1998)

| SEK 2579 m (74%)

UK (1991)

GBP 360 m (60%)

France (1990)

FRF 11.4 b (64%)

USA (1989)

lUSD 9 b (71%)

Netherlands (1988)

NLG 444 m (67%)

New Zealand (1990)

INZD 73 m (74%)

0 0.5

1 1.5 2

Percentage of total health care expenditure

Figure 3. The component of hospital costs contributing to total expenditure quoted in the local currency and
(in brackets) the percentage of chronic heart failure expenditure attributable to hospitalization.

in six different countries. Unfortunately, statis-
tics regarding the prevalence and social costs

of heart failure are only estimates because of

the complexity of data collection.

In Sweden, the yearly costs associated with
heart failure are estimated to be around USD
260 million;* the hospital costs for heart fail-
ure account for up to 75% of total costs,
whereas drugs only account for up to 8% of
total costs.>> We know that the readmission
rate for patients with heart failure is quite high
(29% to 47%) within 3 months of discharge
from hospital.*%>3 Studies have shown that
almost 50% of all readmissions might be pre-
ventable.*?>3 Information and self-education
among heart failure patients are inadequate
and as a result compliance is low.>*

In the USA it is believed that at least USD 9
billion per year are spent caring for these
patients and that about 300,000 people with
heart failure die annually. These extrapolated
numbers are taken from a 1993 publication.>®

Many accepted cardiovascular interventions,
such as revascularization for multivessel dis-
ease (USD 50,000 per year of life gained) or
the use of statins for hypercholesterolemia in
middle-aged men at high risk for cardiovascu-
lar events (USD 30,000 per year of life
gained), are associated with moderate

Heart and Metabolism

expense. By contrast, heart failure is one of
the few conditions in which lives may be
saved while significantly reducing costs. ACE
inhibitors, B-blockers, and digoxin all appear
to be cost-effective under widely differing sets
of assumptions.>> For example, calculations
from the COPERNICUS study®® revealed that
if 7000 patients with heart failure similar to
those in COPERNICUS were treated with
carvedilol for 3 years, we would save about
200 lives (M. Packer, ESC 2000).

Being aware of the enormous impact of
medical therapy of heart failure, there is no
single strategy to prevent a global financial cri-
sis in heart failure care. However, a set of rec-
ommendations has been proposed as a means
to overcome major obstacles.>”->% Even with
managed care and government efforts to con-
trol growth, United States” health spending
per capita grew more rapidly in the 1990s
than that in the average industrialized
country.® Per capita health spending in 1997
ranged from a high of USD 3925 in the USA
to a low of USD 260 in Turkey. Switzerland
shares this problem as the country with the
second-highest health care expenditure in the
world (USD 2547 per capita). These data
highlight the complexity of our modern health
care system and show how economic calcula-
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Am Coll Cardiol. 1993;22(4 suppl A):6A-13A.
Cleland JG, Swedberg K, Cohen-Solal A, et al. The
Euro Heart Failure Survey of the EUROHEART sur-

tions are difficult to make and can be biased.
This has to be taken into account in discus-
sions among specialist cardiologists, health

17.

care economists, and politicians.
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Introduction

Cardiac metabolism is the basis for all cardiac
processes such as contraction and mainte-
nance of cellular structure and integrity.
Therefore, abnormalities of metabolism may
result in abnormalities of contractile function.
In recent years, new data have become avail-
able giving insight into the metabolic abnor-
malities in patients with heart failure. In this
overview, some of the aspects of the metabol-
ic abnormalities in heart failure will be dis-
cussed with emphasis on energy metabolism
and its noninvasive assessment using radiola-
beled nutrients.

Exploring cardiac energy metabolism

Under normal conditions the heart uses a
variety of substrates such as carbohydrates,
lipids, and proteins. Of these nutrients, glu-
cose, fatty acids, and acetate contribute most
to the production of energy-rich phosphates,
whilst other carbohydrates and proteins play a
minor role. Availability (measured in plasma
levels) strongly determines which substrate is
oxidized. For example, during fasting there is
a high blood level of fatty acids, and fatty acid
oxidation provides 60 to 70% of the energy
production,’ whereas after a carbohydrate-
rich meal, when glucose and insulin levels are
increased, fatty acid contribution falls to
approximately 30%, and 60% of the energy
production is derived from glucose oxidation.
During exercise the skeletal muscles produce
lactate and this substrate is readily extracted
by the heart, leading to a lactate energy pro-
duction contribution of approximately 60%.

Under ischemic conditions with low flow
and oxygen deprivation, the heart switches to
anaerobic glycolysis, leading to production of
lactate and a limited amount of ATP
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Exploring energy metabolism of the
heart

Cardiac energy metabolism can be studied in
patients either by invasive procedures in
which the arterial system and the coronary
sinus are cannulated, or by using radiolabeled
nutrients. The invasive approach can only
determine global extraction and uptake of
nutrients. The advantage is, however, that lac-
tate extraction and release can be measured.
Radiolabeled glucose and structurally different
labeled fatty acids have all successfully been
employed in patient studies. The main advan-
tage is that it is a noninvasive procedure and
it can measure regional substrate uptake. No
studies have yet been performed using
labeled lactate.

Although glucose can be labeled with C-11,
it is nowadays exclusively labeled with F-18
by replacing an OH group. After uptake, F-18
deoxyglucose (FDG) is converted to FDG-6-
phosphate and is not further metabolized.
Myocardial FDG uptake can be detected by
both PET and SPECT.

[ts main clinical application is the detection
of dysfunctional but viable tissue that is able
to recover in function either spontaneously
(stunning after infarction) or after revascular-
ization (hibernation or repetitive stunning).
This has been discussed in detail in previous
issues of Heart and Metabolism by Senior and
Lahiri? and Bax et al.?

Free fatty acids can be labeled with C-11
(C-11 palmitate), F-18 thioheptadecanoic acid
(FTHA), and 1-123 (I-123 B-methyl-phenyl
pentadecanoic acid, BMIPPA; heptadecanoic
acid, IHDA; and ortho- and paraphenylpen-
tadecanoic acid, oPPA and pPPA, respective-
ly). C-11 palmitate undergoes B-oxidation and
enters the Krebs cycle, releasing the radioac-
tivity as C-11 CO,. The rate of C-11 CO,
release which is monitored during dynamic
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PET imaging is related to the oxidation rate of
fatty acids. However, several factors have lim-
ited its application. First, uptake and turnover
of C-11 palmitate is dependent on substrate
availability: for example, during high glucose/
insulin levels, B-oxidation of palmitate is low
because the heart switches to glucose oxida-
tion. Therefore, metabolic imaging conditions
need to be standardized. Second, part of the
fatty acids do not undergo B-oxidation but are
stored in triglycerides. Therefore, for accurate
assessment of the oxidation rate, one needs to
correct for the amount of stored fatty acids in
triglycerides. Third, during conditions of
ischemia, a variable amount of the fatty acids
that are taken up by the myocardium are
again released without undergoing metabo-
lism. As this release cannot be distinguished
from C-11 CO, release by the PET camera,
accurate determination of the oxidation rate
of fatty acids under ischemic conditions is dif-
ficult. Similar kinetics (and limitations) can be
observed with the iodinated fatty acids IHDA
and pPPA. In contrast to C-11 palmitate, the
modified fatty acids FTHA, BMIPPA, and oPPA
undergo only limited B-oxidation and are
trapped in the myocardium, similarly to FDG.

A distinct tracer of myocardial metabolism is
C-11 acetate. After uptake in the myocardi-
um, acetate is converted to acetyl-CoA and
immediately enters the Krebs cycle, releasing
the radiolabel as C-11 CO,. Previous stud-
ies*> have demonstrated a direct relation
between the rate of C-11 CO, release from
the myocardium and oxygen consumption. In
contrast to C-11 palmitate, turnover of C-11
acetate is not substrate-dependent and there
is no back-diffusion under ischemic condi-
tions. C-11 acetate imaging is therefore a
unique technique to determine regional oxy-
gen consumption of the heart (see reference 6
for an extensive overview).

These labeled fatty acids and acetate have
been explored to characterize physiological
and pathophysiological conditions in humans,
but there are no established clinical indica-
tions in routine practice at present.

Heart and Metabolism

Metabolic changes in heart failure

During fetal development, the heart mainly
uses glycolytic pathways for its energy metab-
olism. After birth the heart switches from gly-
colysis primarily to fatty acid oxidation. There
is increasing evidence that in the failing heart,
energy substrate utilization is changed: fatty
acid oxidation decreases and the contribution
of glycolysis increases. This pattern resembles
the fetal situation.”'% This changed pattern
has been demonstrated both in rats and in
humans. The reduction in fatty acid oxidation
is not due to changes in substrate availability
in the blood, since the reduced oxidation rate
has also been demonstrated in isolated car-
diomyocytes." Moreover, Sack et al'>'3
demonstrated in the failing human heart that
the expression of genes that encode the car-
diac enzymes for fatty acid oxidation is
depressed. Thus, enzymes that are necessary
for the metabolic handling of fatty acids are
depressed, leading to a reduced rate of fatty
acid oxidation. The main question is whether
a reduction of the involved enzymes and the
fatty acid oxidation rate can be a cause of (the
transition to) heart failure, or whether it is
only a secondary phenomenon.' It is clear
that genetic defects in fatty acid oxidation
enzymes lead to childhood cardiomyopathies.
However, in the adult situation the cause-
effect relation is not clear and needs further
study.

Metabolic imaging in heart failure

Heart failure can be caused by any cardiac
disease (coronary artery disease, valvular dis-
ease, tachyarrhythmias, hypertrophic and idio-
pathic dilated cardiomyopathies) and also by
a number of noncardiac diseases (hyperthy-
roidism, hypertension). Most data in the litera-
ture on metabolic imaging in heart failure are
from cases of ischemic cardiomyopathy. This
is not surprising given that ischemic cardiomy-
opathy has the highest incidence and preva-
lence among all cardiac diseases. However,
idiopathic dilated cardiomyopathy (IDCM) is
an interesting disease because coronary artery
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disease is not present, and coronary under-
perfusion is in principle not the primary cause
of the metabolic abnormalities. Moreover, the
data of Sack et al'>13 suggest that the abnor-
malities in gene expression of enzymes
involved in fatty acid oxidation are present in
both ischemic and nonischemic dilated car-
diomyopathy.

Metabolic imaging in ischemic
cardiomyopathy

From a clinical point of view it is important to
distinguish irreversible necrosis from potential-
ly reversible dysfunction (viable tissue). In
necrotic/scar tissue no or little metabolic activ-
ity is present and no improvement in regional
or global function after revascularization is to
be expected. Necrotic tissue is characterized
by a severe reduction in flow with a concomi-
tant reduction in FDG or fatty acid uptake
(flow-metabolism match). Also in these areas
C-11 acetate clearance is slow.

In contrast, in dysfunctional but viable tissue,
uptake of FDG is preserved relative to flow,
indicating that the myocardium preferentially
utilizes glucose (Figure 7). Fatty acid uptake is
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Figure 1. Short-axis views of glucose uptake (FDC)
and resting perfusion (resting thallium-201) in a
patient with left ventricular dysfunction. Depicted are
mid-ventricular short-axis slices with the anterior wall
at the top, the lateral wall on the right, the inferior
wall at the bottom, and the septum on the left. A
clear FDG mismatch (increased FDG relative to per-
fusion) is observed in the septal and inferior area.
Reproduced from reference 15 with permission.
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decreased in viable tissue, as has been shown
particularly with BMIPPA. It is more depressed
than the concomitant reduced flow. Although
confusing, in BMIPPA imaging the term mis-
match is also used, but in this instance it indi-
cates a more severe reduction of fatty acid
uptake relative to flow, being the opposite to
the flow-FDG mismatch. C-11 acetate imaging
shows that in the areas of viable tissue the
clearance rate of the radioactivity is reduced in
comparison to that of normal myocardium.
However, it is faster in comparison to the rate
in infarcted tissue. These different patterns of
FDG, fatty acid and C-11 acetate imaging have
been extensively reviewed by Bax et al® in
Heart and Metabolism.

Metabolic imaging in IDCM

Although idiopathic cardiomyopathy has been
studied with radiolabeled fatty acids, FDG,
and C-11 acetate, the number of studies is
very limited.

Geltman et al'® studied patients using C-11
palmitate and compared the cardiac fatty acid
uptake with that of normal subjects and
patients with myocardial infarction. These
authors found that IDCM patients had,
throughout the myocardium, multiple discrete
regions with depressed fatty acid uptake, giv-
ing the myocardial images a “moth-eaten”
appearance. This marked heterogeneity of
fatty acid uptake was independent of perfu-
sion and contractile abnormalities, and of the
degree of myocardial thinning. Similar find-
ings were observed by Hock et al,’” Ugolini et
al,’® and Yazaki et al'® using various radioiodi-
nated fatty acids.

Endocardial biopsy findings corroborate
these observations: both patchy fibrosis and
patchy metabolic derangements, including
depression of oxidative phosphorylation and
altered myocardial enzyme content, have
been reported.?%?" Thus, abnormal myocar-
dial fibrosis and regional depression of fatty
acid oxidation may explain the observed
scintigraphic abnormalities.

In contrast to the previous studies, Feinen-
degen et al?? did not observe heterogeneous

Heart and Metabolism



fatty acid uptake in patients with IDCM: in
their study the fatty acid uptake was homoge-
neous, possibly related to the imaging tech-
nique. Using a combination of two fatty acids,
oPPA (which is retained in myocardium) and
pPPA (undergoing oxidation), they focused on
the fatty acid oxidation rate. In their patients a
highly variable rate of oxidation (higher,
equal, and lower compared with normal sub-
jects) was found. As the authors did not corre-
late their findings with hemodynamic and per-
fusion data, this approach needs further vali-
dation.

An interesting study has recently been
reported by Yazaki et al,"® who correlated
fatty acid (BMIPPA) uptake patterns with per-
fusion and follow-up data. First, the extent of
fatty acid abnormality correlated with
echocardiographic, hemodynamic, and biopsy
data in the patients, suggesting that there is an
association between the severity of disease
and the extent of fatty acid abnormality. Sec-
ond, patients with a more severe reduction of
fatty acid uptake relative to perfusion, had an
unfavorable follow-up in comparison to
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Figure 2. Short axis views of fatty acid uptake
(BMIPPA) and perfusion in a patient with a car-
diomyopathy. Depicted are mid-ventricular short-
axis slices with the anterior wall at the top, the lat-
eral wall on the right, the inferior wall at the bot-
tom, and the septum on the left. Both matches
(decrease of perfusion and fatty acid uptake) and
mismatches (fatty acid uptake more decreased than
perfusion) are observed in the septal area. Repro-
duced from reference 19 with permission.
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patients with relatively preserved fatty acid
metabolism (Figure 2).

Thus, most of the available evidence sug-
gests that fatty acid metabolism is decreased
in patients with IDCM. Preliminary results
show that the degree of abnormality is corre-
lated with the hemodynamic status and is
associated with a poor prognosis.

IDCM is presumed to involve the myocardi-
um diffusely and to have a homogeneous
effect on function. However, heterogeneity in
regional function has long been noted.?32*
Bach et al?® correlated regional function with
regional myocardial oxygen consumption
using C-11 acetate and found that regions
with relatively preserved function (although
the mean ejection fraction was 21%) also had
a higher oxygen consumption than regions
with an average depressed function. The
heterogeneity of metabolic abnormalities in
this disease was also studied by van den
Heuvel et al.?® albeit in a different manner.
These authors investigated C-11 acetate in
areas with increased FDG uptake and found
that C-11 acetate clearance (oxygen consump-
tion) in this region was lower. As FDG is a
tracer of glucose consumption (which can be
metabolized aerobically and anaerobically),
the data may indicate that a larger fraction of
glucose is metabolized by anaerobic glycoly-
sis. These observations are in line with animal
experimental data showing that glucose oxida-
tion was impaired despite acceleration of gly-
colysis.?”28 This uncoupling of increased gly-
colysis and unchanged or decreased glucose
oxidation may lead to the production of lac-
tate and protons. This is unfavorable since it
leads to acidosis, a major cause of contractile
dysfunction.™ An example of C-11 acetate
images in patients with IDCM compared with
normal subjects is presented in Figure 3.2

The same group?® also compared FDG
uptake in these patients with that in normal
subjects. Similar to uptake of fatty acids and
acetate, uptake of FDG was inhomogeneous,
comprising areas of normal, increased, and
decreased uptake. This heterogeneity was also
found by Yokoyama et al.3? Interestingly, they
divided IDCM patients into a group with and
without events during follow-up. Although
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Figure 3. C-11 acetate images in a healthy individual
(a) and in a patient with IDCM (b). Depicted are
mid-ventricular short-axis slices with orientation similar
to that shown in Figures 1 and 2. Soon after injection,
activity is present in the blood pool with subsequent
uptake and later washout by the myocardium.
Reproduced from reference 29 with permission.

global FDG uptake was not different between
the two groups and not different compared
with normal subjects, the patients with events
(worsening of heart failure, hospital admis-
sions, and sudden death) had a significantly
higher heterogeneity than patients with a
favorable prognosis. Homogeneous FDG
uptake also predicted improvement of left
ventricular function on medical therapy with
85% accuracy. This accuracy was higher than
that of clinical and hemodynamic parameters.

To summarize the available metabolic imag-
ing data in IDCM, the most prominent feature
is a strongly heterogeneous uptake and
turnover of the different nutrients. In patients
there is a reduction of fatty acid metabolism:
the degree of abnormality is correlated with
the hemodynamic status and is associated
with an unfavorable prognosis. Similarly,
regional function and regional oxygen con-
sumption are highly variable, and there are
indications that part of the increased glucose
uptake is metabolized anaerobically. Finally,
abnormal glucose metabolism is also an indi-
cator of poor prognosis. It is a challenging
concept that the oxidative metabolic abnor-
malities may contribute to the development of
heart failure or to the transition from compen-
sated to decompensated failure. If so, meta-
bolic imaging may be powerful tool in clinical
practice to discriminate between high- and
low-risk patients. m
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Heart failure: a cardiovascular disease
with a poor prognosis

Congestive heart failure (CHF) is a growing
epidemic worldwide that results in significant
morbidity and mortality, especially in aging
populations.” Coronary artery disease, hyper-
tension, and diabetes are the major etiologic
risk factors.2? Continuing advances in the
treatment of acute coronary syndromes that
save many lives may result in a growing popu-
lation of survivors with left ventricular dys-
function progressively leading to heart failure.
Although preventive measures of cardiovascu-
lar risk factors have evolved in recent
decades, including the management of hyper-
tension, they have not reduced the incidence
of CHF. Epidemiologic studies in Western
Europe and the USA revealed that CHF is the
leading indication for hospitalization in
patients over 65 years of age.*® CHF is there-
fore a primary user of health care resources.

[ronically, the significant decline in mortality
from coronary artery disease and hyperten-
sion, along with increasingly elderly popula-
tions, have significantly raised the prevalence
and incidence of coronary heart disease.

Despite progress in the treatment of CHF
with the use of ACE inhibitors,”® and more
recently with the introduction of B-block-
ers,% " the prognosis of this disease remains
poor: in epidemiologic studies mortality has
reached 40% at 1-year follow-up.?-13

Clinical examination, chest x-ray, ECG, and
more recently, administration of brain natri-
uretic peptide, enable accurate diagnosis in
most patients. Clinical practice guidelines for
the management and treatment of CHF have
been developed through careful evaluation of
the international literature, generated from
well-controlled randomized trials, large-scale
epidemiologic studies, and expert opinions.
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All recommendations in the European and
North American guidelines emphasize the
importance of both nonpharmacological
(counseling, education, lifestyle modification,
cardiac rehabilitation, and multidisciplinary
intervention) and pharmacological treatment
(ACE inhibitors, B-blockers, diuretics, digitalis).
Nevertheless, experts agree that many patients
do not receive the recommended optimal
treatment.'®'” The main problem faced by
physicians lies in its implementation. Indeed,
the patients in unselected populations with
CHEF are older, include a higher percentage of
women, have preserved systolic function, and
have more concomitant disease than patients
in clinical trials. Therefore, in applying the
guidelines it is often difficult to obtain the tar-
get doses of ACE inhibitors and/or B-blockers.
Adding other hemodynamic agents such as
calcium channel blockers or angiotensin
receptor blockers does not provide additional
benefits in terms of mortality.'®

Clinical research has therefore recently been
oriented toward the development of new
therapeutic agents to improve the status of
patients with CHF.

Metabolic agents: a new therapeutic
approach to myocardial ischemia

Recently introduced metabolic agents such as
the new class of 3-KAT inhibitors represent a
very promising and radically different
approach to the treatment of coronary heart
disease. Metabolic agents such as trimetazi-
dine (Vastarel 20 mg) demonstrate interesting
anti-ischemic and cardioprotective properties
yet are free of any adverse hemodynamic
effects. Trimetazidine, the first 3-KAT inhibitor
available worldwide for clinical use in
ischemic heart disease, was tested in patients
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with severe cardiomyopathy and left ventricu-
lar dysfunction in three randomized trials.

The first double-blind, placebo-controlled
study was reported by Brottier et al’® to exam-
ine the benefits of trimetazidine tid in addi-
tion to classic heart failure treatment in 20
patients. All patients had severe CHF (six
patients in NYHA class IV, 14 in NYHA class
I11). At 6-month follow-up, dyspnea, left ven-
tricular ejection fraction, and cardiac volume
were significantly improved in the trimetazi-
dine group in comparison with placebo (P <
0.001, P < 0.018, P < 0.034, respectively).

The initial promising results of Brottier et al
were confirmed by more recent studies. Lu et
al*® administered oral trimetazidine tid vs
placebo for 2 weeks in 15 patients with coro-
nary artery disease and moderately reduced
left ventricular ejection fraction with a positive
response to dobutamine stress echocardiogra-
phy. The end points of this double-blind,
crossover study were improvement in the
ischemic threshold, as measured by dobuta-
mine dose and infusion time, and improve-
ment in left ventricular function assessed by
changes in wall motion score index (WMSI) at
rest and at peak dobutamine. The total dura-
tion of the trial was 30 days. WMSI was signif-
icantly lower with trimetazidine tid than with
placebo, both at rest and at peak dobutamine
infusion (P = 0.013 and P = 0.018, respec-
tively). Furthermore, trimetazidine significantly

P = 0.019_‘

18 17.9
15.3
14 |
10
Placebo Vastarel 20

Figure 1. Vastarel 20 significantly induced a longer
dobutamine infusion time.
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Figure 2. Vastarel 20 significantly induced a higher
dobutamine infusion dose.

increased the dobutamine infusion time and
provided an increase in the administered
dobutamine dose (P = 0.019 and P = 0.003)
(Figures 1 and 2). The results of this study
indicate that trimetazidine may not only pro-
tect from dobutamine-induced ischemic dys-
function, but may also improve resting region-
al left ventricular function, without affecting
hemodynamic parameters of myocardial oxy-
gen consumption.

The above results are consistent with those
of Belardinelli and Purcaro?’ who, in a ran-
domized, placebo-controlled study, examined
the effects of trimetazidine tid vs placebo on
the contractile response of chronically dys-
functional myocardium to low-dose dobuta-
mine in ischemic cardiomyopathy. Thirty-eight
patients with postnecrotic left ventricular dys-
function and multivessel coronary artery dis-
ease were randomized to either trimetazidine
tid or placebo in two matched groups. At
baseline and at 2-month follow-up, all
patients underwent low-dose dobutamine
echocardiography (5-20 ug/kg per min) and a
symptom-limited exercise test. Patients treated
with trimetazidine had a significant improve-
ment in rest and peak systolic WMSI (P <
0.001) and in ejection fraction (P < 0.001),
without changes in heart rate and blood pres-
sure at follow-up. Additional benefits were
observed with a significant increase in peak
VO, in the trimetazidine group compared
with placebo (P = 0.001).

These three randomized, double-blind,
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placebo-controlled studies have demonstrated
consistent results achieved with trimetazidine
in chronic heart failure. Trimetazidine
improves resting ventricular function in
patients with coronary artery disease and vari-
ous degrees of contractile impairment. It also
appears to prevent or delay regional myocar-
dial dysfunction, and ameliorate functional
capacity, as assessed by peak VO,. Trimetazi-
dine, which acts through inhibition of fatty
acid B-oxidation, may have prognostic and
therapeutic implications for the management
of patients with ischemic heart failure and
coronary artery disease in the future. m
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Introduction

Atrial fibrillation and heart failure are frequent
cardiovascular disorders and are often connect-
ed. In the SOLVD treatment study," 10% of
patients with reduced left ventricular ejection
fraction (<35%) and symptoms of heart failure
also demonstrated atrial fibrillation. Even in
patients with asymptomatic systolic left ventric-
ular dysfunction the incidence of atrial fibrilla-
tion is as high as 4%." Traditionally, the occur-
rence of atrial fibrillation in left ventricular dys-
function is considered to be the consequence
of increased atrial loading, which in animal
models favors profibrillatory changes of atrial
conduction and refractoriness.? The following
case report highlights the concept of tachycar-
dia-induced heart failure, which suggests that
in some patients rapid atrial fibrillation may be
the cause, or at least a contributory factor,
rather than the consequence of depressed left
ventricular ejection fraction.

Case history

A 37-year-old housewife presented to her gen-
eral practitioner complaining of dyspnea on
exertion, dry cough, and palpitations persist-
ing for 2 to 3 weeks. Her past medical history
was relevant for episodes of palpitations,
which had been linked to supraventricular
ectopic beats. Antibiotic treatment had been
started 1 week prior to her office visit but
without any effect. Apart from oral contracep-
tion no other cardiovascular risk factors could
be identified. An electrocardiogram showed
atrial fibrillation with a fast ventricular rate of
up to 190 bpm (Figure 1) and the patient was
admitted to our hospital.

On examination she was apyretic, blood
pressure was at 120/70 mm Hg, heart rate at
around 160 bpm, and respiratory rate at
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18/min. Heart sounds were normal, with no
murmurs nor pericardial friction rub. There
was bilateral basal pulmonary hypoventilation,
with no pulmonary rales. Full blood count was
within the normal range, and blood chemistry
showed elevated D-dimers at 1680 mg/L.
Echo Doppler examination of the leg veins
and a pulmonary ventilation-perfusion scan
ruled out pulmonary embolism. An echocar-
diogram showed a mildly dilated left atrium,
moderate mitral regurgitation (Figure 2A) and
severely depressed left ventricular systolic
function, with an estimated ejection fraction
of 20%. Thyroid function tests were normal.
The patient was anticoagulated, put on an
ACE inhibitor, and rate control was initially
attempted with digoxin but with only a mild
effect. Diuretics were given during the first
days of hospitalization, which rapidly
improved the symptoms of heart failure.

No specific causes for the decreased left
ventricular function could be found either by
history, physical examination, or ancillary
tests. A cardiac angiogram showed normal
coronary arteries. To reduce the heart rate, a
B-blocker was started on the third hospital day
but the ventricular response remained fast
with an average heart rate of 110 bpm, vary-
ing between 82 bpm and 182 bpm during
Holter monitoring. The decision was made to
proceed with early cardioversion after exclu-
sion of atrial thrombi by transesophageal
echocardiography (TEE). This examination
revealed mild spontaneous contrast in the left
atrium, normal flow velocity, and no thrombus
in the left atrial appendage (Figure 3). These
findings allowed electrical cardioversion,
which reverted the heart to normal sinus
rhythm.

A follow-up echocardiogram performed 5
days after cardioversion showed a moderate
to severe decrease of left ventricular systolic
function (estimated ejection fraction 35%),
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Figure 1. Twelve-lead surface electrocardiogram showing atrial fibrillation with a rapid ventricular rate of up to

190 bpm.

normal-sized cavities, and a regression of the
mitral regurgitation (Figure 2B). The patient
left the hospital on a B-blocker, an ACE
inhibitor, digoxin, and anticoagulation.

The patient was seen again 8 months later
while she was asymptomatic and remained in
sinus rhythm. A new echocardiogram showed a
normal-sized left ventricle and a normal left
ventricular ejection fraction of 55%. In light of
the fact that no other cause had been identi-
fied to explain the episode of severely
decreased systolic function and the fact that
the left ventricular function recovered after
conversion to sinus rhythm, a diagnosis of tach-
yarrhythmia-induced cardiomyopathy was
made.

Discussion

Tachycardia may reduce left ventricular ejec-
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tion fraction by at least two mechanisms
which, at the subcellular level, may be relat-
ed. The first mechanism is the negative force-
frequency relationship observed in heart mus-
cle strips from severely failing explanted
hearts.? Accordingly, in contrast with normal
hearts, the force of contraction, and conse-
quently the ejection fraction at a given load,
decreases with increasing heart rate. A pro-
posed hypothesis for this “acute” deterioration
of contractile force during tachycardia
includes impaired calcium reuptake by the
sarcoplasmic reticulum during tachycardia-
related shortening of diastole.? The second
mechanism is progressive structural “remodel-
ing” of the myocardium in response to long-
lasting tachycardia, leading to persistent dete-
rioration of myocyte function. Indeed, the
hearts of pigs,* dogs,” and rabbits® develop
during rapid pacing for 2 to 4 weeks, morpho-
logical and functional alterations of the left
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Figure 2. The transthoracic echocardiogram in the
parasternal long-axis view depicts moderate mitral
regurgitation (panel A) during atrial fibrillation,
which disappears after cardioversion to sinus
rhythm (panel B).

ventricular myocardium, which are similar to
those observed in dilated cardiomyopathy.
Among the observed changes in the myocyte
phenotype is altered expression of cytoskeletal
proteins,” creatine kinase, and atrial natriuret-
ic peptide.® The reduced left ventricular func-
tion persists after cessation of rapid pacing,
but may recover over a period of several
weeks.

Although the concept of tachycardia-
induced depression of left ventricular function
has initially been documented under in vitro
conditions, observations in patients indicate
that the phenomenon is clinically relevant. In
patients with atrial fibrillation and medically
insufficient heart rate control, improvement of
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left ventricular ejection fraction has been
observed after direct current countershock
(DC) cardioversion? or ablation of the atrioven-
tricular node and pacing.’ In our patient,
ejection fraction improved only slightly imme-
diately after cardioversion but recovered com-
pletely during the 8-month follow-up.

The case reemphasizes the importance of
adequate heart rate control in patients pre-
senting with depressed left ventricular func-
tion and atrial fibrillation. Classical treatment
of decompensated heart failure by diuretics
and ACE inhibitors alone may reduce heart
rate to some extent by reducing sympathetic
stimulation. Digoxin is often the preferred ini-
tial choice for additional heart rate control in
patients with severe depression of left ventric-
ular function. Diltiazem, which has proven at
least as effective, entails the disadvantage of
negative inotropy, and starting doses of B-
blocker regimens of heart failure are often
insufficient for this purpose, as was the case in
this patient. Therefore, rapid cardioversion is
often desirable.

In patients with atrial fibrillation lasting for
more than 48 h, therapeutic anticoagulation
for 3 to 4 weeks followed by medical or DC
cardioversion is standard practice. Because of
inappropriate medical heart rate control in
our patient, TEE-guided cardioversion was
selected. Using this approach, medical or
electrical cardioversion is performed even

Figure 3. The left atrial appendage is examined dur-
ing a TEE examination in which no thrombi could be
detected.
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after only a few hours of anticoagulation, pro-
vided cardiac intracavitary thrombus and
intense spontaneous contrast are excluded at
TEE. In the ACUTE study," 1222 patients with
atrial fibrillation and no indication for imme-
diate cardioversion were randomized to car-
dioversion after either 4 weeks of anticoagula-
tion or early exclusion of thrombus by TEE.
The incidence of thromboembolic events
within the 8 weeks of observation was not sig-
nificantly different between groups, averaging
0.81% in the TEE group and 0.50% in the
control group. Thus, TEE-guided cardioversion
offers an alternative to the conventional
approach and may be particularly useful in
patients with severe depression of left ventric-
ular function and insufficient medical heart
rate control.

Conclusion

Although tachycardia may be considered to
some extent a compensatory response of the
failing heart to maintain cardiac output, inap-
propriate high heart rate, which is present in
most cases of untreated atrial fibrillation, may
be causally involved in the mechanisms under-
lying left ventricular dysfunction. Although a
cause-effect relationship is not proven in the
present case, the dramatic improvement of left
ventricular function after restoration of sinus
rhythm and the absence of an alternative
explanation for reversible myocardial impair-
ment suggest that tachycardia may have been a
major contributory factor to heart failure. How-
ever, longer follow-up will be required to
exclude subclinical myocardial disease. Further-
more, the history of this patient illustrates the
interest of TEE-guided cardioversion in patients
with heart failure and insufficient medical heart
rate control. m
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Featured Research

Abstracts and commentaries

Role of AMP-activated protein kinase
in mechanism of metformin action
Zhou G, Myers R, Li Y, et al. J Clin Invest.
2001:108:1167-1174.

Metformin is a widely used drug for treatment
of type 2 diabetes with no defined cellular
mechanism of action. Its glucose-lowering
effect results from decreased hepatic glucose
production and increased glucose utilization.
Metformin’s beneficial effects on circulating
lipids have been linked to reduced fatty liver.
AMP-activated protein kinase (AMPK) is a
major cellular regulator of lipid and glucose
metabolism. Here we report that metformin
activates AMPK in hepatocytes; as a result,
acetyl-CoA carboxylase (ACC) activity is
reduced, fatty acid oxidation is induced, and
expression of lipogenic enzymes is suppressed.
Activation of AMPK by metformin or an adeno-
sine analog suppresses expression of SREBP-1,
a key lipogenic transcription factor. In met-
formin-treated rats, hepatic expression of
SREBP-1 (and other lipogenic) mRNAs and pro-
tein is reduced; activity of the AMPK target,
ACC, is also reduced. Using a novel AMPK
inhibitor, we found that AMPK activation is
required for metformin’s inhibitory effect on
glucose production by hepatocytes. In isolated
rat skeletal muscles, metformin stimulates glu-
cose uptake coincident with AMPK activation.
Activation of AMPK provides a unified explana-
tion for the pleiotropic beneficial effects of this
drug; these results also suggest that alternative
means of modulating AMPK should be useful
for the treatment of metabolic disorders.

Commentary
AMPK is an important regulator of energy

metabolism in muscle. Activation of AMPK
stimulates fatty acid oxidation and glucose
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uptake in both heart and skeletal muscle. This
article demonstrates that metformin, a drug
used to treat type 2 diabetes mellitus, stimu-
lates AMPK in muscle. This article also pro-
vides evidence that metformin activation of
AMPK increases glucose uptake in skeletal
muscle. Indirect evidence is provided to show
that metformin may also activate fatty acid
oxidation in muscle. Of interest is that this
group uses a novel inhibitor of AMPK to over-
come the effects of metformin on AMPK.

This paper provides important insights into
the mechanism of action of metformin. Since
AMPK is a key regulator of fatty acid oxidation
and glucose uptake in the heart, it also raises
the important question as to whether metformin
has direct actions on cardiac energy metabo-
lism. The identification of novel AMPK inhibitors
may also have important therapeutic potential in
the treatment of ischemic heart disease.

Gary Lopaschuk

Dipyridamole-induced increased
glucose uptake in patients with
single-vessel coronary artery disease
assessed with PET

Araujo LI, McFalls EO, Lammertsma AA, Jones
T, Maseri A. ] Nucl Cardiol. 2001;8:417-420.

The aim of this study was to determine the
relationship between vasodilatation-induced
ischemia and post-stress glucose uptake.
Coronary vasodilators may induce myocardial
ischemia due to coronary steal through collat-
eral circulation or transmural blood flow redis-
tribution with diminished subendocardial per-
fusion. Myocardial ischemia can be demon-
strated by increased glucose uptake as previ-
ously shown in patients with exercise-induced
ischemia. We studied 11 patients with single-
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vessel disease and no history of myocardial
infarction. Five patients had no collateral cir-
culation, and six had angiographic evidence of
collateral vessels. We measured myocardial
blood flow (MBF) and glucose uptake at base-
line and after the administration of dipyri-
damole (0.56 mg/kg) with PET, using >O
water and '8F-fluorodeoxyglucose (FDG) as
perfusion and glucose tracers. MBF at baseline
was 0.82 £ 0.13 mL/g per min in normal areas
and 0.80 £ 0.15 mL/g per min in areas sup-
plied by stenotic arteries. MBF during dipyri-
damole was 2.05 £ 0.66 and 1.19 + 0.66
mL/g per min in normal areas and areas with
stenotic arteries, respectively (P <£0.001). FDG
uptake at baseline was 1.36 £ 0.55 in normal
areas and 1.57 £ 0.62 in areas supplied by
stenotic arteries. FDG uptake after dipyri-
damole infusion was 1.79 £ 1.1 and 4.04 *
0.84 in normal areas and areas with stenotic
arteries, respectively (P < 0.001). MBF and
FDG uptake were not different between
patients with collateral circulation and those
without collateral circulation. Increased
myocardial glucose uptake was consistently
observed after dipyridamole administration in
those areas with diminished coronary
vasodilatory capacity. The similar MBF and
FDG findings in patients with and without col-
lateral circulation may indicate that transmural
blood flow redistribution appears to be a pos-
sible mechanism of dipyridamole-induced
myocardial ischemia.

Commentary

Traditionally, the use of FDG has been limited
to the assessment of myocardial viability.
Patients with left ventricular dysfunction who
show relatively preserved or increased FDG
uptake in the dysfunctional areas (viable tis-
sue), are likely to recover in function after
revascularization.

From animal experimental studies it is
known that during episodes of myocardial
ischemia, uptake and turnover of glucose are
increased in comparison with the nonischemic
state. This observation forms the basis of the
present study and of previous studies. In
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1986, Camici et al' showed that patients with
chronic coronary artery disease had an
increased FDG uptake in the ischemic areas
(hot spot imaging) after stress testing. In 2000,
Abramson et al?> compared the use of ses-
tamibi SPECT and FDG PET after stress to
detect coronary artery disease in women. The
data suggested that FDG stress imaging was
superior to conventional perfusion imaging
due to avoidance of breast-related attenuation
problems of perfusion imaging in women.
Finally, in the present study, Araujo et al stud-
ied single-vessel coronary artery disease
patients with FDG and perfusion PET after
dipyridamole stress. The authors also found
increased FDG uptake in the areas with
decreased perfusion reserve and a stenosed
coronary artery.

Thus, the available evidence suggests that
FDG uptake is increased in post-stress ischemic
tissue and this approach may be used as an
alternative to detect coronary artery disease
and ischemic tissue in patients. The interesting
point is that this technique relies on a truly
metabolic marker of ischemia rather than on
using a flow tracer which indirectly points to
the presence of ischemia; also that FDG can be
used by both PET and SPECT systems, allowing
widespread use in clinical research and prac-
tice. Nevertheless, much research needs to be
done before it can be applied in cardiological
practice. First, the data need to be confirmed
in large clinical trials and the potential superior
diagnostic and prognostic value of hot spot
FDG stress imaging and its cost-effectiveness
need to be established.
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The left ventricular (LV) end-systolic
pressure-volume relation in clinical
practice

The slope of the left ventricular (LV) end-sys-
tolic pressure-volume relation was first pro-
posed as an index of LV contractility by Suga
and Sagawa.! The slope of the LV end-systolic
pressure-volume relation is called maximal LV
elastance (E_ ) and is determined in the clini-
cal setting by connecting, during titrated intra-
venous infusion of sodium nitroprusside, dif-
ferent LV end-systolic pressure-volume points
(ie, the outer left-hand corners of the LV pres-
sure-volume loops). LV end-systolic pressure-
volume loops can be obtained clinically using
invasive techniques? (ie, sequential LV contrast
angiograms or sequential conductance
catheter LV volume measurements and micro-
manometer LV pressure recordings) or nonin-
vasive techniques® (ie, sequential two-dimen-

LV wall

LV volume thickness

LV pressure

LV end-systolic volume
LV end-systolic short-axis internal dimension

Y

LV end-systolic pressure/end-systolic volume ratio
LV peak-systolic pressure/end-systolic volume ratio

\i

LV end-systolic wall stress/end-systolic volume ratio
LV end-systolic wall stress/ejection volume ratio

Figure 1. Overview of indices of LV end-systolic per-
formance derived from the LV end-systolic wall
stress/ejection fraction ratio.
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sional and targeted M-mode echocardiograms
and indirect oscillometric brachial artery pres-
sures).

Determination of the slope of an LV pres-
sure-volume relation is cumbersome because
it requires construction of at least two LV pres-
sure-volume loops, one at rest and one after a
pharmacological intervention such as an intra-
venous infusion of sodium nitroprusside.
Numerous investigators have therefore tried to
obtain similar information on LV performance
from a single measurement of LV end-systolic
performance. These measurements include
(Figure 1): (1) LV end-systolic short-axis inter-
nal dimension and LV end-systolic volume; (2)
LV end-systolic pressure/end-systolic volume
ratio and LV peak-systolic pressure/end-sys-
tolic volume ratio; (3) LV end-systolic wall
stress/end-systolic volume ratio and LV end-
systolic wall stress/ejection fraction ratio.

LV end-systolic short-axis internal
dimension and LV end-systolic volume

LV dimensions and volume at end-systole are
independent of preload’ and vary only with
afterload. End-systolic LV dimensions and vol-
ume have therefore been proposed as an
index of LV myocardial contractility in patients
with LV volume overload of chronic aortic or
mitral regurgitation and as a predictor of surgi-
cal outcome.*> Use of LV end-systolic dimen-
sions or volume as an index of contractility
assumes no derangement of LV afterload. This
assumption is open to critique because LV
afterload measured as LV end-systolic myocar-
dial wall stress is higher in patients with
chronic aortic regurgitation than in healthy
subjects or patients with chronic mitral regur-
gitation.® This higher than normal LV end-sys-
tolic wall stress in patients with chronic aortic
regurgitation suggests replication of sarcom-
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eres unable to increase LV wall thickness suffi-
ciently to normalize the LV end-diastolic
radius/thickness ratio” and to normalize LV
wall stress. This LV “afterload mismatch”®
should be taken into account when using LV
end-systolic dimensions or volume as a guide
to postoperative prognosis because correction
of the afterload mismatch by valve replace-
ment could induce a larger improvement in
LV end-systolic dimensions or volume than
predicted by preoperative measurements.

LV end-systolic pressure/end-systolic
volume ratio and LV peak-systolic pres-
sure/end-systolic volume ratio

To correct for afterload variability, investigators
used the LV end-systolic pressure/end-systolic
volume ratio or the LV peak-systolic
pressure/end-systolic volume ratio as a surro-
gate measure of E__ .7 In order for a ratio
generated by a single point measurement to
reflect the slope of a linear relation, the linear
relation has to pass through the origin of the
plot. This condition is not satisfied for LV pres-
sure-volume relations in clinical practice,
where the intercept of the LV end-systolic
pressure-volume relation with the volume axis
is variable certainly in dilated left ventricles.™
Moreover, substitution of LV end-systolic pres-
sure by LV peak-systolic pressure is open to
critique, particularly when the arterial pulse
pressure is wide, as in chronic aortic regurgita-
tion.

LV end-systolic wall stress/end-systolic
volume ratio and LV end-systolic wall
stress/ejection fraction ratio

To include the degree of compensatory LV
hypertrophy, LV end-systolic pressure was sub-
stituted by LV end-systolic wall stress in sever-
al studies. LV end-systolic wall stress is indeed
directly related to LV end-systolic pressure
and LV end-systolic volume and inversely
related to LV end-systolic wall thickness. The
ratio between LV end-systolic stress and LV
end-systolic volume was the only independent
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predictor of surgical outcome in patients with
LV volume overload due to chronic mitral
regurgitation;'" in patients with chronic aortic
regurgitation the ratio between LV ejection
fraction and LV end-systolic stress was a pre-
dictor of unfavorable outcome.?

When invasive techniques are used, other
relations can be obtained simultaneously to
corroborate conclusions on changes in con-
tractility drawn from the calculation of E__. .
These relations include the LV dP/dt . —end-
diastolic volume relation or the LV stroke vol-
ume—-end-diastolic volume relation.’™ When
noninvasive techniques are used, simultane-
ous determination of the mean rate-corrected
velocity of fiber shortening (vcf ) vs LV circum-
ferential end-systolic wall stress provides
another way to assess LV contractility in
humans.™ This latter index corrects both for
the inappropriate use of LV pressure as a mea-
surement of LV wall force and for the unequal
LV sizes and wall masses.

The LV diastolic pressure-volume
relation in clinical practice

When discussing diastolic LV properties in
clinical practice, a distinction needs to be
made between diastolic LV distensibility, dias-
tolic LV compliance, and diastolic LV stiffness
(Figure 2).

Diastolic LV distensibility is defined by the
position of the diastolic portion of the LV

1 Change in LV distensibility
2 Change in LV distensibility and LV stiffness

LV pressure

Figure 2. Distinction between LV distensibility and LV stiff-

ness
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pressure-volume relation in the LV pressure-
volume plane. A reduction in diastolic LV dis-
tensibility implies an upward and leftward dis-
placement of the diastolic portion of the LV
pressure-volume relation and does not require
a simultaneous increase in the slope of the
diastolic portion of the LV pressure-volume
relation.’ The diastolic portion of the LV pres-
sure-volume relation can be obtained from a
single beat, but such an approach includes
dynamic effects related to LV relaxation and
LV filling especially in the early diastolic por-
tion of the graph.'®-'8 Using a caval balloon
occlusion, several LV end-diastolic pressure-
volume points can be obtained and a diastolic
LV pressure-volume relation can be construct-
ed, which is only composed of “static” LV
end-diastolic pressure-volume points without
“dynamic” interference related to LV relax-
ation or LV filling."92% End-diastolic LV disten-
sibility is considered to be decreased if, in the
presence of a normal LV end-diastolic volume
index (<102 mL/m?), LV end-diastolic pres-
sure is higher than 16 mm Hg.*'

LV diastolic stiffness is the ratio of the
change in LV diastolic pressure divided by the
change in LV diastolic volume and equals the
slope of the diastolic LV pressure-volume rela-
tion (dP/dV). LV diastolic compliance is the
inverse of LV diastolic stiffness and therefore
equals the change in LV diastolic volume
divided by the change in LV diastolic pressure.
As the diastolic LV pressure-volume relation
changes its slope over its entire course, LV
diastolic stiffness values need to be compared
at a common level of LV diastolic pressure??
or the LV pressure-volume data points need to
be logarithmically transformed to a linear rela-
tion, the unique slope of which equals the LV
diastolic stiffness constant.?? Recently, a rela-
tion was demonstrated between the decelera-
tion time of the Doppler mitral flow velocity
signal and the LV diastolic stiffness constant.?*
Myocardial diastolic stiffness has also been
reported and equals the slope of the diastolic
myocardial stress-myocardial strain relation
and implies transformation of LV pressure to
wall stress and of LV volume to myocardial
strain.??

In LV pressure overload, concentric LV
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hypertrophy reduces LV diastolic distensibility
and hinders LV filling at normal diastolic LV
filling pressures. In order to maintain normal
LV filling, left atrial filling pressures will rise
and LV filling will become more dependent on
left atrial contraction. Significant hemodynam-
ic deterioration can result from the loss of atri-
al contraction because of the occurrence of
atrial fibrillation. The reduction in LV diastolic
distensibility in the hypertrophied left ventri-
cle persists even after aortic valve replacement
probably because of failure of regression of LV
interstitial fibrosis.?> In patients with aortic
stenosis, the reduction in diastolic LV distensi-
bility depends on both the sex and age of the
patient, being most frequent in elderly men.2°

Summary

Indices derived from LV end-systolic pres-
sure-volume relations have important prog-
nostic value in LV volume overload of
chronic aortic or mitral regurgitation. Their
sequential determination is useful for cor-
rect timing of valve replacement or valve
repair. Indices derived from diastolic LV
pressure-volume relations are especially
useful in concentric LV hypertrophy of aortic
stenosis. They can remain abnormal for a
prolonged period following valve replace-
ment despite regression of LV hypertrophy
because of persistence of LV fibrosis. m
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Glossary

Gary Lopaschuk and William Stanley

Acetyl-coenzyme A (CoA)

Acetyl-coenzyme A (CoA) is an important
intermediate of many biochemical pathways.
For instance, acetyl-CoA is an important prod-
uct of the mitochondrial metabolism of fatty
acids and carbohydrates. Acetyl-CoA pro-
duced from these carbon substrates feeds into
the mitochondrial tricarboxylic acid cycle (or
Krebs cycle), which when coupled to the
mitochondrial electron transport chain results
in the production of energy (in the form of
ATP).

Anaerobic glycolysis

Anaerobic glycolysis is the first part of the
metabolic pathway for glucose. The glycolysis
pathway metabolizes glucose to pyruvate, and
in the process produces energy in the form of
ATP. The glycolytic pathway can be consid-
ered “anaerobic” since no oxygen is required
for the production of ATP (unlike aerobic
mitochondrial metabolism, which requires
oxygen).

Carnitine palmitoyl transferase-1 (CPT-1)
Carnitine palmitoyl transferase-1 (CPT-1) is the
rate-limiting enzyme involved in the uptake of
fatty acids into the mitochondria. It converts
fatty acyl-coenzyme A to fatty acylcarnitine,
which is then transported into the mitochon-
dria where it is further metabolized. CPT-1 is
a highly regulated enzyme that prevents
excess amounts of fatty acids from being
taken up into the mitochondria.

Cytokines

Cytokines refer to a group of compounds that
are produced under a variety of conditions,
including the immune response and inflam-
matory reactions. Tumor necrosis factor-o. and
interleukin-1 are examples of two cytokines.
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Cytoskeletal proteins

Cytoskeletal proteins are important structural
proteins of the cell that have an important
role in maintaining cell shape and structure.

Endothelin-1

Endothelin-1 is a vasoactive peptide that is
primarily produced by endothelial cells. This
peptide is a very potent vasoconstrictor.

Heptadecanoic acid (IHDA)

Heptadecanoic is a 16-carbon fatty acid that
can be radiolabeled and used as a tracer for
fatty acid uptake into the heart. One of the
radiolabels that can be attached to heptade-
canoic acid is a %I group, which produces
123]-heptadecanoic acid (IHDA). A gamma-
camera can then be used to measure '23|-hep-
tadecanoic acid uptake into the heart. This
approach is used to assess fatty acid metabo-
lism in the heart.

I-123 B-methyl-phenyl pentadecanoic acid
(BMIPPA)

I-123 B-methyl-phenyl pentadecanoic acid
(BMIPPA) is a radiolabeled fatty acid analog
that can be used as an imaging agent to assess
fatty acid uptake into tissues. It is often used
to determine whether fatty acid uptake is
altered in the hearts of patients. This is estab-
lished by using a gamma-camera to determine
the amount of BMIPPA taken up by the heart.

Long-chain 3-ketoacyl-CoA-thiolase (3-KAT)
Long-chain 3-ketoacyl-CoA-thiolase (3-KAT) is
the last enzyme in the mitochondrial pathway
that is involved in the metabolism of fatty
acids (fatty acid B-oxidation). Recent interest
has focused on 3-KAT, since selective inhibi-
tion of this enzyme decreases fatty acid oxida-
tion and protects the ischemic heart.
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Nicotinamide adenine dinucleotide (NADH)
and the electron transport chain
Nicotinamide adenine dinucleotide (NADH) is
an important molecule that is both a substrate
and a product of many biochemical reactions.
In mitochondria, the production of NADH by
the catabolism of fatty acids and carbohy-
drates enters the electron transport chain. The
electron transport chain transfers electrons
through a number of different enzyme com-
plexes which catalyze the pumping of protons
out of the mitochondrial matrix. These pro-
tons can then pass back into the mitochondria
via an enzyme called ATP synthase. The
downhill electrochemical gradient of this
process produces energy that results in the
production of ATP from ADP. ATP is a form of
chemical energy used in most cellular process-
es requiring energy.

Orthophenylpentadecanoic acid (oPPA)
Orthophenylpentadecanoic acid (oPPA) is a
fatty acid analog that can be radiolabeled (eg,
with 231) and used as an imaging agent to
assess fatty acid uptake into tissues. It is often
used to determine whether fatty acid uptake
is altered in the hearts of patients. This is
established by using a gamma-camera to
determine the amount of radiolabeled oPPA
taken up by the heart.

Paraphenylpentadecanoic acid (pPPA)

Paraphenylpentadecanoic acid (pPPA) is a
fatty acid analog that can be radiolabeled (eg,
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with 231) and used as an imaging agent to
assess fatty acid uptake into tissues. It is often
used to determine whether fatty acid uptake
is altered in the hearts of patients. This is
established by using a gamma-camera to
determine the amount of radiolabeled pPPA
taken up by the heart.

Pyruvate dehydrogenase (PDH) kinase
Pyruvate dehydrogenase (PDH) kinase is an
intramitochondrial kinase that phosphorylates
and inhibits PDH. Since PDH is the rate-
limiting enzyme for the mitochondrial meta-
bolism of carbohydrates, activation of PDH
kinase will result in a decrease in the mito-
chondrial metabolism of carbohydrates.
Maintaining mitochondrial glucose metabo-
lism is an important therapeutic strategy to
protect the ischemic heart. Therefore,
inhibition of PDH kinase is a potential
therapeutic approach to treating ischemic
heart disease.

Thioheptadecanoic acid

Thioheptadecanoic is a 16-carbon fatty acid
that can be radiolabeled and used as a tracer
for fatty acid uptake into the heart. One of
the radiolabels that can attached to heptade-
canoic acid is an "8fluoro group resulting in
18-fluoro-thioheptadecanoic acid (FTHA). A
gamma-camera can then be used to measure
FTHA uptake into the heart. This approach is
used to assess fatty acid metabolism in the
heart.
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