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Abstract

Medical advances in the care of cardiac patients have resulted in more patients surviving an acute myocardial infarction (MI) than
ever before. Each year hundreds of thousands of these survivors undergo remodeling of their left ventricle and often progress to
clinical congestive heart failure. The extent of remodeling has been linked to the size of the infarct, whether or not the myocardium
has been revascularized, and the control of loading conditions. The extent of infarction can be measured several ways, including
the amount of enzyme released as well as infarct imaging with nuclear perfusion or magnetic resonance imaging. Methods to pre-
vent adverse remodeling of the ventricle have included pharmacotherapy with beta-blockers, nitrates, and modulators of the renin-
angiotensin-aldosterone system. Surgical intervention has proven useful for select patients with aneurysmal areas of remodeling.
Researchers are now investigating several approaches to preventing and reversing cardiac remodeling. These include the use of
stem cells to regenerate myocardium and post-infarct pacing to prevent remodeling. Improved therapies are needed to help reduce
the number of patients progressing from myocardial infarction to end-stage heart failure.
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Introduction

IT IS ESTIMATED THAT 1.2 million Americans had a
myocardial infarction and 500,000 died in 2005
(1). Approximately 7.8 million people in the
United States have survived an MI. Their hearts
undergo adaptive responses to the change in hemo-
dynamics as less myocardium attempts to maintain
the same cardiac output as before. The remodeling
that occurs begins immediately and may continue
for a lifetime (2). While this adaptive remodeling
seems beneficial in the short term, over time it be-
comes deleterious, leading eventually to conges-
tive heart failure.

The cost of treating acute MIs is enormous: it
was $140 billion in 2002 (direct and indirect costs
combined) (3). When the costs of congestive heart
failure are added to the equation (direct cost of $22
billion), the consequences of remodeling are better
appreciated. Fortunately, there are therapies to re-
duce post-MI remodeling.

Pathophysiology

The responses to myocardial infarction are nu-
merous, involving many changes at the cellular and
molecular levels. Myocardial cell death requires ad-
justments to account for the increase in workload of
the remaining myocardium. The remodeling that
occurs includes dilatation, hypertrophy, scar forma-
tion, neurohormonal responses, cytokine activation,
and oxidative stress (4 – 6). The extent of remodel-
ing is proportional to the mass of infarcted my-
ocardium, the patency of the infarct-related artery,
and ventricular loading conditions (7).

The responses that occur after an MI can be di-
vided into early and late remodeling, with the for-
mer occurring in the first 3 days after the MI and
the latter occurring more than 3 days after the MI.
Early remodeling occurs mainly in the infarct and
peri-infarct zones. Late remodeling includes
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changes in the geometry and size of the entire left
ventricle.

One of the early changes in ventricular remod-
eling is infarct expansion, a phenomenon in which
the size of the infarct typically increases in the first
few days. It does not involve an increase in my-
ocardial necrosis. Instead, the mechanism is postu-
lated to involve cell rupture, reduced intercellular
space, stretching of myocytes, and slippage of my-
ocytes, resulting in fewer cells per wall thickness
(8). The degree of infarct expansion ranges from
the clinically inapparent to ventricular rupture.
Factors such as the location of the infarct, size of
the initial infarct, thickness of the infarcted my-
ocardium, and loading conditions on the ventricle,
contribute to the likelihood and significance of in-
farct expansion. Up to one-half of anterior wall
MIs show infarct expansion, and there is a clear re-
lationship between infarct expansion and a poorer
prognosis (9).

Remodeling in the left ventricle (LV) also in-
cludes changes to the healthy myocardium. In re-
sponse to the change in loading conditions, the en-
tire ventricle dilates (10, 11). The process begins
immediately and can last for months after the MI.
Mitchell et al. studied 52 patients at 3 weeks and
then at 1 year after an anterior wall MI, with bi-
plane ventriculography. The contractile segments
of the left ventricle elongated and the LV became
more spherical in geometry (12, 13). Specifically,
after an anterior MI, the LV apex is the most vul-
nerable region to undergo remodeling: it is the
thinnest area and it increases in radius the most
(14). This principle was well illustrated by a sub-
group of the HEART (Healing and Early Afterload
Reducing Trial) trial, in which patients underwent
echocardiographic analysis of wall stress. After an
anterior MI, the degree of initial apical wall stress
correlated to the degree of LV remodeling that oc-
curred at 90 days (15).

Neurohormonal mechanisms compound the al-
terations in hemodynamics and the remodeling that
occurs. The sympathetic nervous system, via nor-
epinephrine-mediated activation of reactive oxy-
gen species and tumor necrosis factor (TNF), has
been implicated in inducing apoptosis in car-
diomyocytes (16). The further loss of cardiomy-
ocytes contributes to progressive LV dilatation.
Another major system that has enhanced activity
after an MI is the renin-angiotensin-aldosterone
system (RAAS). The body responds to the dimin-
ished cardiac output just as it would to blood loss
or dehydration. Renin levels are markedly in-
creased, angiotensin II is activated, aldosterone is
released, and vasopressin is increased. All of these
effects serve to increase plasma volume, decrease

sodium excretion, and increase vascular tone.
Within the region of the myocardial infarct, aldos-
terone increases the deposition of collagen. These
two systems—the RAAS and the sympathetic ner-
vous system—play an important role in the
changes that occur after an MI. The Figure illus-
trates the complex interplay between these and
other systems that occurs during remodeling.

Infarct Imaging

While a comprehensive review of infarct imag-
ing is beyond the scope of this article, a brief men-
tion is warranted. Determining the location and ex-
tent of the infarct provides important prognostic in-
formation for the management and therapy of the
patient. The most common modalities are echocar-
diogram, radionuclide angiography, and single pho-
ton emission computed tomography (SPECT)
imaging. While all of these modalities have been
used in clinical trials with good reproducibility, in
clinical practice they are less precise. The introduc-
tion of cardiac magnetic resonance (CMR) has
brought a technology capable of increased sensitiv-
ity, increased reproducibility, and better resolution.

In a study of 91 patients with known or sus-
pected coronary artery disease, SPECT and CMR
were compared to determine sensitivity and speci-
ficity of infarct detection. For subendocardial in-
farcts SPECT was inferior to CMR imaging (SPECT
missed 13%), but it was as good as CMR for trans-
mural infarcts (17). Another area where CMR can
have prognostic significance is in evaluating mi-
crovascular reperfusion. Abnormalities in microvas-
cular perfusion can occur despite patent coronary ar-
teries. Contrast enhanced CMR with first pass per-
fusion can demonstrate regions of microvascular ob-
struction, which correlates with decreased wall mo-
tion and increased clinical events (18, 19).

The advantages of CMR can be important clin-
ically; however, the practical application is some-
what limited. Due to the expense, time, and exper-
tise needed to provide and read CMR, only a lim-
ited number of centers would be able to perform
the studies. For large numbers of patients, echocar-
diography will still be more available and cost-ef-
fective despite any shortcomings.

Pharmacotherapy

Nitrates

Nitroglycerin was first discovered to have
pharmaceutical properties in 1847 by Ascanio So-
brero. Since then the fortunes and careers of sev-
eral men, including Alfred Nobel, Ferid Murad,
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Robert Furchgott, Salvador Moncada, and Louis Ig-
narro (among others), have been closely tied to it.
Nitrate-based therapies for acute myocardial infarc-
tion have been widely used for several decades. Ni-
trates have several pharmacologic effects: dilatation
of the venous system, which results in decreased
preload on the left ventricle; mild arterial dilatation,
which results in decreased afterload; and selective
dilatation of coronary arteries, which can result in
increased myocardial perfusion to the peri-infarct
zones. These hemodynamic effects are said to be re-
sponsible for limiting infarct size, reducing infarct
expansion, and improving ventricular geometry in
post-MI patients (20 – 22). At the molecular level,
nitroglycerin effects these hemodynamic changes by
its ability to produce nitric oxide, which activates
soluble guanylyl cyclase, which in turn produces
cyclic guanosine monophosphate (cGMP) and re-
sults in decreased intracellular Ca++ and vasorelax-
ation of smooth muscles (23 – 25). The clinical ben-

efits of increased perfusion include a decrease in is-
chemic injury and a decrease in infarct size. The
beneficial effects are more potent when there is no
evidence of clinical hypotension (26). In one trial,
the addition of a vasoconstrictor abolished the posi-
tive effects of intravenous nitrate therapy, demon-
strating that it is mainly the hemodynamic effect of
nitrate therapy that is clinically relevant (27).

A meta-analysis done in the pre-thrombolytic
era showed a small mortality benefit to nitrate
therapy in acute MI, although two large random-
ized trials in the mid-1990s (GISSI-3 and ISIS-4)
did not show a statistically significant benefit
(28 – 30). However, there was significant crossover
use of nitrates in the control arms of both studies,
which may have exaggerated the benefit of
placebo. Despite the shortcomings, there was a
very statistically significant (p<0.001) decrease in
early mortality (Day 0 – 1) in the nitrate-treated
arm of ISIS-4, but this effect dissipated with

Figure. Proposed mechanism of cardiac remodeling, demonstrating the many factors involved in the pathophysiology of ventricular
remodeling. ECM = extracellular matrix; RAAS = renin-angiotensin-aldosterone system; CO = cardiac output; SVR = systemic vas-
cular resistance; LV = left ventricular; AII = angiotensin II; NE = enhanced norepinephrine; TGF = transforming growth factor; 
ET = endothelin; ANP = atrial natriuretic peptide; BNP = brain natriuretic peptide; TIMP = tissue inhibitor of metalloproteinase.

Reproduced with permission from Sutton MG, Sharpe N. Left ventricular remodeling after myocardial infarction: pathophysiol-
ogy and therapy. Circulation 2000; 101:2981 – 2988 (5).
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chronic therapy (30). The most current recommen-
dations of the American Heart Association (AHA)
for the treatment of acute myocardial infarction,
published in 2004, give a class I indication for the
use of nitroglycerin by patients with ischemic dis-
comfort, hypertension, or pulmonary congestion
(31). While nitroglycerin is still an important ther-
apeutic agent, it has been relegated to a secondary
role compared to angiotensin-converting enzyme
inhibitors (ACE-I) and beta-blockers.

Angiotensin-Converting Enzyme Inhibitors
and Angiotensin Receptor Blockers

ACE-I’s work by blocking the conversion of
angiotensin I to angiotensin II, which is a potent
vasoconstrictor. ACE-I’s also block the degradation
of bradykinin, which is a mild vasodilator. An-
giotensin II has effects that can be deleterious, in-
cluding sodium and water reabsorption, systemic
arteriolar constriction, endothelial dysfunction, in-
creased sympathetic tone, and left ventricular hy-
pertrophy (32 – 35). A number of angiotensin II re-
ceptors have been identified. Most of the hemody-
namic effects attributed to angiotensin II are related
to its binding to the angiotensin 1 (AT1) receptor.

After a myocardial infarct, levels of the ACE
enzyme in the cardiac tissue of rats are elevated
(36). Animal studies in the 1980s with the ACE in-
hibitor captopril showed its potential benefits: in
preventing hypertrophy, diminishing already es-
tablished hypertrophy, and preventing LV dysfunc-
tion (37, 38). ACE inhibitors have been found to
modulate the increased fibrosis that is seen with
activation of angiotensin II, resulting in a more
functional myocardium (39). They also improve
the hemodynamics after an MI by effecting de-
creases in afterload and preload. They decrease left
ventricular filling pressures by inducing venodi-
latation and enhancing myocardial relaxation.
ACE inhibitors dilate the arterial system and thus
lower afterload, in part by the resulting accumula-
tion of bradykinin. Many of the hemodynamic ef-
fects of ACE inhibitors have been duplicated in
similar studies using angiotensin receptor blockers
(ARBs). These drugs offer a more selective block-
ade of angiotensin II, resulting in fewer side ef-
fects, such as the cough mediated by bradykinin.

In addition to improvement in indices of LV
remodeling such as LV size, volume, and function,
several large clinical trials have showed mortality
benefit to using ACE inhibitors after acute MI (40,
41). In the Survival and Ventricular Enlargement
(SAVE) study, Pfeffer et al. enrolled 2,231 patients
with subclinical LV dysfunction (LVEF < 0.40) be-
tween 3 and 16 days after an MI and divided them

into a captopril arm and a placebo arm. After 42
months of follow-up, the patients with captopril
had a 19% reduction in death (20% vs. 25%), a
25% reduction in recurrent MI, and a 37% reduc-
tion in risk of severe congestive heart failure
(CHF) (42). Similar results were obtained with the
ACE inhibitor trandolapril (TRACE study), with a
relative reduction in death at 3 years of 18% (35%
vs. 42%) and a strong reduction in progression to
severe CHF as well (43). The findings of these
early trials have been mostly confirmed by later
trials and several meta-analyses have confirmed
the mortality and CHF benefits of ACE inhibitors
(44 – 46). Despite the overwhelming evidence sup-
porting their use, clinicians should use judgment
on when to initiate therapy. In CONSENSUS II,
enalapril was given intravenously on the first day
after MI to over 3,000 patients. At 30 days and 180
days, there was a trend towards higher mortality in
the enalapril group (7.2% vs. 6.3% and 11.0% vs.
10.2%). The lack of efficacy may be explained by
a 12% rate of hypotension in the enalapril group
(3% in the placebo arm) (47).

Angiotensin receptor blockers are a newer class
of drug than ACE inhibitors and still require more
pre-clinical and clinical data to support their use for
LV remodeling after MI. Nonetheless, the appeal of
a selective drug to block one culprit receptor is un-
deniable (48 – 51), especially when some studies
have indicated that ACE inhibition is sometimes not
complete and diminishes over time. In addition, al-
ternate pathways of angiotensin II generation have
been described (52 – 54). Some studies have also
suggested that activation of other AT receptors (e.g.,
AT2) may actually have beneficial effects opposing
cardiac remodeling (55). Unfortunately, clinical tri-
als with ARBs have a disadvantage in comparison
to the older ACE inhibitor trials, since patients are
much more aggressively treated now after an MI.
Thrombolysis, coronary ince intervention, beta-
blockers, ACE inhibitors, statins, and anti-platelets
agents are more frequently used than in the past. To
date, there are two large multicenter trials that have
evaluated ARBs in post-MI patients. Neither one
has been overwhelming.

The OPTIMAAL trial, which investigated the
effects of losartan and captopril on mortality and
morbidity in high-risk patients after acute MI, ran-
domized 5,477 patients with ST-segment elevation
MI (STEMI), re-infarction, or heart failure during
the acute phase to a target dose of either losartan
50 mg once daily or captopril 50 mg three times a
day. All-cause mortality was non-significantly in
favor of captopril (16% vs. 18%; p=0.07) (56). The
negative results of OPTIMAAL were surprising in
light of the theoretical benefits of ARBs, and clin-
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icians were left to conclude that ACE inhibitors
were preferable to ARBs for post-MI patients, but
that ARBs could probably be used by those intol-
erant of ACE inhibitors. One criticism of OPTI-
MAAL was that the dose of losartan may not have
been high enough.

VALIANT (valsartan, captopril, or both in MI
complicated by heart failure, LV dysfunction, or
both) was completed by Pfeffer et al. soon after
OPTIMAAL; it enrolled over 14,000 patients to
one of three arms: valsartan 160 mg twice a day,
captopril 50 mg three times a day, or valsartan 80
mg twice a day with captopril 50 mg three times a
day. The population was moderate-to-high risk
with either clinical heart failure or reduced ejec-
tion fraction (EF) after an acute MI. After 24
months of follow-up, there was no statistical or
meaningful difference in mortality in the three
arms (19.5 vs. 19.9 vs. 19.3%) (57). Unlike OPTI-
MAAL, non-inferiority was proven. Once again it
was disappointing that the combined effects of
ACE inhibition and AT1 blockade did not translate
into improved clinical outcomes. These results
were also confirmed anatomically by the
VALIANT-Echo study. A 610-patient subgroup of
the VALIANT population was enrolled to have
baseline and follow-up echocardiograms. Just as
there was no difference in hard endpoints, there
was also no difference in LV volumes, infarct seg-
ment length, or EF on at 20 months between the
three groups (58).

Much data has accumulated thus far, providing
the benefit of ACE inhibitors in post-MI remodel-
ing and mortality. In light of OPTIMAAL and
VALIANT, the data for ARBs is much weaker.
Certainly, a patient who does not tolerate ACE in-
hibitors can use an ARB with some level of com-
fort, but the ARB should probably not be used as
primary therapy. It is also now reasonable to use
both if needed for blood pressure control, but such
use may be limited by the side effects from com-
bined therapy.

Aldosterone Antagonists

Aldosterone serves an important role in vol-
ume homeostasis by preventing the loss of sodium
and water when it is activated. It also serves a role
in inflammation and repair by activating
macrophages, inducing cytokines, stimulating fi-
broblasts, and increasing the synthesis of type I
and III collagens in scar tissue (59 – 61). It is acti-
vated by, and works in coordination with an-
giotensin II. The simplest description of the RAAS
system is that angiotensinogen is cleaved by renin
to angiotensin I, which is then converted by ACE

to angiotensin II, which in addition to its own
vasoconstrictor properties, causes the activation of
aldosterone. This would mean that the ACE in-
hibitors should abolish the effects of both an-
giotensin II and aldosterone. Unfortunately, it ap-
pears that the initial strong inhibition of aldos-
terone by ACE inhibitors diminishes with chronic
therapy (62, 63). This would make the inhibition of
aldosterone a desirable target to inhibit cardiac re-
modeling (64 – 67).

Inhibiting aldosterone directly in addition to
ACE inhibitor therapy was first evaluated in a
study of patients with New York Heart Association
(NYHA) Class III and IV chronic heart failure.
The RALES trial enrolled 1663 patients to usual
care plus 25 mg a day of spironolactone. The trial
was ended early after 2 years of follow-up due to a
very strong 30% reduction in mortality for patients
who were enrolled to spironolactone (35% vs. 46%)
(68). In a 261-patient substudy of RALES, serum
markers of cardiac fibrosis were measured at base-
line and at 6 months. Treatment with spironolactone
resulted in reduced mortality only for those patients
with elevated levels of procollagen type III amino
terminal peptide, a marker of collagen deposition
(69). Studies on LV remodeling also demonstrated
smaller LV volumes and improved EF for patients
administered spironolactone (70).

Although RALES evaluated a population of
chronic heart failure patients, and spironolactone
had a high incidence of side effects including gy-
necomastia and sexual dysfunction, the trial gave
credence to the benefits of early aldosterone block-
ade (as seen in animal studies) (71). The EPH-
ESUS trial was designed to determine the effect of
eplerenone on post-MI patients. Eplerenone is a
selective inhibitor of the mineralocorticoid recep-
tor; its selective action results in fewer side effects.
More than 6,600 patients with acute MI, ejection
fraction less than 0.4, and heart failure were ran-
domized to optimal medical therapy with
eplerenone or placebo (72). After 16 months, there
was a 15% relative risk mortality reduction in the
eplerenone group (14.4% vs. 16.7%). Signifi-
cantly, side effects were also dramatically reduced.
The effect was impressive, considering that both
groups were very well treated with more than 86%
on ACE inhibitors, 75% on beta-blockers, 60% on
diuretics, 88% on aspirin, and even 47% on statins.
Although there was only one trial, the strength of
the evidence led the American College of Cardiol-
ogy and the AHA to give eplerenone a Class I rec-
ommendation in its 2004 guidelines for acute my-
ocardial infarction (31).

The RAAS system is a very heavily studied
system in the pathophysiology of post-MI left ven-
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tricular remodeling. Three separate classes of
drugs supported by clinical evidence of their abil-
ity to improve remodeling and mortality are now
available to antagonize the system. The clinician
must now learn how to safely use ACE inhibitors,
ARBs, and aldosterone antagonists in post-MI pa-
tients without causing undue renal dysfunction,
hyperkalemia, or side effects.

Beta-Blockers

Beta-blockers have been proven to be benefi-
cial after acute MI for over 20 years and are
strongly recommended by the AHA (73). Their
benefits include decreased oxygen demand, de-
creased afterload, increased coronary perfusion,
decreased automaticity, and reduction in the risk of
sudden death (74 – 76). Their early trials occurred
before ACE inhibitors were in common use and
demonstrated the potent effect of beta-blockers on
a relatively low-risk population. Initially, it was
believed that beta-blockers would probably be
harmful in patients with congestive heart failure
(CHF), due to the negative inotropic effects.

In the mid-to-late 1990s, studies found that
carvedilol and metoprolol improved the morbidity
and mortality of CHF patients (77 – 80). The puta-
tive mechanism involved neurohormonal blockade
of excessive sympathetic tone. After the benefits of
beta-blockers for CHF patients became apparent,
studies were completed showing a similar benefit
for patients who had a reduced systolic function in
the setting of acute MI (81, 82). While the benefits
of beta-blockers were clear, it was uncertain what
additional advantage they had when added to an
ACE inhibitor and other optimal therapy.

To answer this question, the Effect of
Carvedilol on Outcome after Myocardial Infarc-
tion in Patients with Left-Ventricular Dysfunction
(CAPRICORN) trial was completed, demonstrat-
ing the effects of carvedilol on mortality after a
myocardial infarction in a high-risk population
with a left ventricular EF of < 40%. The trial en-
rolled 1,959 patients, who were initiated on 6.25
mg twice daily and titrated up to 25 mg twice daily.
Although sicker than patients in earlier trials, this
was also a much better treated group of patients.
Over 97% were using an ACE inhibitor and almost
half had received either thrombolysis or angio-
plasty. The study still managed to show a 3% ab-
solute reduction in mortality at 2 years (12% vs.
15%) (83).

While CAPRICORN looked at the hard end-
points of carvedilol therapy, the CAPRICORN
Echo Substudy evaluated echocardiographic para-
meters of ventricular remodeling in 127 of the pa-

tients. Baseline echocardiograms were done before
enrollment, at 1 month, 3 months, and 6 months.
The group that received carvedilol had significant
improvements in EF and decreased left ventricular
end systolic volume, demonstrating that carvedilol
could inhibit ventricular remodeling even in addi-
tion to background ACE inhibitor therapy (84).

It is of course important to use clinical judg-
ment to determine the timing and dosage of beta-
blocker administration. The recently published
COMMIT (Clopidogrel and Metoprolol in Myo-
cardial Infarction Trial) enrolled over 45,000 pa-
tients with acute MI into an aggressive beta-
blocker regimen or to placebo in addition to usual
therapy. The risk of reinfarction and ventricular
fibrillation was reduced by 10 per 1,000 treated;
however, 11 per 1,000 developed clinical shock
(85). Similar to CONSENSUS II, this trial illus-
trates the dangers of protocol-driven medicine and
highlights the need for clinical judgment.

The clinical and echocardiographic improve-
ments in left ventricular remodeling after acute
myocardial infarction have been well illustrated in
the literature. However, the biochemical mecha-
nisms by which beta-blockers reduce LV remodel-
ing is not clear. Li et al. used a rat model of acute
MI treated with carvedilol to evaluate the mecha-
nism of action. Cardiac hemodynamics and mea-
surements of inflammatory markers were done to
evaluate the biochemical effect of carvedilol on the
mechanisms of LV remodeling. Carvedilol de-
creased the mRNA and protein expression of pro-
inflammatory cytokines, including TNF-alpha, in-
terleukin (IL)-1B, and IL-6 (86).

Altered calcium metabolism also plays a role
in post-MI remodeling (87 – 89). In post-MI rats,
there is downregulation of sarcoplasmic reticulum
Ca++ adenophosphatase (SERCA) and upregula-
tion of phospholamban (an inhibitor of SERCA),
resulting in decreased local pools of the calcium
that is needed for proper excitation-contraction
coupling. The alterations in SERCA and phospho-
lamban are reduced by both metoprolol and
carvedilol, which results in less dilatation and hy-
pertrophy (90).

Statins

The pleiotrophic effects of hydroxymethyl glu-
taryl (HMG) coenzyme reductase inhibitors, or
statins, are now fairly well established (91). They
appear to have nonlipid mechanisms that alter en-
dothelial function, coronary plaque stability,
thrombus formation, and inflammatory responses.
The reductions in the inflammatory marker C-re-
active protein (CRP) have been well publicized in
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the literature (92 – 95). In addition to their coro-
nary benefits, the anti-inflammatory and anti-oxi-
dant effects of statins act to inhibit LV remodeling
after MI. Simvastatin has been shown to decrease
the levels of many inflammatory cytokines includ-
ing TNF-alpha, IL-1b, and IL-6. This is associated
with improved echocardiographic parameters of
LV remodeling (96). Similarly, atorvastatin was
able to inhibit stimulated cardiac fibroblasts from
synthesizing collagen (97). The evidence for these
benefits is based mostly on in vitro and animal
studies, but the results are still intriguing.

Rats with surgically induced anterior wall MIs
were treated with cerivastatin for 12 weeks. At the
end of the study period, the cerivastatin-treated
rats had a smaller LV cavity, improved contractil-
ity and relaxation, less collagen I mRNA, in-
creased endothelial nitric oxide synthase (NOS)
production, and decreased peroxynitrite accumula-
tion (98). Similar studies in post-MI mice treated
with fluvastatin showed improved survival, de-
creased LV volume, improved LV ejection frac-
tion, and decreased matrix metalloproteinase
(MMP)-2 and 13 activity. These findings suggest
that fluvastatin, and maybe all statins, can improve
LV remodeling through inhibition of MMPs that
are known to cause infarct expansion and LV di-
latation (99).

Statins are also known to improve endothelial
dysfunction; the mechanism is nitric oxide depen-
dent. Similarly, the nitric oxide (NO) enhancing
properties of statins may also be implicated in LV
remodeling. Nahrendorf et al. treated post-MI mice
with cerivastatin, and analysis by cardiac MRI
showed decreased hypertrophy and decreased LV
cavity size. Interestingly, the protective effect of
cerivastatin was mostly abolished by the addition of
N-methyl-L-arginine methyl ester (L-NAME),
which is an inhibitor of NOS (100). This suggests
an important role for NO and NOS in the statin-me-
diated protection against LV remodeling. Similar
beneficial effects on LV remodeling via a NOS/NO-
dependent pathway were demonstrated with ator-
vastatin in mice, thus strengthening the argument
for a class effect of statins (101). In the present era,
when it would be difficult to withhold statins after
an MI, there will probably be no large randomized
trial to fully determine whether the experimental
benefits in remodeling translate to the patient.

Revascularization

Modern care dictates that in acute myocardial
infarctions, the occluded artery should be opened as
soon as possible, in order to optimize myocardial
salvage and improve mortality (102, 103). This has

clearly been shown to reduce infarct size and im-
prove hemodynamic measurements of LV function
(104). There is some debate as to whether reperfus-
ing an artery that is out of the typical range of
thrombolytic therapy has any important clinical im-
plications, the so called “open-artery hypothesis.”

There have been several studies to evaluate
whether late reperfusion has any important clinical
benefits. Investigators were encouraged when a
subgroup analysis of ISIS-3 Trial patients who re-
ceived thrombolytic therapy between 5 and 24
hours after MI showed a 33% mortality benefit
(105). The benefits were thought to be the same as
with early revascularization: improved electrical
stability, less scar formation, preserved ejection
fraction, and less ventricular remodeling. Several
small trials have attempted to evaluate the effect of
late reperfusion on EF and LV size. Gil et al. eval-
uated 103 patients randomized to alteplase or
placebo 6 – 24 hours after an MI. Interestingly,
there was a more improved EF at 1 month, but no
difference by 6 months (104). Topol et al. found
similarly conflicting results in 197 patients en-
rolled in the TAMI-6 trial, who also presented late.
LV volumes were preserved, but there was no sig-
nificant effect on ejection fraction (106). Other tri-
als have had similar unimpressive results (107).
Despite the scarcity of evidence of improvement,
opening coronary arteries late after the infarct is a
relatively common practice.

The Future

Inhibition and blockade of various enzymes
and receptors in the RAAS pathway has been the
basis of therapy to inhibit LV remodeling to date.
There are, however, promising therapies using
other modalities. Regeneration of the myocardium
has been a “hot topic” paralleling the interest in
stem cells. Several different ways to effect new tis-
sue growth are being studied in early clinical trials.
Surgical approaches to inhibit remodeling have
also been looked at. The CorCapTM device (Acorn
Vascular, Inc., St. Paul, MN) has been used with
some success in humans with chronic CHF, and is
now being evaluated in animals after MI. Another
promising therapy involves pacing the left ventri-
cle. The benefits of biventricular pacing have been
shown in chronic heart failure; it is now time to in-
vestigate its role in post-MI patients.

Cell Therapy

Therapy aimed at modifying the scar left after
a myocardial infarction has included experimental
cell-based therapies. Initial studies implanted
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skeletal muscle myoblasts into the scarred region.
The myoblasts implanted, but clinical studies re-
vealed unacceptably high rates of ventricular
tachycardia and sudden death (108, 109). Indeed,
further trials have required the use of amiodarone
or an implantable cardiac defibrillator to enroll pa-
tients. Observations that adult cardiomyocytes
were capable of being replaced by progenitor cells
have led to speculation that both bone-marrow-de-
rived and embryonic stem cells may be more ef-
fective than skeletal muscle myoblasts (110).

In 2004, the results of TOPCARE-AMI were
published; they looked promising. Fifty-nine pa-
tients with an acute MI were randomized to intra-
coronary infusions of circulating progenitor cells
or bone-marrow-derived progenitor cells 5 days
after the MI. Although it was only a pilot study, at
one year it appeared safe to infuse either type of
cell, and LV volumes and EF were similar in both
(111). As an alternative to direct coronary infusion,
the induction of bone marrow progenitor cells by
granulocyte-colony stimulating factor (G-CSF) was
evaluated as another way to increase the number of
progenitor cells in the circulation (112). Unfortu-
nately a small pilot study with 27 patients in Korea
showed an increase in coronary restenosis when G-
CSF was used (113). This was followed by a larger
study of 50 patients in the FIRSTLINE-AMI trial,
who were given G-CSF 90 minutes after percuta-
neous coronary intervention (PCI) for acute MI.
Follow-up data on those patients did not reveal ac-
celerated restenosis, and left ventricular size and
function were significantly improved at 4 months
(114). Another trial, REPAIR-AMI, enrolled 204
patients for a multicenter study that infused autolo-
gous bone marrow cells into patients 3 – 5 days after
they underwent primary PCI for an acute MI; the
data were presented at the AHA last year (115). The
ASTAMI investigators used intracoronary injection
of bone marrow cells in 101 patients with anterior
wall MI. Six-month data was presented at the recent
AHA meeting (116). Despite the early setbacks, it
appears that there will be further studies to deter-
mine the right type of cell therapy to prevent post-
MI LV remodeling through tissue regeneration.

Surgical Restraint Device

The idea of using a restraining wrap or device
to prevent LV dilatation and even shrink cavity
size presents another way in which to prevent re-
modeling. A randomized trial using a synthetic
mesh (CorCapTM) in patients with advanced CHF
undergoing mitral valve surgery demonstrated
some reduction in LV size and patient symptoms
(117). In the post-MI setting there have been

promising animal studies (in sheep) that have
shown that the passive restraint device can de-
crease infarct expansion, improve cardiac func-
tion, and interrupt LV remodeling (118, 119).
However, until this device can be deployed
through a minimally invasive technique, it is un-
likely to gain much popularity.

Pacing

Cardiac resynchronization therapy has proven
useful for advanced heart failure patients with con-
duction system disease. It has long been known
that electrical dyssynchrony is accompanied by
mechanical dyssynchrony. A number of clinical tri-
als have now shown that the placement of bi-ven-
tricular pacemakers improves clinical outcomes,
including mortality and morbidity (120). The
mechanism for the benefit includes improved con-
tractile function, reduced mitral regurgitation, im-
proved energy utilization, and reverse remodeling
(121 – 123). With the strength of data emerging in
favor of resynchronization therapy for chronic
heart failure, perhaps the same concepts can prove
useful in preventing heart failure after MI.

In pre-clinical studies of left bundle branch
block and right ventricular pacing, there have been
differences in the myocardial work, nutrient bal-
ance, and remodeling related to the proximity to
the pacing site (124 – 126). The myocardium closer
to the site of pacing does less work than the more
distant myocardium. In the therapy of CHF, bi-
ventricular pacing has been found to improve mor-
tality, morbidity and quality of life, and effect re-
verse remodeling (127 – 129). If these benefits
could be extended to patients with significant ante-
rior wall MIs to prevent remodeling, it would have
an important clinical impact on post-MI survival.
There is the possibility of having early clinical
testing, and preliminary results should be available
within 18 months. The study will enroll 60 patients
with an anterior MI with creatine phosphokinase of
at least 2,000 U/L. The patients will undergo bi-
ventricular pacing with the LV lead placed close to
the infarct zone. In theory, the infarct zone my-
ocardium will be required to do less work and per-
haps undergo less remodeling. If this pacing has
benefits when added to ACE inhibition, beta-
blockers, and other neurohormonal blockade, then
it may have a prominent role in post-MI therapy.

Conclusions

It is clear that new therapies are urgently
needed to curtail the progression from myocardial
infarction to end-stage heart failure. The most ef-
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fective therapies will likely be ones that are initi-
ated immediately after an acute MI before long-
term changes occur. Until the time comes when we
have a single option that is cost effective with no
detrimental effects, we will need to use the exist-
ing tools that we have. While ACE inhibitors and
beta-blockers are being extensively used after an
MI, the addition of aldosterone antagonism is lag-
ging behind, due to well-founded physician fears
of hyperkalemia and renal dysfunction (130). The
near future may bring device-driven pacing ther-
apy or even minimally invasive surgical restraint
devices.
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