
Mechanisms of Post-Infarct Left Ventricular Remodeling

Brent A. French, PhD*,†,§ and Christopher M. Kramer, MD†,§

*Department of Biomedical Engineering, University of Virginia, Charlottesville, VA 22908

†Department of Radiology, University of Virginia, Charlottesville, VA 22908

§Department of Medicine, University of Virginia, Charlottesville, VA 22908

Abstract
Heart failure secondary to myocardial infarction (MI) remains a major source of morbidity and
mortality. Long-term outcome after MI can be largely be defined in terms of its impact on the size
and shape of the left ventricle (i.e., LV remodeling). Three major mechanisms contribute to LV
remodeling: 1) early infarct expansion, 2) subsequent infarct extension into adjacent noninfarcted
myocardium, and 3) late hypertrophy in the remote LV. Future developments in preventing post-MI
heart failure will depend not only on identifying drugs targeting each of these individual mechanisms,
but also on diagnostic techniques capable of assessing efficacy against each mechanism.
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INTRODUCTION
Despite the best efforts of public health and preventative medicine, an estimated 1.2 million
Americans will suffer a new or recurrent MI this year, making coronary heart disease the single
leading cause of death in the US [1]. Furthermore, it is estimated that 38% of the people who
experience an MI in a given year will ultimately die from it [1]. Thus, while improvements in
the standard of care for acute MI have led to steady declines in in-hospital mortality (from
11.2% to 9.4% between 1990 and 1999 [1]), heart failure secondary to MI remains a major
source of morbidity and mortality. Historically, the treatments offered for heart failure have
evolved along with our understanding of the mechanisms responsible for it (as reviewed by
Mann [2]). Heart failure was initially viewed as a problem of excessive salt and water retention
caused by abnormalities of renal blood flow (the cardiorenal model). This view was gradually
replaced by the concept that heart failure was largely a problem of excessive peripheral
vasoconstriction and reduced cardiac output (the cardioicirculatory model). Over the past two
decades, these models have given way to a “neurohormonal” model, in which heart failure is
understood in terms of the elaboration of biologically active molecules that exert deleterious
effects on the heart and circulation [3]. While this model has proven valuable in identifying
mechanisms and in developing effective new therapies (i.e., angiotensin converting enzyme
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(ACE) inhibition and β-blockade), it does not completely explain the relentless nature of
disease progression. To address the progressive nature of heart failure, a “biomechanical”
model was proposed [4] that acknowledges the structural basis of heart failure and postulates
that LV remodeling may contribute independently to its progression [2,3,5,6]. For the purposes
of this review, LV remodeling can be defined as a change in the size, shape and/or composition
of the left ventricular myocardium.

While the etiologies underlying many forms of heart failure are exceedingly complex, the
etiology of heart failure secondary to uncomplicated MI can be largely be defined in terms of
infarct size, location and its subsequent impact on the function, shape and size of the left
ventricle (i.e., LV remodeling [7,8]). For example, a recent animal study showed that infarct
size as determined with MRI by late gadolinium enhancement correlated well with both
subsequent end-systolic LV volumes and ejection fraction [9]. Similarly, a recent clinical study
used infarct imaging to demonstrate a linear relationship between scar size and both LV
volumes and ejection fraction [10]. Given that the increase in LV end-systolic volume can be
predicted from infarct size, and that LV end-systolic volume is the major determinant of
survival after recovery from MI [11], the value of LV remodeling as a surrogate endpoint for
use in heart failure trials [12,13] has led to the suggestion that it be considered as a primary
target for treatment [14,15].

Considering that LV remodeling is the major determinant of survival after recovery from MI
[11], and that it has been strongly associated with clinical outcomes in numerous heart failure
trials, the “biomechanical” model of heart failure has gained increasing acceptance during
recent years [3]. The importance of maintaining (or regaining) a normal end-systolic volume
is further supported by recent reports of “reverse-remodeling” after myocardial
revascularization, LV reconstruction, mitral ring annuloplasty and other device-based
treatments (e.g., LV assist devices).[16] The clinical data suggesting functional and clinical
advantages associated with reverse remodeling have led to the development of innovative
mechanical devices such as the Acorn passive cardiac support device [17]. This is a mesh-like,
implantable device designed to prevent progressive LV dilatation, increase ejection fraction,
lower LV wall stress and attenuate LV chamber sphericity [18].

The current review stresses the “biomechanical” model of heart failure and supports the
contention that LV remodeling can be adopted as a primary endpoint for assessing new
treatment strategies for heart failure. Furthermore, it proposes that a detailed understanding of
the biomechanical mechanisms underlying the efficacy of the various treatment modalities
should lead to the rational design of improved drug combinations and treatment windows that
may offer increased efficacy. For example, the combination of ACE inhibitors and β-blockers
have been shown to inhibit LV remodeling [5,19], but the relative contributions of the various
biomechanical mechanisms underlying the efficacy of this combination remain to be fully
defined. The three major biomechanical mechanisms contributing to the increase in LV
chamber volume over time after MI are: 1) expansion of the infarct in the sub-acute phase
[20], 2) subsequent non-ischemic infarct extension into the adjacent noninfarcted region [21,
22], and 3) hypertrophy and dilatation of non-infarcted myocardium in the chronic phase
[17,23,24] (Figure 1). Because these three biomechanisms operate in different regions of the
LV during different time frames after MI, it is unlikely that any single drug will be completely
effective in addressing all three mechanisms. The central tenant of this review is that a detailed
understanding of the biomolecular progression of LV remodeling and the impact of various
drugs and drug combinations on the underlying processes will lead to the development of
rational combinations of treatment regimens that can be employed during the optimal time
frames necessary to minimize LV remodeling post-MI. Ultimately, these treatment regimens
may include invasive surgical- [17] and/or stem cell-based [25] procedures. However, the
current standard of care is based on pharmaceutical therapy because it is reliable, cost-effective
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and straightforward to administer. For the foreseeable future, small molecule drugs will
continue to constitute the first-line of defense, at least until such time as more sophisticated
and complex therapeutic approaches can demonstrate competitive cost-benefit ratios.

A variety of novel therapeutic approaches are being explored to reduce the size of myocardial
infarction in patients that present with acute coronary syndromes; however, these lie outside
the scope of the current review. However, this review will be restricted to mechanisms that
come into play after reperfusion has been achieved and the size of the acute infarct has already
been established. Furthermore, this review will assume that reperfusion has been fully and
completely achieved, since it is well established that the progression of LV remodeling is very
different in reperfused versus non-reperfused infarctions [26]. The beneficial effects of
revascularization on LV remodeling are well established, even when revascularization is
delayed for a period of days after the onset of MI. Finally, this review will not address the
problem of acute pump failure after MI, since the treatment objectives in this class of patients
are clearly different from those in patients that stabilize soon after reperfusion.

1. THE INFARCT
Perhaps the most widely recognized and well-understood biomechanism underlying LV
remodeling after MI is infarct expansion. Infarct expansion refers to the radial thinning and
circumferential increase in the extent of a transmural (or near transmural) infarct that occurs
during the days to weeks following an acute MI. In this context, it is important to distinguish
between infarct expansion and the wavefront phenomenon by which necrosis proceeds from
the endocardium towards the epicardium during the first few hours after reperfusion. Seminal
studies conducted in a dog model of reperfused MI characterized the delay between reperfusion
and the onset of cell death, but it is important to note that this same study reported infarct size
was already two-thirds complete within 3 hours of reperfusion [27]. It should also be noted
that the onset of cell death in these studies may have been significantly delayed by the
impressive collateral circulation found in dogs. For example, serial contrast-enhanced studies
of the evolution of MI indicate that infarct size reaches 95% of its final size within 1 hour of
reperfusion in mice [28] (where the collateral circulation is negligible). Finally, one should
distinguish between the wavefront phenomenon and non-ischemic infarct extension (as defined
below under “Adjacent Noninfarcted Region”). Following ischemia, the wavefront
propagation of necrosis is largely complete within the first 6 hours after reperfusion, whereas
infarct extension occurs in the weeks to months following reperfusion and is independent of
ischemia.

Infarct expansion is perhaps the most important mechanism that comes into play after MI
because it is the first mechanism that becomes operative after reperfusion and it has a
determining influence on subsequent mechanisms of LV remodeling. The contention that a
small, well-healed infarct is not a significant stimulus for LV remodeling is supported by the
observation that small infarct scars detected in patients using the cardiac MRI technique of late
gadolinium-enhancement are not associated with LV remodeling. Conversely, a large,
transmural infarct in the anterior LV wall will be subject to abnormal loading conditions and
undergo repeated cycles of systolic bulging with every heartbeat (until such time as mature
scar can be formed). It follows that the workload placed on the recovering heart and the number
of heartbeats occurring prior to scar maturation are critical factors in the progression of infarct
expansion (and ultimately LV remodeling). Indeed, this simple concept is supported by many
lines of evidence, from animal models to clinical experience.

A careful examination of the time course of LV remodeling in mice shows that LV end-systolic
volume stabilizes within 1 month after reperfused MI [29]. While this is a simple observation,
it suggests that the progression of LV remodeling is proportional to heart rate since both heart
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rate (600 bpm) and the natural progression of LV remodeling (1 month) are approximately 10-
fold faster than found in humans. Additional evidence supporting this concept can be found in
the clinical literature, since the negative chronotropic effect of beta-blockade may be an
important contributing mechanism underlying the efficacy of this class of drugs in clinical
trials [30].

Clearly, it is not simply the number of contractions but the wall stress imposed by each
contraction that contributes to LV remodeling. Thus the contributions to afterload imposed by
increased preload (end-diastolic dimension) as well as peripheral vasoconstriction are also
critical, as reflected in the cardiocirculatory model of heart failure. The improvements in
systemic hemodynamics brought about by ACE inhibition and the protection this provides
against infarct expansion provide convincing arguments for applying ACE inhibition as early
as practical in the setting of acute MI [31].

While the effects of LV wall stress are also important in other regions of the heart, and during
other phases of LV remodeling (as detailed below), a recent transmural infarct is particularly
vulnerable to the effects of wall stress, such that infarct expansion accounts for the majority
of the increase in LV chamber volume that occurs during the first hours to weeks after MI.
Given LaPlace’s law, these early increases in volume add additional wall stress to other regions
of the heart in the months that follow. The fundamental importance of these early events in
determining late outcome makes it critical to understand the biological mechanisms governing
infarct scar formation and maturation in the post-infarct heart after reperfusion. For while
reperfusion is important for myocardial salvage and for initiating the wound-healing process
in the infarct, it is not always complete (i.e., due to microvascular obstruction and/or incomplete
revascularization), and the re-establishment of blood flow to the infarcted region is relatively
short-lived. Indeed, underperfused regions as measured by myocardial contrast
echocardiography as early as 6 hours after reperfusion can used to accurately predict infarct
size [32].

The complex orchestration of cytokine elaboration, inflammatory cell infiltration, endothelial
cell proliferation and myofibroblast activity necessary to create a mature scar out of infarcted
myocardium has recently been reviewed by Frangogiannis [33]. The initial inflammatory phase
after reperfusion is characterized by cytokine/chemokine signaling and the infiltration of
neutrophils that begin to clear the infarct of necrotic cardiomyocytes and cellular debris. This
is followed 2–3 days later by the start of the proliferative phase during which monocytes invade
the infarct and differentiate into macrophages. During the proliferative phase, lasting 2–7 days
post-MI in mice, neovessels are formed to support the proliferation of myofibroblasts in the
infarct. The myofibroblasts elaborate extracellular matrix proteins including the collagen
necessary for scar formation. As the neutrophils complete the process of clearing necrotic cells
from the infarct, they enter apoptosis and are phagocytosed by macrophages. This induces the
macrophages to synthesize and release TGF-β which downregulates inflammation and helps
promote the transition from the proliferative phase to the maturation phase approximately 7
days post-MI (in mice). During this final phase, fibroblasts undergo apoptosis, neovessels
regress from the infarct and the collagen-based matrix matures by condensation into mature
scar. It is critical that strong, mature scar be formed as early as possible since the structurally
weakened infarct is subject to infarct expansion during the proliferative phase. However, this
must be balanced against excessive scar formation at later stages which has the potential to
encroach upon the adjacent noninfarcted region through a process that has been referred to as
non-ischemic infarct extension [21]. Furthermore, an excessive fibrotic response in the LV has
the potential to spill over into the remote regions where it might compromise contractile
function. In short, macrophage function, neovessel formation and collagen deposition all are
crucial to prevent infarct expansion from contributing to LV remodeling, and yet our
understanding of these processes (particularly in humans) is limited. It is clear that LV
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remodeling proceeds more slowly in larger mammals than in mice, and while some aspects
may be driven by heart rate it is also clear that the total mass of the necrotic tissue (i.e., the
number of cardiomyocytes involved) will also come into play in determining the rate of LV
remodeling in one species versus another.

The formation and regression of neovessels in the infarct after experimental MI in a canine
model has also been characterized recently [34]. This study concluded that while neovessel
formation is critical in scar formation, the regression of these vessels may be equally important
in preventing excessive fibrosis. Others have extensively characterized LV remodeling in dogs
[35] and have used it to probe potential targets in the collagen degradation and synthesis
pathways after MI [36]. For example, the effects of calcium channel blockers (amlodipine) and
ACE inhibition (enalapril) have been examined in this same model. It was found that
amlodipine, but not enalapril, preserved collagen in the infarct scar and increased collagen
volume fraction in the border region [37]. These studies and others have led to the general
consensus that ACE inhibitors and angiotensin receptor blockers (ARBs) have an antifibrotic
effect on collagen formation in the infarcted and remote noninfarcted regions. When considered
in light of the obvious clinical benefits of ACE inhibitors and ARBs [38], this might suggest
that the extent of fibrosis in the infarct of untreated subjects may be excessive, and that a
smaller, more compact scar is to be preferred. In accordance with LaPlace’s law, the optimal
design criteria for a post-infarct scar would involve minimizing the circumferential and
longitudinal extent of the scar, and yet making it as thick (and as strong) as necessary to resist
bulging under systolic pressure. Thus the spatial distribution of fibrosis within the infarct is
clearly as important as the extent of fibrosis.

While the effects of ACE inhibitors on infarct scar formation have been described, few animal
studies have directly examined the effects of β-blockade on infarct scar formation after MI.
This stands in contrast to the wealth of clinical experience in which β-blockade has been shown
to have favorable effects on the LV remodeling process in addition to those of ACE inhibitors,
and where the combination of both drugs yields the greatest benefit in mortality [39]. Thus
while much progress has been made, particularly with regard to our understanding of the effect
of ACE inhibition on post-MI scar formation, improved methods and more animal studies are
needed to characterize the effects of combined ACE inhibition and β-blockade on the
progression of wound healing and scar formation in the LV after MI.

Other drugs that show promise in controlling infarct expansion include inhibitors of matrix
metalloproteinases (MMPs). Studies conducted in MMP-deficient mice [40] and in animals
treated with both non-selective [41] and selective [42] MMP inhibitors suggest that preserving
the collagen matrix surrounding the cardiomyocytes in the infarct can help prevent infarct
expansion and thus help reduce LV remodeling. It is also conceivable that MMP inhibition
could prove useful in inhibiting side-by-side “slippage” of cardiomyocytes in the remote
noninfarcted region during the late phase of LV remodeling. However, MMP inhibition is likely
to be a two-edged sword since some remodeling of the extracellular matrix will clearly be
necessary in order for the post-infarct heart to adjust to the changes in LV wall stress imposed
by the non-contractile infarct. Indeed, cardiomyocytes located in the adjacent region situated
between the infarct and the remote region are subject to highly abnormal stresses, and their
ability to accommodate those new stress patterns is also critical to long-term outcome.

Given that infarct expansion during the sub-acute phase is the primary contributor to the early
phase of LV remodeling after MI, it follows that efficient wound healing and scar formation
in the infarct are critical in preventing infarct expansion from contributing to LV remodeling.
Indeed, recent studies undertaken in an animal model of MI indicate that activated macrophages
improve healing, remodeling and function in the post-MI heart [43]. While there has been great
interest in the potential of using stem cells for myocardial regeneration, the demonstration of
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actively-contracting transplanted cells in the infarct has been elusive, and it appears likely that
most of the beneficial effects that have been reported to date derive instead from either
accelerating scar formation or otherwise enhancing the mechanical properties of the infarct.
Indeed, simple mechanical plication of the infarct with purse-string sutures significantly
improved long-term end diastolic length, end systolic length and fractional shortening as
measured by echocardiography in a rat model of post-MI heart failure [44]. Alternative surgical
methods for minimizing infarct expansion by supplementing the mechanical properties of the
infarct region include myocardial patches [45] and support devices such as the Acorn passive
cardiac support device. This is a mesh-like, implantable device designed to prevent progressive
LV dilatation, increase ejection fraction, lower LV wall stress and attenuate LV chamber
sphericity [18].

In conclusion, a significant portion of the efficacy attributable to the current standard of care
(ACE-inhibition and beta-blockade) may result from the beneficial effects that this drug
combination has on infarct expansion during the early phase after MI. This is entirely consistent
with current ACC/AHA guidelines recommending the administration of these agents early after
reperfusion [31]. While this drug combination has demonstrated efficacy in this setting, the
positive results from initial clinical trials undertaken with passive constraint devices or patches
to protect the infarct against excessive wall stress suggests that there is further opportunity for
improved treatment options targeting infarct expansion. In particular, MMP inhibition has
shown promise in limiting infarct expansion in several pre-clinical studies (both in rodents and
larger mammals). Small molecule or cell-based strategies aimed at accelerating the formation
of mature scar in the infarct would also appear promising. Note, however, that such strategies
would need to be carefully timed, since augmenting inflammatory responses too early after
reperfusion would aggravate reperfusion injury. Conversely, enhancing the wound-healing
response too late during the scar maturation might promote excess fibrosis (not only in the
infarct, but potentially in the adjacent and remote regions of the heart as well). The two
strategies (MMP inhibition and scar acceleration) could potentially be employed in
combination, but the timing of administration will be critical to success. It is therefore likely
that such strategies would be implemented in parallel with reliable methods for monitoring
wound healing and scar formation in individual patients (either through the use of non-invasive
imaging or plasma-based biomarkers). More complex and/or sophisticated approaches
entailing surgical or catheter-based intervention (i.e., stem cell therapy or passive restraint
devices) also show long-term promise, but it may be some time before such approaches
demonstrate a substantial advantage in cost/benefit ratio as compared to the advancing clinical
standard of care.

2. THE ADJACENT NONINFARCTED REGION
Of the three regions of myocardium defined by acute MI, the adjacent region of viable tissue
immediately bordering the infarct is perhaps the least well characterized. This point
notwithstanding, it is nevertheless widely believed to play a critical role in the progression of
LV remodeling during the weeks and months that follow acute MI. As introduced above, the
recently characterized phenomenon of “non-ischemic infarct extension#x0201D; is likely to
emerge as an important biomechanism responsible for the enlargement of chamber volume
(and progressive loss in LV function) that continues to operate even after the completion of
mature scar formation in the infarct.

Operationally, the adjacent noninfarcted region is defined by its proximity to the infarct
(whether it be necrotic tissue early after MI or mature scar late after MI). However, careful
studies undertaken with surgically-implanted sonomicrometers have demonstrated the viable
myocardium in the adjacent region can progressively be recruited into mature scar, thus
increasing the proportion of the LV wall subtended by scar and decreasing the proportion
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composed of viable, contractile myocardium [22]. Thus the adjacent noninfarcted region does
not necessarily remain in a fixed position, even after the formation of mature scar in the infarct,
but is instead a moving target whose position is defined by the progressive extension of scar
tissue into viable myocardium. While one might suspect that infarct extension is the result of
residual ischemia, microsphere-based perfusion studies have shown that it can occur in fully-
perfused tissue [22].

From a mechanical point of view, non-ischemic infarct extension can be understood in terms
of the highly abnormal stress patterns imposed on cardiomyocytes within the adjacent
noninfarcted region due to their juxtaposition between non-contractile infarct scar and the
viable, contractile myocardium. While the concept of “tethering” has been used to explain
deficits in contractile function observed in the adjacent noninfarcted region, high-resolution
myocardial tagging studies conducted with MRI indicate that tethering actually operates in
both directions (i.e., not only decreasing strain in the adjacent noninfarcted region [46] but also
transferring strain into nearby regions of scar tissue myocardium that lack the contractile
elements necessary to generate strain). Thus the abnormal stress patterns resulting from the
juxtaposition of contractile and non-contractile tissues are amortized over some distance.
Nevertheless, cardiomyocytes lying at the border of the infarct/scar and adjacent noninfarcted
regions still experience the greatest stress and due to resultant activation of the renin-
angiotensin system [47] undergo myocyte hypertrophy in parallel with loss of function in the
adjacent region [23].

From a biological point of view, the mechanical shear stress imposed on cardiomyocytes lining
the infarct scar induce oxidative stress and activate pro-inflammatory pathways within these
cells. Thus the expression of both TNF-alpha [48] and iNOS protein [49] have been
documented in cardiomyocytes bordering the infarct scar (Fig. 2). The combination of
oxidative and nitrosative stress ultimately leads to apoptosis in cardiomyocytes adjoining the
mature scar, replacement with fibrous tissue and extension of the infarct scar. It is possible that
the delayed, yet inevitable progression of heart failure observed clinically in patients surviving
large MI is driven, at least in part, by this insidious mechanism of non-ischemic infarct
extension.

Pre-clinical studies suggest that the current clinical standard of care (ACE inhibition and beta-
blockade) may be reasonably effective in controlling non-ischemic infarct extension. For
example, one study in a dog model of heart failure secondary to MI found a significantly lower
incidence of apoptosis in cardiomyocytes located in LV regions bordering scarred tissue
(infarcts) in enalapril-treated dogs as compared with controls [50]. A second study, conducted
in an ovine model of myocardial infarction, examined the effects of adding angiotensin II
receptor blockade (ARB) to ACE inhibition [51]. This study found that, compared with ACE
inhibition alone, the addition of ARB further limits hypertrophy in noninfarcted
cardiomyocytes located in the adjacent noninfarcted region. Another study, also conducted in
an ovine model of myocardial infarction, found that when added to ACE inhibition after
transmural anteroapical MI, beta-blockade improved ejection fraction and sympathetic
innervation in the adjacent noninfarcted region, but did not alter LV size [52].

Potential therapeutic approaches for inhibiting the process of non-ischemic infarct extension
follow immediately from the biomechanisms that are believed to be operative. ACE inhibition
and beta-blockade would both be anticipated to reduce the local stresses experienced by
cardiomyocytes located in the adjacent noninfarcted region. Alternative mechanical
approaches to reducing wall stress (e.g., myocardial patches and passive restraint devices) may
prove beneficial both in the infarct early after MI and in the adjacent noninfarcted region at
later time points. Here, as in the remote noninfarcted region, a passive restraint device
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encircling the entire heart may have logistical advantages over a cardiac “patch” covering a
more limited area.

Pro-inflammatory cytokines and proteins have been strongly implicated in the pathogenesis of
infarct expansion, and thus anti-inflammatory or anti-cytokine strategies may also prove
beneficial. While ACE inhibitors are not generally classified as anti-inflammatory, they
certainly counteract the actions of angiotensin II, which include activation of cell adhesion
molecules and the release of cytokines/chemokines, which in turn elicit inflammatory
responses from leukocytes, endothelial cells and vascular smooth muscle cells. Thus ACE
inhibitors may oppose infarct extension through multiple mechanisms, not only through the
reduction of wall stress but through anti-inflammatory effects as well. Other anti-inflammatory
agents may also prove beneficial against non-ischemic infarct extension. However, it may be
desirable to withhold such anti-inflammatory therapy until after the formation of mature scar,
since a small patient study of high-dose methylprednisolone administered shortly after MI
revealed an increased incidence of arrhythmia and cardiac rupture, which was subsequently
attributed to impaired healing in the infarct [53]. From a mechanistic standpoint, more selective
anti-cytokine strategies (such as TNF-alpha antagonists) would appear to be attractive. On one
hand, there is concern that TNF-alpha antagonists have failed to demonstrate significant
efficacy in the setting of chronic heart failure, even after two large randomized, placebo-
controlled clinical trials (i.e., RECOVER and RENAISSANCE, [54]). On the other hand, these
trials focused on patients with established heart failure, and they were not restricted to a post-
MI population. Thus the potential of early intervention with TNF-alpha antagonists in MI
patients has yet to be rigorously tested at the clinical level. Based on fundamental mechanisms,
anti-apoptosis strategies (such as caspase inhibition [55]) may also help prevent infarct
extension, particularly if they can be targeted to the heart or preferably even to the adjacent
noninfarcted region. However, apoptosis lies at the distal end of the mechanistic pathway
leading to infarct extension, and interventions aimed at the proximal end of that pathway (i.e.,
reducing wall stress and inflammation) would seem to have greater potential for success.

In summary, the adjacent noninfarcted region is widely believed to play a critical role in the
progression of LV remodeling during the weeks and months that follow acute MI. The
neurohormonal activation created by increased wall stress that is a result of infarct expansion
and cavity dilation leads to myocyte hypertrophy and mechanical dysfunction in the adjacent
noninfarcted region. Both ACE inhibition and beta blockade have been shown to intervene in
this cascade. Non-ischemic infarct extension is another potential mechanism afflicting the
adjacent region that has considerable potential to contribute importantly to the pathophysiology
of LV remodeling after MI. However, this mechanism has only recently been described, is
technically demanding to characterize, and has yet to be conclusively demonstrated in humans.
These points notwithstanding, there is evidence to suggest that at least a portion of the benefits
derived from ACE inhibition and beta-blockade can be attributed to their effects on non-
ischemic infarct extension. It is possible that further reductions in LV remodeling might be
obtained through the well-timed and judicious application of anti-inflammatory, anti-cytokine
or anti-apoptosis strategies. However, it remains to be seen whether the additional benefit
derived from such interventions will outweigh the additional costs and off-target effects that
will be associated with adding them to the contemporary standard of care.

3. THE REMOTE NONINFARCTED REGION
The remote noninfarcted region can operationally be defined as the non-ischemic myocardium
lying beyond the adjacent region. In patients with significant atherosclerotic burden, the remote
region could possibly be afflicted by ischemia and/or hibernation. However, for the purposes
of this review and in most animal models of LV remodeling, the myocardium in the remote
region is entirely normal before and shortly after the index event. Nevertheless, the increased
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workload imposed by large MI can elicit a hypertrophic response in the remote region
depending on a number of factors including: size of infarct, type of infarct (subendocardial or
transmural), location of infarct (septal vs. anterior, lateral or posterior walls), type of
reperfusion (full reperfusion, no reperfusion or reperfused with areas of no-reflow), degree of
non-ischemic infarct extension, preload and afterload, health status (obesity, diabetes,
hypertension), and other factors (such as state of inflammatory activation). It is reasonable to
assume that the onset of hypertrophy after MI will vary depending on the sum total of these
and perhaps additional factors. In most patients recovering from MI, reactive hypertrophy in
the remote region may not become a concern until sometime after the formation of mature scar.
In other patients with larger infarcts, it is conceivable that the threshold needed to activate the
gene regulatory pathways responsible for hypertrophy may be reached sooner. The detection
of hypertrophy in patients is further complicated by the fact that hypertrophy at the cellular
level is a gradual, growth-dependent process, which contributes to the delayed-onset
presentation of disease symptoms at the clinical level.

Cardiac hypertrophy plays a central role in the pathophysiology of nearly every form of heart
failure (not only those with an ischemic etiology). In animal models, cardiac hypertrophy can
be elicited by a wide variety of surgical, chemical, and genetic interventions. It is therefore not
surprising that the biomechanisms underlying cardiac hypertrophy are the most widely studied
of all the mechanisms that contribute to LV remodeling in response to MI. At the organ level,
the hypertrophic response of the heart depends upon the type of load applied, with pressure
overload eliciting myocyte thickening to produce concentric hypertrophy and volume overload
eliciting myocyte lengthening to produce the eccentric hypertrophy characteristic of a dilated
heart. LV remodeling post-MI is primarily a state of volume overload and thus leads primarily
to myocyte lengthening and thus eccentric hypertrophy.

The response of the remote region to volume and/or pressure overload is further complicated
by the degradation of extracellular collagen (by matrix metalloproteinases (MMPs)) and by
the deposition of collagen and other matrix proteins by cardiac fibroblasts. The degradation of
matrix components by MMPs and the resulting side-by-side slippage of cardiomyocytes is
presumably another mechanism that may contribute to LV wall-thinning in the remote region
after MI. Additional mechanisms afflicting the remote region include fibrosis and collagen
deposition, which have the potential to increase LV mass at the cost of LV function.

From a cellular point of view, the increased physical, oxidative and nitrosative stresses imposed
on cardiomyocytes in the remote region by the changes in cardiac shape, size and function
resulting from acute MI lead to the re-induction of a gene expression program reminiscent of
that seen during fetal development. While the signal transduction pathways responsible for
their activation are different, the transcription factors myocyte enhancer factor-2 (MEF2),
GATA4 and myocardin have all been shown to participate importantly, both in prenatal cardiac
development and in the hypertrophic response to cardiac stress. MEF2 becomes activated upon
its phosphorylation and dissociation from the class II histone deacetylases (HDACS) that serve
to repress the cardiac fetal gene expression program. In contrast, GATA4 activity is potentiated
by the action of the small GTPase RhoA on rho-associated kinase (ROCK), which then
associates with the NFAT transcription factor to activate the hypertrophic growth program.
Hypertrophic agonists such as serum and phenylephrine upregulate both the expression and
activity of myocardin, which forms stable ternary complexes with serum response factors
(SRFs) bound to CArG-box enhancer elements in the DNA, thereby upregulating the
expression of fetal genes.

These insights into the transcriptional regulation of cardiac hypertrophy have opened the
possibility that hypertrophy itself might serve as a target for novel therapies against heart failure
[56]. For example, cardiomyocytes from mice with a mutant form of class II HDACs that lack
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regulatory phosphorylation sites have been shown to be resistant to serum- or phenylephrine-
induced fetal gene expression and hypertrophy [56]. In addition, the calcineurin inhibitors
cyclosporin and FK506 have been used to inhibit the calcineurin-dependent activation of
NFAT, which in turn represses the fetal gene expression program and the hypertrophic response
[57]. Furthermore, the dependence of GATA4 activity on small GTPases can be exploited by
using statins (HMG-CoA reductase inhibitors) to block the isoprenylation of small GTPases,
thereby blocking membrane targeting and subsequent signal transduction. Indeed, statin
treatment has been shown to inhibit both angiotensin II–induced [58] and phenylephrine-
induced [59] hypertrophy in isolated cardiomyocytes. With regard to animal studies,
simavastatin was recently shown to reduce cardiac hypertrophy in a rat model of pressure
overload [60]. The question of whether statin therapy may prove valuable in patients with heart
failure has been the subject of recent reviews [61,62] and ongoing clinical trials (e.g., CORONA
and GISSI-HF); however, it remains to be seen whether statin treatment offers benefits above
and beyond those derived from ACE inhibition and beta-blockade.

In summary, the response of the remote region to the physical, oxidative and nitrosative stresses
imposed by MI plays a critical role in determining long-term outcome. The similarities between
the fetal program of cardiac gene expression and the hypertrophic program of cardiac gene
expression have shed considerable light on the molecular mechanisms underlying reactive
hypertrophy. While ACE inhibitors are fairly effective against hypertrophy, they may not be
as effective as aldosterone antagonists in inhibiting cardiac fibrosis [63], which might underlie
the modest but significant beneficial effect of eplerenone in clinical trials of heart failure.

Summary and Conclusions
The foregoing review of biomechanisms contributing to LV remodeling after myocardial
infarction has a number of clinical implications. Most immediately, the determining influence
of early events (e.g., infarct expansion) and mid-term events (e.g., non-ischemic infarct
extension) on the ultimate outcome after MI provide a mechanistic rationale for implementing
drug therapy as soon as possible after the index event. Indeed, one should note that the current
ACC/AHA guidelines for the management of patients with ST-elevation myocardial infarction
(STEMI) already list both ACE inhibitors and beta-blockers as Class I drugs for use within the
first 24 hours after MI, with ACE-inhibition recommended long-term and beta-blockade
recommended during the early phase of convalescence. However, the implementation of these
guidelines is occasionally incomplete due to the challenge of achieving efficacious doses of
these agents without provoking hypotension in individual patients. The optimal relative dosing
of each agent is not well-defined. Dosing varies from patient to patient and often must be found
by trial and error.

To best adapt therapy to individual patients, it may be beneficial to identify the patients that
would benefit the most from aggressive therapy, for example those with larger infarcts.
Towards this end, the current ACC/AHA guidelines also identify the measurement of infarct
size as an important element in the overall care of patients with STEMI. While it is usually
clear which patients have large vs. small infarcts, the commonly-available methods of infarct
size estimation (follow-up EKG, cardiac biomarkers, radionuclide imaging, echocardiography
and MRI) are seldom applied in a quantitative fashion, making it difficult to identify which of
the patients with intermediate-sized infarcts might benefit the most from more aggressive
medical therapy. Fortunately, this situation is steadily improving with increasing
implementation of more quantitative techniques for infarct size measurement. With regard to
cardiac biomarkers, the area-under-the-curve analysis made possible by serial troponin assays
provides for infarct size determinations that correlate moderately well with quantitative cardiac
MRI determinations of infarct size by late gadolinium enhancement [64]. Similarly,
contemporary methods for the quantitative assessment of infarct size by radionuclide imaging
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[65] and 3D echocardiography [66] are becoming more common. One recent study used cardiac
MRI to show that the risk of LV remodeling increased 2.8-fold with each 10% increase in
infarct size [67]. In the same study, infarct size of 24% or more of LV area predicted LV
remodeling with high sensitivity (92%), specificity (93%), and accuracy (93%)[67]. Larger
confirmatory studies are clearly needed before precise guidelines can be formulated, but from
the available data it is clear that more accurate methods of quantitative infarct size
determination could improve patient care by facilitating the practice of personalized medicine
(i.e., enabling physicians to more precisely adjust the intensity of medical surveillance and
dose escalation) as appropriate for the individual patient’s infarct size. Similarly, one can
anticipate that the more widespread use of accurate methods for determining LV volumes at
end-systole and end-diastole (e.g., cardiac MRI and 3D echocardiography) will heighten
awareness of LV remodeling in patients after MI, leading to improved patient monitoring and
better outcomes.

While the foregoing discussion involves best-practices using drugs and diagnostics that are
already available, future trends in the prevention of heart failure after MI will include the more
precise targeting of drugs and more informative diagnostic techniques. As alluded to earlier,
the application of targeted drugs (i.e., specifically targeting infarct expansion as opposed to
non-ischemic infarct extension or compensatory hypertrophy) will rely greatly on the
development of diagnostic techniques capable of monitoring the efficacy of that specific
therapy. For example, molecular imaging techniques have already been developed to assess
macrophage accumulation [68] and collagen deposition [69] in the heart after MI. However,
it may take some time for the necessary contrast agents to gain FDA approval, and it is
conceivable that blood-borne biomarkers [70] could provide similar information on the
progression of scar formation at lower cost with absolutely no risk to the patient.

In the long term, advances in gene therapy, stem cell therapy and tissue engineering hold
promise for transforming infarcted myocardium into viable, contractile tissue. However, even
once this is possible, it is important to remember that even novel therapies need to be cost
effective in order to gain widespread acceptance in a managed care environment. Until such
time as these novel therapies achieve a cost/benefit ratio that rivals conventional therapy, it is
likely that they will be reserved for patients with larger infarcts who have more to gain from
intervention.
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Figure 1.
Location of the infarcted, adjacent and remote regions relative to an occluded LAD. Panel A
shows entire heart with atria and major vessels. The occlusion site on the LAD is indicated
with an “X”. The infarct is indicted as the lightly shaded region below the dotted line. The
adjacent region is indicated as the lightly shaded region above the dotted line and the remote
region is indicated as the darkly shaded region above the dotted line. Panel B shows the left
ventricle with an arbitrary cut line indicated along the left-hand side as a dashed line. Panel C
shows a flattened version of the LV obtained after cutting the LV along the dashed line in Panel
B.
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Figure 2.
Immuno of iNOS expression in the adjacent region early and late after MI (from Gilson et al.
[49] with permission). Panels A&C show low- and high-power (respectively) magnifications
of a wild-type (WT) mouse heart on post-myocardial infarction (MI) day 1 double-
immunostained for myoglobin (brown) and neutrophils (purple). Panels B&D show low- and
high-power (respectively) serial sections from the same mouse heart immunostained for
inducible nitric oxide synthase (iNOS) (brown). The iNOS immunoreactivity in panel D is
most abundant in the swath of cardiomyocytes located within the black oval. Comparison with
panel C reveals that the same swath of cardiomyocytes contains little myoglobin and is largely
nonviable. Panels E&F show sections from WT mouse hearts on post-MI day 28
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immunostained for iNOS. Panel E shows iNOS in cardiomyocytes bordering scar tissue
(arrows), while Panel F shows iNOS in cardiomyocytes bordering mature scar and in
granulation tissue (arrows).
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Table 1
Therapeutic strategies and their targets in specific regions of the heart during
different time frames after myocardial infarction

Region Time frame Current Therapies Developing Therapies

Infarct Days to weeks Nitroglycerin [71] Better scar formation [43]
Ace inhibition [72,73] MMP inhibition [41,57,74]
Beta blockade [75] Passive restraint [17,76]

Stem-cell transplantation
Adjacent Weeks to months Ace inhibition [50,51] Anti-apoptosis [50,77]

Beta blockade [52] Anti-cytokine [78]
Passive restraint [17,76]
Anti-inflammatory

Remote Months to years Ace inhibition [50,51] Anti-hypertrophy [57]
Beta blockade Anti-cytokine [78]
Aldosterone inhibition [63] MMP inhibition
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