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eft Ventricular Remodeling in Heart Failure
urrent Concepts in Clinical Significance and Assessment

arvin A. Konstam, MD, Daniel G. Kramer, MD, Ayan R. Patel, MD,
artin S. Maron, MD, James E. Udelson, MD

oston, Massachusetts

entricular remodeling, first described in animal models of left ventricular (LV) stress and injury, occurs

rogressively in untreated patients after large myocardial infarction and in those with dilated forms of

ardiomyopathy. The gross pathologic changes of increased LV volume and perturbation in the normal

lliptical LV chamber configuration is driven, on a histologic level, by myocyte hypertrophy and apoptosis

nd by increased interstitial collagen. Each of the techniques used for tracking this process— echocardi-

graphy, radionuclide ventriculography, and cardiac magnetic resonance— carries advantages and dis-

dvantages. Numerous investigations have demonstrated the value of LV volume measurement at a single

ime-point and over time in predicting clinical outcomes in patients with heart failure and in those after

yocardial infarction. The structural pattern of LV remodeling and evidence of scarring on cardiac mag-

etic resonance have additional prognostic value. Beyond the impact of abnormal cardiac structure on

ardiovascular events, the relationship between LV remodeling and clinical outcomes is likely linked

hrough common local and systemic factors driving vascular as well as myocardial pathology. As demon-

trated by a recent meta-analysis of heart failure trials, LV volume stands out among surrogate markers as

trongly correlating with the impact of a particular drug or device therapy on patient survival. These

ndings substantiate the importance of ventricular remodeling as central in the pathophysiology of

dvancing heart failure and support the role of measures of LV remodeling in the clinical investigation of

ovel heart failure treatments. (J Am Coll Cardiol Img 2011;4:98 –108) © 2011 by the American College of

ardiology Foundation
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f Ventricular Remodeling

he term ventricular remodeling refers to alter-
tion in ventricular architecture, with associ-
ted increased volume and altered chamber
onfiguration, driven on a histologic level by a
ombination of pathologic myocyte hypertro-
hy, myocyte apoptosis, myofibroblast prolifer-
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tion, and interstitial fibrosis (1–3). Although
riginally described after myocardial infarction
MI), ventricular remodeling develops in re-
ponse to a variety of forms of myocardial
njury and increased wall stress (4,5).

Early work by Pfeffer and Braunwald (6) in a
odent MI model showed that a greater degree
f myocardial injury was associated with a
reater degree of chamber remodeling over
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ime. Since that time, multiple studies have sub-
tantiated the relationship between infarct size and
he extent of left ventricular (LV) remodeling
3,7,8). Solomon et al. (9) showed that patients
ith larger MIs, as evidenced by greater elevations

n serum creatine kinase concentrations, manifest
reater 90-day increases in LV end-diastolic vol-
me (EDV) and greater reductions in left ventric-
lar ejection fraction (LVEF) (Fig. 1).
The initial post-MI phase of LV remodeling

esults from fibrotic repair of the necrotic area with
car formation, elongation, and thinning of the
nfarcted zone (Fig. 2). LV volumes increase, a
esponse that is sometimes considered adaptive,
ssociated with stroke volume augmentation and
aintenance of normal cardiac output (10). How-

ver, beyond this early stage, the remodeling pro-
ess is driven predominantly by hypertrophic myo-
yte elongation in the noninfarcted zone, resulting
n increased wall mass, chamber enlargement, and a
hift from an elliptical to a more spherical chamber
onfiguration (3,11–13). These changes, together
ith a decline in performance of the pathologically
ypertrophied myocyte and interstitial fibrosis
ithin the noninfarcted zone, result in progressive
ecline in ventricular performance. Left unchecked,
V hypertrophy, dilation, and contractile dysfunc-

ion appear to advance indefinitely, regardless of the
nitial inciting cause, as evidenced by progressive
ncreases in LV volumes (12,14,15).

Pathologic LV remodeling is closely linked to
ctivation of a series of neuroendocrine, paracrine,
nd autocrine factors, which are up-regulated after
yocardial injury and in the setting of increased LV
all stress and hemodynamic derangement. Con-

ributing factors include the renin-angiotensin-
ldosterone axis, the adrenergic nervous system,
ncreased oxidative stress, proinflammatory cyto-
ines, and endothelin. Renin-angiotensin system
nhibition (14–18) and beta-adrenergic blockade
19–23) have each been shown to markedly atten-
ate or reverse LV remodeling in patients with
eart failure and LV dilation, although aldosterone
lockade has yielded mixed results (24,25), and
ndings with antagonists of endothelin (26) and
asopressin (27) have been disappointing.

With continued application of imaging tech-
iques within populations of patients with MI
nd/or heart failure, there has been increased un-
erstanding of the various macroscopic patterns of
V remodeling and their relationship to underlying
tiology and prognosis. Verma et al. (28), examin-

ng patients with heart failure and/or LVEF �35% s
fter MI, in the VALIANT (VALsartan In Acute
yocardial iNfarcTion) echocardiographic study,

efined 3 patterns of LV remodeling based on
easurement of the LV mass index (LVMi) and

elative wall thickness (RWT): concentric remod-
ling (normal LV mass index LVMi and increased
WT), eccentric hypertrophy (increased LVMi and
ormal RWT), concentric hypertrophy (increased
VMi and increased RWT) (Fig. 3) (28). Each of

hese patterns was associated with a higher risk of
ubsequent cardiovascular events than that of nor-
al LV morphology, with each of these 3 patterns

arrying progressively worse prognosis (see the “Re-
ationship between LV remodeling and prognosis in
atients with heart failure and decreased LVEF”
ection).

echniques for Assessing Ventricular
emodeling

VEF, the most common metric of car-
iac performance in clinical practice, is
nfluenced by the degree of LV remodel-
ng more than by any other factor (29).

ther, more precise metrics of remodel-
ng, such as LV volumes and mass, have
eceived greater focus in clinical trials than
n clinical practice (30), yet these measure-

ents relate more closely to prognosis and
o the impact of therapy than does LVEF.
or example, White et al. (31) demon-
trated that within groups with various
egrees of post-MI LV dysfunction de-
ned by LVEF, analysis of LV end-
ystolic volume (ESV) further risk-
tratified patients, suggesting that it is a
ore powerful metric for that purpose.
t present, echocardiography remains the pre-
ominant clinically applicable noninvasive test of
hoice, based on broader availability, whereas
lternative modalities, such as radionuclide imag-
ng and cardiac magnetic resonance (CMR), also
lay an important role, with each modality offer-
ng advantages and disadvantages.
wo-dimensional (2D) and 3-dimensional (3D)
chocardiography. 2D echocardiography is a widely
vailable and well-established means of assessing LV
emodeling. This technique can be performed in
early all patients, including those who are critically ill,
nd is not associated with any radiation exposure.
owever, estimates of LV volumes derived from 2D

mages are subject to variability and error imposed by

A B B
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ying the endocardial border, geometric assumptions
nderlying the volumetric calculations, and beat-to-
eat variation in LV volume and function.

Kober et al. (32) demonstrated the accuracy of
chocardiographic LV volumes estimates, using the
impson method when compared with in vitro
anine measurements. A number of studies have
emonstrated the superior reproducibility of 2D
chocardiography over M mode for measuring LV
ass in normal subjects (33,34) and those with

bnormal LV geometry (35). Subsequently, har-
onic imaging (36) and contrast echocardiography

37) have improved 2D echocardiographic image
uality.
More recently, real-time 3D echocardiography

as emerged as a clinically feasible method for
uantifying ventricular volume and mass. 3D echo-
ardiographic quantification of ventricular volumes
nd ejection fraction can be performed rapidly and
voids the geometric assumptions and problems of
mage plane position that are associated with 2D
chocardiography. 3D echocardiography has supe-
ior accuracy and reproducibility for evaluation of
entricular chambers compared with 2D echocardi-
graphy, and several studies have observed that 3D
chocardiographic assessments of ventricular vol-
mes, mass, and ejection fraction correlate favorably
ith CMR (38–42).
adionuclide ventriculography. Equilibrium-gated
adionuclide ventriculography (RVG) has been used
ince the 1970s to assess right ventricular and LV
unction, with studies of ventricular volumes following

Subsequent Remodeling

ocardial infarctions (MI), as reflected by higher serum creatine kinase
r 90-day increases in left ventricular end diastolic volume (LVEDV)
ler MI. Adapted, with permission, from Solomon et al. (57).
oon thereafter. Because ventricular volumes are de- a
ermined by changes in radionuclide counts, the RVG
echnique is independent of geometric assumptions
nd does not rely on operator-defined analysis of
egional changes in wall motion or thickening
hroughout the cardiac cycle (30,43). This factor is
specially advantageous over other imaging techniques
n patients with ischemic cardiomyopathy, multiple
all motion abnormalities, and altered LV geometry.
ecause the radionuclide-based volumetric estimate

ntegrates information from multiple cardiac cycles,
he technique is not subject to error from individual
eat-to-beat variation. Gating methodologies are de-
igned to manage moderate cycle-length variability,
lthough extreme variability, as when ventricular re-
ponse to atrial fibrillation is excessively irregular, may
ntroduce error into volumetric and functional
stimates.

Multiple studies have demonstrated adequate
eproducibility and low intraobserver and interob-
erver variability of RVG in estimating LV volumes
n both normal subjects and those with heart
isease. Studies comparing RVG with both contrast
entriculography (44,45) and visual estimation by
D echocardiography (46) found that RVG is
omparable to these 2 methods in estimating LVEF
nd has higher reproducibility.

Like any imaging modality, a high-quality, re-
roducible study is dependent on operator expertise
n acquisition and analysis. Although LV volumes

ay not be routinely reported in many cardiac
uclear medicine laboratories, laboratories with
ualified physicians and technologists can be
rained to acquire high-quality data, and central
ata analysis will optimize accuracy and reproduc-
bility of volumetric estimates for clinical trial
urposes.
MR. CMR is a 3D imaging technique producing
mages with high spatial and temporal resolution.
he generation of thin, short-axis imaging slices
ith full ventricular coverage results in truly tomo-
raphic imaging without the limitation of geo-
etric assumptions associated with 2D non-

omographic imaging techniques. In addition,
ontemporary imaging sequences generate sharp
ontrast between the bright blood pool and dark
yocardium, which results in accurate measure-
ents of volume, mass, and wall thickness. A

umber of investigations have demonstrated strong
orrelations for LVEFs and volumes measured by
MR versus contrast angiography or echocardiog-

aphy (47,48). CMR is now considered the refer-
nce for noninvasive measurements of functional
Figure 1. MI Size and

Patients with larger my
(CK) levels, show greate
nd volumetric parameters. In addition, the supe-
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ior reproducibility of these measurements with
MR facilitates application of CMR as a research

ool for clinical investigation. For example, the
ample size needed to demonstrate a given change
n volume or mass with statistical confidence is
ubstantially reduced with CMR compared with
D echocardiography, a factor that may offset the
ncreased cost of CMR by virtue of the savings from
tudying fewer patients per trial (49).

Beyond geometric measurements, contrast-
nhanced CMR, with assessment of late gadolin-
um enhancement (LGE), has demonstrated the
bility to predict patient risk of adverse remodeling
ost-MI (50–52). Due to the high spatial resolu-
ion, LGE, a marker of myocardial scarring, can
dentify acute and chronic MI with high accuracy
nd reproducibility (53). Areas of LGE can be
lanimetered, and the amount quantified and ex-
ressed as a percentage of the total LV mass or a
ercentage of the LV wall segment involved (50).
his technique can also demonstrate microvascular
bstruction, as evidenced by a central dark zone,
urrounded by bright enhancement of the infarcted
ore (54), a finding that marks a greater risk of
dverse LV remodeling post-MI.

elationship Between LV Remodeling
nd Prognosis in Patients With
eart Failure and Decreased LVEF

elationship between clinical outcomes and cross-
ectional LV measurements. In 1987, White et al.
31) observed that LVEF measured 1 to 2 months

Figure 2. Ventricular Remodeling: Gross and Microscopic Archit

Schematic representation of post-myocardial infarction (post-MI) lef
and elongation of the fibrous scar within the infarcted zone. Subse
more spherical configuration, is driven principally by diffuse myocy
increases in interstitial collagen. Figure illustration by Craig Skaggs.
fter thrombolytic therapy for MI was a powerful
redictor of prognosis, with LV ESV index (ESVi)
roviding additional predictive value. In a similar
opulation, Migrino et al. (55) demonstrated a
ontinuous relationship between ESVi and both
ortality and the development of heart failure

ymptoms. In a population with symptomatic heart
ailure and decreased LVEF, Lee et al. (56) found
hat LV end-diastolic dimension index, measured
ith M-mode echocardiography, was an indepen-
ent predictor of survival. In an echocardiographic

re

ntricular remodeling. The early phase is characterized by thinning
t left ventricular dilation, with transition from an elliptical to a
ypertrophy associated with increased apoptosis (not shown) and

Figure 3. Patterns of Remodeling

The echocardiographic substudy of the VALIANT (VALsartan In Acut
iNfarcTion) trial defined 3 patterns of left ventricular (LV) remodelin
heart failure and/or LV ejection fraction �35%, based on measurem
lar mass index (LVMi) and relative wall thickness (RWT): concentric r
LVMi and increased RWT), eccentric hypertrophy (increased LVMi an
centric hypertrophy (increased LVMi and increased RWT). Reprinted
ectu

t ve
quen
te h
e myocardial
g in patients with
ent of left ventricu-
emodeling (normal
d normal RWT), con-
, with permission,
from Verma et al. (28).
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ubstudy of the VALIANT (Valsartan in Acute
yocardial Infarction) study, Solomon et al. (57)

emonstrated that baseline LVEF, EDV, and ESV
ere each independent predictors of the primary

ombined end point of death or heart failure hos-
italization (Fig. 4).
Recently, investigators have begun to clarify the dif-

erential prognostic implication of different patterns of
V remodeling. In the VALIANT echocardiographic

tudy, Verma et al. (28) found that, compared with
atients without evidence of LV remodeling, patients
ith any of the patterns of LV remodeling post-MI had
greater risk of the composite of cardiovascular death,
I, heart failure, stroke, or resuscitated cardiac arrest. In

ddition, the patterns of concentric remodeling, eccentric
ypertrophy, and concentric hypertrophy were associated
ith a progressively increased risk of the composite, with

ach of the individual outcome components following a
attern of risk similar to that of the overall composite
Fig. 5). Thus, although LV volumes remain powerful
ndicators of cardiovascular prognosis, additional infor-

ation is contained within the specific pattern of LV
emodeling.

These findings point to additional hypotheses related
o the nature of the linkage between LV remodeling and
ardiovascular events (29). First, the greater adverse
mplication of concentric hypertrophy suggests that an-
ecedent hypertension of sufficient severity and duration
o discernably affect LV structure carries an incremental
isk in a patient with subsequent MI. Second, the
imilarity of risk patterns for subsequent MI and stroke,

Figure 4. Ventricular Measurements and Prognosis

Relationship between echocardiographic parameters, ejection fracti
bined outcome of death or hospitalization for heart failure (HF) aft

et al. (57).
ompared with that of heart failure and the overall
omposite end point, suggests that the mechanisms
esponsible for adverse outcomes are not simply operat-
ng through cardiac dysfunction and clinical heart failure.
ather, it is likely that LV remodeling represents a more
lobal biomarker of systemic effects, such as that of
ypertension and neurohormonal activation, on the en-
ire cardiovascular system, with a likely association be-
ween LV remodeling and vascular changes responsible
or coronary and cerebrovascular events.

The extent of LGE by CMR may also represent
n important prognostic indicator. The number of
V segments with transmural (i.e., LGE occupying
75% of the LV segment) involvement post-MI is

redictive of the extent of subsequent LV remod-
ling, as evidenced by increased LV volumes and
ecreased LVEF, independent of the magnitude of
roponin increase (58). The extent of LGE also
redicts the likelihood of functional recovery after
ither coronary revascularization or medical ther-
py. Those LV segments without LGE have ap-
roximately an 80% chance for improvement in
unction post-revascularization (52). Similarly, in
atients with heart failure and decreased LVEF,
ystolic performance improved in more than half of
V segments without LGE, but in only rare seg-
ents with transmural LGE after 6 months of

eta-blocker therapy (59). CMR evidence of mi-
rovascular obstruction post-MI predicts a greater
ikelihood of thinning and lack of functional recov-
ry in a particular myocardial segment and a greater

end-diastolic volume, and infarct segment length, and the com-
yocardial infarction. Reprinted, with permission, from Solomon
on,
er m
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verall likelihood of future adverse cardiovascular
vents (60).

Although more work is needed in this area, it is
ikely that the combination of LV geometric indi-
ators, such as volumes and overall patterns of
emodeling, along with myocardial characteristics,
uch as LGE and microvascular obstruction, will
ogether form a powerful constellation of findings
redicting subsequent clinical outcomes.
elationship between clinical outcomes and longitudinal
V measurements. A number of studies have sup-
orted the value of serial changes in parameters of
V remodeling for predicting clinical outcomes in
atients with LV dilation and/or decreased LVEF.
ata from the echocardiographic substudy of the

AVE (Studies of Ventricular Enlargement) trial
emonstrated that longitudinal changes in LV area
1 year after MI significantly correlated with

ubsequent long-term rates of cardiovascular events,
ndependent of randomization to either captopril or
lacebo (Fig. 6) (61). Similarly, echocardiographic
ata from the Val-HeFT (Valsartan Heart Failure
rial) in 5,010 patients with heart failure and both
VEF �40% and LV end-diastolic dimension

ndex �2.9 cm/m2, showed that both baseline LV
nd-diastolic dimension index and LVEF and
hanges in these parameters over time were inde-

Figure 5. Remodeling Patterns and Cardiovascular Events

Compared with patients without evidence of left ventricular (LV) re
myocardial infarction (MI) had a greater risk of the composite of ca
cardiac arrest. In addition, the patterns of concentric remodeling, ec
with a progressively increased risk of the composite end point, with
similar to that of the overall composite. SD � sudden death. Reprin
endent predictors of patient outcome (62).
elationship Between an Intervention’s Effect
n Remodeling and its Effect on Clinical Outcomes

n Patients with Heart Failure and Decreased LVEF

eyond mere prognostication, measures of LV
emodeling have been used extensively to gauge the
ffect of drug and device interventions on cardiac
tructure and function. In a radionuclide ventricular

eling, patients with any of the patterns of LV remodeling post-
vascular (CV) death, MI, heart failure (HF), stroke, or resuscitated
tric hypertrophy, and concentric hypertrophy were associated
ch of the individual outcome components following a risk pattern
, with permission, from Verma et al. (28).

Figure 6. Longitudinal Ventricular Dilation and Prognosis

Changes in left ventricular (LV) area at end-systole and end-diastole
1 year in patients after myocardial infarction with baseline left ventric
function, from the SAVE (Studies of Ventricular Enlargement) trial, c
in patients who sustained versus those who did not sustain adverse
vascular (CV) events. Patients experiencing events had a significantl
increase in areas (i.e., more adverse remodeling) compared with tho
mod
rdio
cen
ea
over
ular dys-
ompared
cardio-

y greater
se who
had no events. Adapted, with permission, from St. John Sutton et al. (61).
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unction substudy of the SOLVD (Studies of Left
entricular Dysfunction) trial, we demonstrated
ifferences in serial measures of LV volumes for
atients randomized to the angiotensin-converting
nzyme inhibitor enalapril versus those randomized
o placebo, which paralleled the enalapril effect on
ll-cause mortality and on heart failure hospitalization.

e observed that enalapril prevented or reversed the
rogressive remodeling process seen in placebo-group
atients with an LVEF �35%, either with (treatment
rial) (14) or without (prevention trial) (15) heart
ailure symptoms (Fig. 7).

Numerous studies have shown favorable effects on
arameters of LV remodeling for drugs that improve
linical outcomes in patients with decreased LVEF
nd LV dilation, notably angiotensin-converting en-
yme inhibitors, beta-blockers, and angiotensin recep-
or blockers (14,15,18,57,63–69). Conversely, agents
ith neutral or adverse effects on remodeling, relative

o a comparator, have often been found to be associ-
ted with neutral or adverse effects on clinical out-
omes. Examples include omapatrilat (70,71) and
bopamine (72,73). In a head-to-head comparison of
he angiotensin-converting enzyme inhibitor capto-
ril, 150 mg daily, with the angiotensin receptor
locker losartan, 50 mg daily, we found a trend
avoring captopril in the 1-year change in LV volumes
18), an effect that presaged the mortality findings in
LITE (Early Versus Late Intervention Trial With
stradiol) II (74). Yu et al. (75) showed that a

Figure 7. Angiotensin Converting Enzyme Inhibitor Effects on V

Changes in left ventricular end-diastolic volume over time in asymp
decreased left ventricular ejection fraction while randomized to pla
function) trials. During long-term follow-up, patients randomized to
ular end-diastolic volume, whereas those randomized to enalapril s

withdrawal of placebo or enalapril. Adapted, with permission, from Kon
ecrease in LV ESV of �10% after cardiac resynchro-
ization therapy predicted decreased long-term mor-
ality and heart failure events, whereas symptomatic
mprovement did not. More recently, in separate
rials, the vasopressin V2 receptor antagonist tolvaptan
as shown to have a neutral effect on both ventricular

emodeling and long-term clinical outcomes (27,76).
n contrast, in 2001, Bozkurt et al. (77), examining
-month changes in LVEF, EDV, and ESV, showed
dose-dependent, placebo-controlled reverse remod-

ling effect over 3 months with etanercept, an inhib-
tor of tumor necrosis factor-alpha. Three years later,

much larger, long-term study failed to show any
ong-term clinical outcome benefit (78). Conversely,
e were unable to demonstrate a benefit of the

ldosterone receptor blocker eplerenone on LV re-
odeling in a group of patients with class II and III

eart failure and decreased LVEF (25), despite the
avorable impact that this class of agent has exerted in
elect patient populations with heart failure and de-
reased LVEF (79,80). Nevertheless, it appears that in
ost, but not all, cases there is concordance between

n intervention’s effect on LV remodeling and heart
ailure–related clinical outcomes for patients with
educed LVEF, either post-MI or with chronic heart
ailure.

Recently, we performed a meta-analysis examining
he relationship between drug- or device-induced
hanges in parameters of LV remodeling and the
ffects of the same interventions on mortality in

ricular Volumes

atic (Prevention) and symptomatic (Treatment) patients with
o or enalapril, from the SOLVD (Studies of Left Ventricular Dys-
cebo demonstrate evidence of progressive increase in left ventric-
ed reductions in left ventricular volume. wd � restudy after
ent

tom
ceb
pla

how

stam et al. (14,15).
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atients with heart failure and decreased LVEF (81).
e classified 25 drug or device interventions as having

avorable, neutral, or unfavorable effects on survival,
stimating the odds ratio for death for each interven-
ion compared with placebo based on large-scale,
andomized, controlled outcome trials. We then ex-
mined the correlation between these odds ratios and
he placebo-corrected change from baseline in LV
olumes observed in 88 individual remodeling studies
erformed with each of these interventions (Fig. 8).

e found significant correlations between longer
erm trial-level therapeutic effects on mortality and
hort-term trial-level therapeutic effects of a drug or
evice on LVEF (r � �0.51, p � �0.001), EDV
r � 0.44, p � 0.002), and ESV (r � 0.48, p �
.002). Furthermore, these drug-/device-induced
hanges in ventricular remodeling reflect the proba-
ility of a categorical mortality outcome (favorable,
eutral, or adverse) for those therapies. These findings
rovide the best support available linking interven-
ional effects on the process of LV remodeling and on
linical outcomes in patients with decreased LVEF
nd heart failure and suggest that the placebo-
orrected effect of a drug or device on the process of

Figure 8. Correlation of an Intervention’s Effect on Remodeling

Quantitative relationship between drug/device effects on ejection f
and mortality in patients with heart failure and left ventricular dysfu
(A), EDV (B), or ESV (C) from an individual remodeling trial plotted
were classified as favorable if the upper limit of the 95% confidenc
neutral if the confidence interval crossed 1, and adverse if the lowe
relation between longer term therapeutic effect on mortality and sh
p �0.001), EDV (r � 0.44, p � 0.002), and ESV (r � 0.48, p � 0.002

trolled trials (RCTs) of 25 interventions, including 19,092 total patients.
emodeling can serve as a probability signal of that
ntervention’s potential effect on mortality. Certainly,
n intervention might exert a favorable effect on
linical outcomes through mechanisms divorced from
hose responsible for LV remodeling. In the case of
ldosterone receptor blockade, we postulate that at
east some of the outcome benefit may be mediated
hrough vascular effects. Conversely, off-target adverse
ffects may offset the clinical benefit derived from a
rug’s or device’s favorable impact on the progression
f myocardial pathology. Nevertheless, results of our
eta-analysis support the use of remodeling data as a
eans of selecting agents to seek evidence of outcome

enefit through larger scale investigation, focusing on
linical events. Further, although remodeling benefit
annot be taken as a definitive surrogate end point for
urvival, demonstrable remodeling benefit of a drug or
evice serves to substantiate and render more credible
survival signal observed with that intervention.

onclusions

he process of ventricular remodeling is well estab-
ished and well described in animal models of LV

on Mortality

on (EF), end-diastolic volume (EDV), end-systolic volume (ESV),
ion. Each data point represents a placebo-corrected change in EF
nst the mortality odds ratio for the specific therapy. Interventions
erval of the odds ratio for death from the mortality trials was �1,
it of the confidence interval was �1. There was a significant cor-
term therapeutic effect on left ventricular EF (r � �0.51,
modeling data derived from analysis of 86 randomized, con-
and

racti
nct
agai
e int
r lim
ort-
). Re
Reprinted, with permission, from Kramer et al. (81).
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tress and injury and in patients after MI and other
orms of dilated cardiomyopathy. Various tech-
iques have been developed to explore the remod-
ling process in patients, each carrying advantages
nd disadvantages. These techniques have been
xtensively deployed in clinical trials, demonstrating
he value of baseline LV volumes and change in LV
imension, area, and volume over time, for predict-

ng subsequent clinical outcomes. Beyond LV vol-
mes, the pattern of LV remodeling was recently
hown to carry additional predictive value for vas-
ular and heart failure-related events. These find-
ngs support the hypothesis that the linkage be-
ween LV remodeling and outcome occurs not
erely through the adverse impact of cardiac pa-
sults of one-year serial echocardio-
graphic follow-up from the Captopril angiotensin convert
ogic change as a measure of concomitant vascular
athology. Finally, our recent meta-analysis corre-

ating drug and device effects on LV volumes and
n survival within a given population strengthens
ur understanding of the impact of remodeling
hanges on clinical outcomes in heart failure and
rovides support for the use of remodeling param-
ters to guide subsequent larger scale clinical inves-
igation and to help substantiate a given outcome
ignal within a given population.
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onstam, Tufts Medical Center, Box 108, 800 Wash-
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thology per se, but also via the role of LV morpho- mkonstam@tuftsmedicalcenter.org.
1

1

1

1

2

2

E F E R E N C E S

1. Eaton LW, Weiss JL, Bulkley BH,
Garrison JB, Weisfeldt ML. Regional
cardiac dilatation after acute myocar-
dial infarction: recognition by two-
dimensional echocardiography. N Engl
J Med 1979;300:57–62.

2. Erlebacher JA, Weiss JL, Eaton LW,
Kallman C, Weisfeldt ML, Bulkley
BH. Late effects of acute infarct dila-
tion on heart size: a two dimensional
echocardiographic study. Am J Car-
diol 1982;49:1120–6.

3. McKay RG, Pfeffer MA, Pasternak
RC, et al. Left ventricular remodeling
after myocardial infarction: a corollary
to infarct expansion. Circulation
1986;74:693–702.

4. Patten RD, Konstam MA. Ventricu-
lar remodeling and the renin angio-
tensin aldosterone system. Congest
Heart Fail 2000;6:187–92.

5. Opie LH, Commerford PJ, Gersh BJ,
Pfeffer MA. Controversies in ventric-
ular remodelling. Lancet 2006;367:
356–67.

6. Pfeffer MA, Braunwald E. Ventricular
remodeling after myocardial infarc-
tion. Experimental observations and
clinical implications. Circulation
1990;81:1161–72.

7. Chareonthaitawee P, Christian TF,
Hirose K, Gibbons RJ, Rumberger JA.
Relation of initial infarct size to extent
of left ventricular remodeling in the year
after acute myocardial infarction. J Am
Coll Cardiol 1995;25:567–73.

8. van Gilst WH, Kingma JH, Peels
KH, Dambrink JH, St. John Sutton
M. Which patient benefits from early
angiotensin-converting enzyme inhi-
bition after myocardial infarction? Re-
and Thrombolysis Study (CATS).
J Am Coll Cardiol 1996;28:114–21.

9. Solomon SD, Glynn RJ, Greaves S,
et al. Recovery of ventricular function
after myocardial infarction in the
reperfusion era: the healing and early
afterload reducing therapy study. Ann
Intern Med 2001;134:451–8.

10. Cohen MV, Yang XM, Neumann T,
Heusch G, Downey JM. Favorable
remodeling enhances recovery of re-
gional myocardial function in the
weeks after infarction in ischemically
preconditioned hearts. Circulation
2000;102:579–83.

11. Mitchell GF, Lamas GA, Vaughan
DE, Pfeffer MA. Left ventricular re-
modeling in the year after first anterior
myocardial infarction: a quantitative
analysis of contractile segment lengths
and ventricular shape. J Am Coll Car-
diol 1992;19:1136–44.

12. Douglas PS, Morrow R, Ioli A,
Reichek N. Left ventricular shape,
afterload and survival in idiopathic
dilated cardiomyopathy. J Am Coll
Cardiol 1989;13:311–5.

13. Rumberger JA, Behrenbeck T, Breen
JR, Reed JE, Gersh BJ. Nonparallel
changes in global left ventricular
chamber volume and muscle mass
during the first year after transmural
myocardial infarction in humans.
J Am Coll Cardiol 1993;21:673–82.

14. Konstam MA, Rousseau MF, Kronen-
berg MW, et al. Effects of the angiotensin
converting enzyme inhibitor enalapril on
the long-term progression of left ventric-
ular dysfunction in patients with heart
failure. SOLVD Investigators. Circula-
tion 1992;86:431–38.

15. Konstam MA, Kronenberg MW,
Rousseau MF, et al. Effects of the
ing enzyme inhib-
itor enalapril on the long-term pro-
gression of left ventricular dilatation in
patients with asymptomatic systolic
dysfunction. SOLVD (Studies of Left
Ventricular Dysfunction) Investiga-
tors. Circulation 1993;88:2277–83.

6. Pouleur HG, Konstam MA, Udelson
JE, Rousseau MF. Changes in ven-
tricular volume, wall thickness and
wall stress during progression of left
ventricular dysfunction. The SOLVD
Investigators. J Am Coll Cardiol 1993;
22 Suppl A:43A–48A.

7. Greenberg B, Quinones MA, Koilpil-
lai C, et al. Effects of long-term ena-
lapril therapy on cardiac structure and
function in patients with left ventric-
ular dysfunction. Results of the
SOLVD echocardiography substudy.
Circulation 1995;91:2573–81.

8. Konstam MA, Patten RD, Thomas
I, et al. Effects of losartan and cap-
topril on left ventricular volumes in
elderly patients with heart failure:
results of the ELITE ventricular
function substudy. Am Heart J
2000;139:1081–7.

9. Senior R, Basu S, Kinsey C, Schaeffer
S, Lahiri A. Carvedilol prevents re-
modeling in patients with left ventric-
ular dysfunction after acute myocar-
dial infarction. Am Heart J 1999;137:
646–52.

0. Colucci WS, Packer M, Bristow MR,
et al. Carvedilol inhibits clinical pro-
gression in patients with mild symp-
toms of heart failure. US Carvedilol
Heart Failure Study Group. Circula-
tion 1996;94:2800–6.

1. Lechat P, Escolano S, Golmard JL, et
al. Prognostic value of bisoprolol-
induced hemodynamic effects in heart
failure during the Cardiac Insuffi-

ciency BIsoprolol Study (CIBIS). Cir-
culation 1997;96:2197–205.

mailto:mkonstam@tuftsmedicalcenter.org


2

2

2

2

2

2

2

2

3

3

4

4

4

4

4

4

4

5

5

5

J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 4 , N O . 1 , 2 0 1 1

J A N U A R Y 2 0 1 1 : 9 8 – 1 0 8

Kramer et al.

Left Ventricular Remodeling in Heart Failure

107
2. Groenning BA, Nilsson JC, Sonder-
gaard L, Fritz-Hansen T, Larsson
HB, Hildebrandt PR. Antiremodeling
effects on the left ventricle during
beta-blockade with metoprolol in the
treatment of chronic heart failure.
J Am Coll Cardiol 2000;36:2072–80.

3. Hall SA, Cigarroa CG, Marcoux L,
Risser RC, Grayburn PA, Eichhorn
EJ. Time course of improvement in
left ventricular function, mass and ge-
ometry in patients with congestive
heart failure treated with beta-
adrenergic blockade. J Am Coll Car-
diol 1995;25:1154–61.

4. Tsutamoto T, Wada A, Maeda K,
et al. Effect of spironolactone on
plasma brain natriuretic peptide and
left ventricular remodeling in patients
with congestive heart failure. J Am
Coll Cardiol 2001;37:1228–33.

5. Udelson JE, Feldman AM, Greenberg
B, et al. Randomized, double-blind,
multicenter, placebo-controlled study
evaluating the effect of aldosterone
antagonism with eplerenone on ven-
tricular remodeling in patients with
mild-to-moderate heart failure and
left ventricular systolic dysfunction.
Circ Heart Fail 2010;3:347–53.

6. Anand I, McMurray J, Cohn JN, et al.
Long-term effects of darusentan on left-
ventricular remodelling and clinical
outcomes in the EndothelinA Recep-
tor Antagonist Trial in Heart Failure
(EARTH): randomised, double-
blind, placebo-controlled trial. Lancet
2004;364:347–54.

7. Udelson JE, McGrew FA, Flores E,
et al. Multicenter, randomized,
double-blind, placebo-controlled
study on the effect of oral tolvaptan on
left ventricular dilation and function
in patients with heart failure and sys-
tolic dysfunction. J Am Coll Cardiol
2007;49:2151–9.

8. Verma A, Meris A, Skali H, et al.
Prognostic implications of left ventricu-
lar mass and geometry following myo-
cardial infarction: the VALIANT
(VALsartan In Acute myocardial
iNfarcTion) Echocardiographic Study.
J Am Coll Cardiol Img 2008;1:582–91.

9. Konstam MA, Udelson JE, Anand IS,
Cohn JN. Ventricular remodeling in
heart failure: a credible surrogate end-
point. J Card Fail 2003;9:350–3.

0. Anand IS, Florea VG, Solomon SD,
Konstam MA, Udelson JE. Noninva-
sive assessment of left ventricular re-
modeling: concepts, techniques, and
implications for clinical trials. J Card
Fail 2002;8 Suppl:S452–64.

1. White HD, Norris RM, Brown MA,
Brandt PW, Whitlock RM, Wild CJ.
Left ventricular end-systolic volume as
the major determinant of survival after

recovery from myocardial infarction.
Circulation 1987;76:44–51.
32. Kober L, Torp-Pedersen C, Carlsen J,
Videbaek R, Egeblad H. An echocar-
diographic method for selecting high
risk patients shortly after acute myo-
cardial infarction, for inclusion in
multi-centre studies (as used in the
TRACE study). TRAndolapril Car-
diac Evaluation. Eur Heart J 1994;15:
1616–20.

33. Collins HW, Kronenberg MW, Byrd
BF 3rd. Reproducibility of left ven-
tricular mass measurements by two-
dimensional and M-mode echocardi-
ography. J Am Coll Cardiol 1989;14:
672–6.

34. Himelman RB, Cassidy MM, Land-
zberg JS, Schiller NB. Reproducibility
of quantitative two-dimensional echo-
cardiography. Am Heart J 1988;115:
425–31.

35. Reichek N. Standardization in the
measurement of left ventricular wall
mass. Two-dimensional echocardiog-
raphy. Hypertension 1987;9:II30–2.

36. Kasprzak JD, Paelinck B, Ten Cate
FJ, et al. Comparison of native and
contrast-enhanced harmonic echocar-
diography for visualization of left ven-
tricular endocardial border. Am J Car-
diol 1999;83:211–7.

37. Mulvagh SL, DeMaria AN, Feinstein
SB, et al. Contrast echocardiography:
current and future applications. J Am
Soc Echocardiogr 2000;13:331–42.

38. Jenkins C, Bricknell K, Hanekom L,
Marwick TH. Reproducibility and ac-
curacy of echocardiographic measure-
ments of left ventricular parameters
using real-time three-dimensional
echocardiography. J Am Coll Cardiol
2004;44:878–86.

39. Takeuchi M, Nishikage T, Mor-Avi V,
et al. Measurement of left ventricular
mass by real-time three-dimensional
echocardiography: validation against
magnetic resonance and comparison
with two-dimensional and m-mode
measurements. J Am Soc Echocardiogr
2008;21:1001–5.

40. Sugeng L, Mor-Avi V, Weinert L,
et al. Quantitative assessment of left
ventricular size and function: side-by-
side comparison of real-time three-
dimensional echocardiography and
computed tomography with magnetic
resonance reference. Circulation 2006;
114:654–61.

41. Nesser HJ, Tkalec W, Patel AR, et al.
Quantitation of right ventricular vol-
umes and ejection fraction by three-
dimensional echocardiography in pa-
tients: comparison with magnetic
resonance imaging and radionuclide
ventriculography. Echocardiography
2006;23:666–80.

42. Sugeng L, Mor-Avi V, Weinert L, et
al. Multimodality comparison of

quantitative volumetric analysis of the
right ventricle. J Am Coll Cardiol Img
2010;3:10–8.

3. Konstam MA, Wynne J, Holman BL,
Brown EJ, Neill JM, Kozlowski J. Use
of equilibrium (gated) radionuclide
ventriculography to quantitate left
ventricular output in patients with and
without left-sided valvular regurgita-
tion. Circulation 1981;64:578–85.

4. Upton MT, Rerych SK, Newman
GE, Bounous EP, Jr., Jones RH. The
reproducibility of radionuclide angio-
graphic measurements of left ventric-
ular function in normal subjects at rest
and during exercise. Circulation 1980;
62:126–32.

5. Cohn PF, Levine JA, Bergeron GA,
Gorlin R. Reproducibility of the an-
giographic left ventricular ejection
fraction in patients with coronary ar-
tery disease. Am Heart J 1974;88:
713–20.

6. van Royen N, Jaffe CC, Krumholz
HM, et al. Comparison and reproduc-
ibility of visual echocardiographic and
quantitative radionuclide left ventric-
ular ejection fractions. Am J Cardiol
1996;77:843–50.

7. Otterstad JE, Froeland G, St. John
Sutton M, Holme I. Accuracy and
reproducibility of biplane two-
dimensional echocardiographic mea-
surements of left ventricular dimen-
sions and function. Eur Heart J 1997;
18:507–13.

8. Bottini PB, Carr AA, Prisant LM,
Flickinger FW, Allison JD, Gottdie-
ner JS. Magnetic resonance imaging
compared to echocardiography to as-
sess left ventricular mass in the hyper-
tensive patient. Am J Hypertens 1995;
8:221–8.

9. Bellenger NG, Marcus NJ, Rajappan
K, Yacoub M, Banner NR, Pennell
DJ. Comparison of techniques for the
measurement of left ventricular func-
tion following cardiac transplantation.
J Cardiovasc Magn Reson 2002;4:
255–63.

0. Kim RJ, Fieno DS, Parrish TB, et al.
Relationship of MRI delayed contrast
enhancement to irreversible injury, in-
farct age, and contractile function.
Circulation 1999;100:1992–2002.

1. Fieno DS, Kim RJ, Chen EL, Lomas-
ney JW, Klocke FJ, Judd RM.
Contrast-enhanced magnetic reso-
nance imaging of myocardium at risk:
distinction between reversible and ir-
reversible injury throughout infarct
healing. J Am Coll Cardiol 2000;36:
1985–91.

2. Kim RJ, Wu E, Rafael A, et al. The
use of contrast-enhanced magnetic
resonance imaging to identify revers-
ible myocardial dysfunction. N Engl

J Med 2000;343:1445–53.



5

5

5

5

5

5

5

6

6

6

6

7

7

7

7

7

7

7

8

8

K
h

J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 4 , N O . 1 , 2 0 1 1

J A N U A R Y 2 0 1 1 : 9 8 – 1 0 8

Kramer et al.

Left Ventricular Remodeling in Heart Failure

108
3. Mahrholdt H, Wagner A, Holly TA,
et al. Reproducibility of chronic in-
farct size measurement by contrast-
enhanced magnetic resonance imag-
ing. Circulation 2002;106:2322–7.

4. Pennell DJ. Cardiovascular magnetic
resonance. Circulation 2010;121:692–
705.

5. Migrino RQ, Young JB, Ellis SG,
et al. End-systolic volume index at 90
to 180 minutes into reperfusion ther-
apy for acute myocardial infarction is a
strong predictor of early and late mor-
tality. The Global Utilization of
Streptokinase and t-PA for Occluded
Coronary Arteries (GUSTO)-I An-
giographic Investigators. Circulation
1997;96:116–21.

6. Lee TH, Hamilton MA, Stevenson
LW, et al. Impact of left ventricular
cavity size on survival in advanced
heart failure. Am J Cardiol 1993;72:
672–6.

7. Solomon SD, Skali H, Anavekar NS,
et al. Changes in ventricular size and
function in patients treated with val-
sartan, captopril, or both after myo-
cardial infarction. Circulation 2005;
111:3411–9.

8. Tarantini G, Razzolini R, Cacciavil-
lani L, et al. Influence of transmural-
ity, infarct size, and severe microvas-
cular obstruction on left ventricular
remodeling and function after primary
coronary angioplasty. Am J Cardiol
2006;98:1033–40.

9. Bello D, Shah DJ, Farah GM, et al.
Gadolinium cardiovascular magnetic
resonance predicts reversible myocar-
dial dysfunction and remodeling in
patients with heart failure undergoing
beta-blocker therapy. Circulation
2003;108:1945–53.

0. Baks T, van Geuns RJ, Biagini E, et
al. Effects of primary angioplasty for
acute myocardial infarction on early
and late infarct size and left ventricular
wall characteristics. J Am Coll Cardiol
2006;47:40–4.

1. St. John Sutton M, Pfeffer MA, Plap-
pert T, et al. Quantitative two-
dimensional echocardiographic mea-
surements are major predictors of
adverse cardiovascular events after
acute myocardial infarction. The pro-
tective effects of captopril. Circulation
1994;89:68–75.

2. Wong M, Staszewsky L, Latini R, et
al. Severity of left ventricular remod-
eling defines outcomes and response
to therapy in heart failure: Valsartan
heart failure trial (Val-HeFT) echo-
cardiographic data. J Am Coll Cardiol
2004;43:2022–7.

3. Doughty RN, Whalley GA, Gamble
G, MacMahon S, Sharpe N. Left
ventricular remodeling with carvedilol

in patients with congestive heart fail-
ure due to ischemic heart disease.
Australia-New Zealand Heart Failure
Research Collaborative Group. J Am
Coll Cardiol 1997;29:1060–6.

64. Greenberg B, Quinones MA, Koilpil-
lai C, et al. Effects of long-term ena-
lapril therapy on cardiac structure and
function in patients with left ventric-
ular dysfunction. Results of the
SOLVD echocardiography substudy.
Circulation 1995;91:2573–81.

65. Pfeffer MA, Braunwald E, Moye LA,
et al. Effect of captopril on mortality
and morbidity in patients with left
ventricular dysfunction after myocar-
dial infarction. Results of the survival
and ventricular enlargement trial. The
SAVE Investigators. N Engl J Med
1992;327:669–77.

66. Wong M, Johnson G, Shabetai R,
et al. Echocardiographic variables as
prognostic indicators and therapeutic
monitors in chronic congestive heart
failure. Veterans Affairs cooperative
studies V-HeFT I and II. V-HeFT
VA Cooperative Studies Group. Cir-
culation 1993;87 Suppl:VI65–70.

67. Wong M, Staszewsky L, Latini R,
et al. Severity of left ventricular re-
modeling defines outcomes and re-
sponse to therapy in heart failure:
Valsartan heart failure trial (Val-
HeFT) echocardiographic data. J Am
Coll Cardiol 2004;43:2022–7.

68. Granger CB, McMurray JJ, Yusuf S,
et al. Effects of candesartan in patients
with chronic heart failure and reduced
left-ventricular systolic function intol-
erant to angiotensin-converting-
enzyme inhibitors: the CHARM-
Alternative trial. Lancet 2003;362:
772–6.

69. McMurray JJ, Ostergren J, Swedberg
K, et al. Effects of candesartan in
patients with chronic heart failure and
reduced left-ventricular systolic func-
tion taking angiotensin-converting-
enzyme inhibitors: the CHARM-
Added trial. Lancet 2003;362:767–71.

70. Packer M, Califf RM, Konstam MA,
et al. Comparison of omapatrilat and
enalapril in patients with chronic heart
failure: the Omapatrilat Versus Ena-
lapril Randomized Trial of Utility in
Reducing Events (OVERTURE).
Circulation 2002;106:920–6.

71. Rouleau JL, Pfeffer MA, Stewart DJ,
et al. Comparison of vasopeptidase
inhibitor, omapatrilat, and lisinopril
on exercise tolerance and morbidity in
patients with heart failure: IMPRESS
randomised trial. Lancet 2000;356:
615–20.

72. Rousseau MF, Konstam MA, Bene-
dict CR, et al. Progression of left
ventricular dysfunction secondary to
coronary artery disease, sustained neu-
rohormonal activation and effects of

ibopamine therapy during long-term r
therapy with angiotensin-converting
enzyme inhibitor. Am J Cardiol 1994;
73:488–93.

3. Hampton JR, van Veldhuisen DJ,
Kleber FX, et al. Randomised study of
effect of ibopamine on survival in pa-
tients with advanced severe heart fail-
ure. Second Prospective Randomised
Study of Ibopamine on Mortality and
Efficacy (PRIME II) Investigators.
Lancet 1997;349:971–7.

4. Pitt B, Poole-Wilson PA, Segal R, et
al. Effect of losartan compared with
captopril on mortality in patients with
symptomatic heart failure: randomised
trial—the Losartan Heart Failure Sur-
vival Study ELITE II. Lancet 2000;
355:1582–7.

5. Yu CM, Bleeker GB, Fung JW, et al.
Left ventricular reverse remodeling
but not clinical improvement predicts
long-term survival after cardiac resyn-
chronization therapy. Circulation
2005;112:1580–6.

6. Konstam MA, Gheorghiade M, Bur-
nett JC, Jr., et al. Effects of oral
tolvaptan in patients hospitalized for
worsening heart failure: the EVER-
EST Outcome Trial. JAMA 2007;
297:1319–31.

7. Bozkurt B, Torre-Amione G, Warren
MS, et al. Results of targeted anti-
tumor necrosis factor therapy with
etanercept (ENBREL) in patients
with advanced heart failure. Circula-
tion 2001;103:1044–7.

8. Mann DL, McMurray JJ, Packer M, et
al. Targeted anticytokine therapy in pa-
tients with chronic heart failure: results of
the Randomized Etanercept Worldwide
Evaluation (RENEWAL). Circulation
2004;109:1594–602.

9. Pitt B, Zannad F, Remme WJ, et al.
The effect of spironolactone on mor-
bidity and mortality in patients with
severe heart failure. Randomized Al-
dactone Evaluation Study Investiga-
tors. N Engl J Med 1999;341:709–17.

0. Pitt B, Remme W, Zannad F, et al.
Eplerenone, a selective aldosterone
blocker, in patients with left ventricu-
lar dysfunction after myocardial in-
farction. N Engl J Med 2003;348:
1309–21.

1. Kramer DG, Trikalinos TA, Kent DM,
Antonopoulos GV, Konstam MA,
Udelson JE. Quantitative evaluation of
drug or device effects on ventricular
remodeling as predictors of therapeutic
effects on mortality in patients with
heart failure and reduced ejection frac-
tion: a meta-analytic approach. J Am
Coll Cardiol 2010;56:392–406.

ey Words: cardiac imaging y
eart failure y ventricular

emodeling.


	Left Ventricular Remodeling in Heart Failure
	Mechanisms and Characteristics of Ventricular Remodeling
	Techniques for Assessing Ventricular Remodeling
	Two-dimensional (2D) and 3-dimensional (3D) echocardiography
	Radionuclide ventriculography
	CMR

	Relationship Between LV Remodeling and Prognosis in Patients With Heart Failure and Decreased LVEF
	Relationship between clinical outcomes and cross-sectional LV measurements
	Relationship between clinical outcomes and longitudinal LV measurements

	Relationship Between an Intervention's Effect on Remodeling and its Effect on Clinical Outcomes in Patients with Heart Failure and Decreased LVEF
	Conclusions
	REFERENCES


