
S
C
W

A
o
b
m
m
b
n
m
h
d
s
d
i
p
t
d
b
b
t
u
e
w
e

H
T
m
O
H
i
a
l
b

C
S
S

R
F
v
C
S
B
u

©
P

urgical Therapy for Heart Failure
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fter a meeting of the American College of Cardiol-
gy in 2003, the cover of US News and World Report
oldly proclaimed: “The end of heart disease.”1 The
edia frenzy after one of the national cardiology
eetings is always interesting to observe. The late-

reaking trials of pharmacology, drug-eluting coro-
ary stents, and percutaneous heart valves conspire to
ake even the busiest cardiothoracic surgeon think of

is or her own professional future. But amid our car-
iologic colleagues’ excitement over the “vanishing
calpel”1 are some sobering statistics (Table 1). Car-
iovascular disease remains the leading cause of death

n the US. Ischemic heart disease accounts for a large
ortion of these deaths. Although the number of pa-
ients dying acutely from myocardial infarction has
ecreased nearly 30% in the last 2 decades, the num-
er of patients dying from heart failure (HF) has dou-
led. Despite improving medical therapy, many of
hese patients continue to have functional decline and
ltimately die. Management of HF, as such, has
volved into a steadily growing discipline. This review
ill discuss the role of surgical therapy for treating the

nlarging population of patients with HF.

EART FAILURE—THE MODERN EPIDEMIC
he American Heart Association’s latest update esti-
ates that nearly 5,000,000 Americans suffer from HF.
ver 500,000 patients are newly diagnosed each year.
F does not discriminate by gender, race, or age. It is

ncreasingly prevalent in men and women, Caucasian
nd non-Caucasian, and young and old. At age 40, the
ifetime risk of HF developing is 20%.2 Importantly,
ecause of an aging population and better medical ther-
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py, patients with advanced HF are now much older,
ith more attendant comorbidities.3 HF is associated
ith staggering costs to society—estimated to be more

han $30 billion last year—that are related to repeat
ospitalizations, loss of work potential, and prescription
edicines.3 Although medical therapy has greatly in-

reased the quality and length of life for these patients,
iagnosis of HF has traditionally carried a mortality rate
f 20% within 1 year and 50% within 2 years.4

HF is the clinical end point for a number of diseases
esulting in myocardial dysfunction. Ischemic cardio-
yopathies (from coronary artery disease) and dilated

ardiomyopathies (either idiopathic or familial) make
p the majority of cases. Many other diseases can also

ead to end-stage heart failure, including valvular, con-
enital, metabolic, and inflammatory disorders. Patho-
ogically, cardiac remodeling is characterized by myocyte
ypertrophy, chamber dilation, and changes in matrix
omposition. Ultimately, the fibrotic heart becomes
ore spherical and, subsequently, a less-efficient pump.
n important goal is to identify and favorably intervene
efore onset of terminal myocardial remodeling.
Patients present with a variety of symptoms related to

oth systolic (poor antegrade pump function) and dia-
tolic (poor ventricular relaxation and compliance) dys-
unction. Descriptions of patients with HF have been
oted as early as 1600 BC in the Ebers papyrus. Other
eferences to “dropsy” (accumulation of lymph fluid)
nd cardiac cachexia were noted by Hippocrates. Typical
ymptoms of HF include dyspnea on exertion, orthop-
ea, paroxysmal nocturnal dyspnea, fatigue, and ab-
ominal symptoms related to right heart congestion.
hese symptoms are often associated with several phys-

cal findings, including elevated jugular venous pressure,
third heart sound, pulmonary congestion, and periph-
ral edema.

Traditionally, the New York Heart Association
NYHA) Classification has been used to define the func-
ional limitations of patients with HF. Recent guidelines
ave suggested a new classification system that empha-
izes its evolution, progression, and structural deteriora-

ion (Table 2).5 This staging system encourages the same
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evels of care of HF patients that we would use for can-
er: identify and treat patients at risk for HF (ie, hyper-
ension), with early disease (ie, diastolic dysfunction),
ith established disease (ie, medically managed HF),

nd with advanced disease (ie, medically refractory
F).4

A host of diagnostic studies are available to study
hese patients. Transthoracic echocardiography with or
ithout pharmacologic stress is inexpensive and pro-
ides functional and anatomic information. Radio-
ucleotide scans can evaluate ejection fraction (EF), es-
ecially of the right ventricle. MRI has recently proved
o be a valuable resource in assessment of myocardial
unction and viability. Right and left heart catheteriza-
ion assesses presence of coronary artery disease and pul-
onary vascular disease. Finally, measurement of peak

xygen consumption with exercise can help stratify the
unctional limitation of patients with HF.

EART FAILURE—MEDICAL THERAPY
edical therapy, including preventive measures, serves

s the first-line strategy for treating patients with HF. In
997, the Systolic Hypertension in the Elderly Program
SHEP) Cooperative Research Group followed over
,000 patients with isolated systolic hypertension. HF
ccurred more than twice as often in the placebo group
ersus those treated with antihypertensive agents. Addi-
ionally, treated patients with an earlier myocardial in-
arction had an 80% risk reduction in HF development
ompared with those not treated.6 Control of other risk
actors, including diabetes, coronary artery disease, and
tructural valve disease, similarly prevents pathologic
entricular remodeling and HF development.

Once diagnosis of HF is established, a number of

Abbreviations and Acronyms

AF � atrial fibrillation
CABG � coronary artery bypass grafting
CHF � congestive heart failure
EF � ejection fraction
HF � heart failure
LV � left ventricle
LVAD/RVAD � left/right ventricular assist device
MR � mitral regurgitation
NYHA � New York Heart Association
TAH � total artificial heart
VAD � ventricular assist device
harmacologic strategies exist to limit and reverse man- c
festations of congestive heart failure (CHF). In partic-
lar, blocking the renin-angiotensin and �-adrenergic
ystems improves mortality among patients with HF.
ngiotensin-converting enzyme inhibitors, and angio-

ensin receptor blockers, increase survival and decrease
epeat hospitalizations.7 These benefits are also found in
everal types of �-adrenergic blockers, including meto-
rolol and carvedilol.8,9

Patients often have difficulty tolerating either
ngiotensin-converting enzyme inhibitors or �-blockers. A
umber of additional medication regimens are also used in
anaging these patients, including loop and thiazide di-

retics and aldosterone antagonists. Diuretic therapy de-
reases ventricular diastolic pressure, which reduces ventric-
lar wall stress, and maximizes subendocardial perfusion.
igoxin, a cardiac glycoside, is used to help improve symp-

oms associated with CHF through improvement in car-
iac contractility. Although use of digoxin does not confer
survival benefit, it has reduced the number of hospitaliza-

ions from worsening HF.10 Recently, there has been re-
ewed enthusiasm for vasodilator therapy using a combi-
ation of hydralazine and isosorbide dinitrate.11 Finally,
hen patients are refractory to standard therapy, they often

equire hospitalization for IV diuretics, vasodilators, and
notropic agents.

URGICAL ALTERNATIVES FOR ADVANCED HF
espite considerable improvements in medical therapy,

verall death rates for HF patients have failed to drop
ppreciably. And, with nearly 10% of the population
ver 75 years old diagnosed with HF, a more compli-
ated set of patients is emerging and growing. Typically,
atients over 65 years of age are not candidates for heart
ransplantation. Older patients can successfully receive
raditional approaches to heart operation,12 but resource
llocation and increased morbidity and mortality raise
mportant societal issues.13 A number of innovative surgi-

able 1. 2005 Cardiovascular Disease Statistics*
3,000,000 Prevalence of coronary heart disease
65,000 Number of first or recurrent myocardial infarctions
94,382 Deaths from coronary heart disease
,600,000 Number of patients who have survived a heart attack
142
billion Annual cost of caring for coronary heart disease

Data from Heart Disease and Stroke Statistics—Updates 2005. Dallas, TX:
merican Heart Association; 2005.
al approaches have evolved to service these diverse, refrac-
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228 Selzman et al Surgical Therapy for Heart Failure J Am Coll Surg
ory medical patients, with aims of enhancing ventricular
unction, quality of life, and, ultimately, survival (Fig. 1).

eart transplantation
ith progressive end-stage HF despite maximal medical

herapy, the “gold standard” therapy has been heart
ransplantation. Since the first orthotopic heart trans-
lantation in 1967 by Christiaan Barnard, the world has
een tremendous progress and advancement in the field
f cardiac transplantation. Compared with patients who
eceive only medical therapy, transplant recipients have
ewer rehospitalizations, marked functional improve-
ents, enhanced quality of life, more gainful employ-
ent, and longer lives, with 50% surviving to 10 years

Fig. 2).14 Careful selection of donors and recipients and
fforts to minimize potential perioperative dangers
ischemic times, pulmonary hypertension, mechanical
upport, cardiogenic shock) are critical to ensure good
utcomes.15 The single largest advancement in ensuring
ongterm allograft function is attributed to development
f immunologic modulators. Pioneered by Dr Norman
humway at Stanford University,16 steroids and antipu-
ine metabolites, including azathioprine and mycophe-
olate mofetil, have been widely used. Central to current

mmunosuppressive regimens are the calcineurin inhib-
tors, cyclosporine, and tacrolimus. These drugs inhibit
ellular pathways responsible for interleukin-2 produc-
ion and subsequent T-cell activation. “Triple drug ther-
py,” consisting of steroids, calcineurin inhibitors, and
ycophenolate mofetil, has become standard initial im-
unotherapy after heart transplantation.17 Additional

gents, such as antithymoctye globulin, rapamycin, and
nterleukin-2 receptor antagonists, also have important
oles in modern immunosuppression protocols.18

Although heart transplantation is a viable solution for
atients with end-stage HD, use is limited by inadequate

able 2. Heart Failure Classifications
ew York Heart Association

No symptoms

I Symptoms with substantial activity

II Symptoms with minimal activity

V Symptoms at rest

CC, American College of Cardiologists; AHA, American Hospital Associat
onor supply. In the US, fewer than 2,500 heart trans- w
lantations are performed each year.14,19 Unfortunately,
n estimated 10% to 20% of patients die annually on the
eart transplant waiting list.19,20 Of the 5 million people
iagnosed with HF, it is estimated that 30,000 to
00,000 patients suffer from such advanced disease that
hey would benefit from transplantation or mechanical
irculatory support.21,22 This disparity between the num-
ers of patients needing transplants and the availability
f heart donors has refocused efforts to find other ways
o support the severely failing heart.

oronary artery bypass
istorically, studies of medical versus surgical therapy

or coronary artery disease focused on patients with nor-
al left ventricle (LV) function. The Veterans Affairs
ooperative Study of Surgery demonstrated a substan-

ially higher survival rate in a subset of patients with
educed left ventricular EFs (� 50%) after coronary
ypass operation versus those who were randomized to
edical therapy. This survival benefit was particularly

vident at the 11-year followup period (50% versus
8%).23 The Coronary Artery Surgery Study (CASS)
howed that in patients with left main equivalent dis-
ase, operative revascularization prolonged life in most
linical and angiographic subgroups versus those who
eceived medical therapy. Importantly, this study dem-
nstrated that surgical therapy markedly improved the
-year cumulative survival in patients with EF � 50%
80% versus 47%).24

These earlier randomized trials are limited by their
nclusion of patients with what is currently considered
good” EF. That is, many patients referred for coronary
evascularization live with EF � 35%. Both the Yale and
niversity of Virginia groups, among many others, have
ublished their results of coronary artery bypass opera-
ions in patients with extremely poor LF function who

ACC/AHA guidelines

A No structural damage
High risk for developing HF

B Structural abnormality
No symptoms

C Structural abnormality
Previous or current symptoms

D Refractory symptoms

F, heart failure.
ere on the transplant waiting list. Elefteriades and col-
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eagues25 demonstrated that coronary artery bypass op-
ration in patients with EF � 30% had a survival rate of
0% at 4.5 years, which remarkably approaches that of
ardiac transplantation. Likewise, Kron and colleagues26

eported a 3-year survival rate of 83% in patients who
nderwent coronary bypass with EF � 20%.
Pathophysiologically, patients who stand to gain the

reatest benefit from surgical revascularization are those
ho possess hibernating myocardium. This term is used

o describe regions of the heart that are dysfunctional
nder ischemic conditions but retain the capacity to
egain normal function after blood flow is restored.27 A
umber of studies demonstrate that patients with isch-
mic HF and substantial areas of viable myocardium can
educe mortality, improve NYHA class, favorably alter
V geometry, and increase LV EF after surgical revascu-
arization.28 MRI has become particularly useful for de-
ermining both wall motion abnormalities and viable
yocardium and has been demonstrated to predict the

uccess of low-EF revascularization.29

Many surgeons have evolved their practices to meet
he demands of higher-risk patients and adopt measures
o strive for better graft patency. The former is high-
ighted by adoption of off-cardiopulmonary bypass and
n-cardiopulmonary bypass, beating heart techniques
or revascularization.30 The latter, “preventive” strategy is
anifest by increased use of bilateral mammary and ar-

erial grafting.31

Although the Coronary Artery Surgery Study, Euro-
ean, and Veterans Affairs studies established many of
he standards for treatment of coronary artery disease,
o such large studies address similar questions in the
odern medical era, especially in patients with ischemic

igure 1. Contemporary management of the patient with heart fail-
re is multimodal and multidisciplinary. CRT, chronic resynchroniza-
ion therapy; ICD, implantable cardioverter-defibrillator; LVAD, left
entricular assist device; TAH, total artificial heart.
ardiomyopathies. The Surgical Treatment of Ischemic p
eart Failure (STICH) trial is a prospective, random-
zed trial currently underway to determine the role of
oronary artery bypass in patients with HF. The first
ypothesis will test whether coronary artery bypass
rafting (CABG) with intensive medical therapy versus
edical therapy alone confers an additional survival

enefit in patients with EF � 35%. End points of inter-
st will be morbidity and mortality rates, quality of life,
nd economic impact of the treatment strategies. Enroll-
ent for this arm of the study is expected to reach its

oal of 1,000 patients by the end of 2006.32,33

ortic valve replacement
iseases of the aortic valve can frequently lead to onset

nd progression of CHF. Although the natural histories
f both aortic stenosis and aortic regurgitation are well
nown, patients are frequently followed conservatively
fter presenting with considerable HF. Of the three clas-
ic symptoms of aortic stenosis—syncope, angina, and
yspnea—the latter is the most robust risk factor for
eath, with only 50% of patients alive within 2 years.34

onversely, age-corrected survival of patients undergo-
ng aortic valve replacement for aortic stenosis is similar
o the normal population.35 Unfortunately, once severe
V dysfunction develops, results of aortic valve replace-
ent are more guarded.36 Because of poor LV function,

ubstantial transvalvular gradients (ie, low output, low
radient aortic stenosis) are not able to develop in these

igure 2. Kaplan-Meier survival for heart transplantations per-
ormed between January 1982 and June 2003. Conditional half-life
ignifies the time to 50% survival for those recipients surviving the
rst year posttransplantation. Reprinted from Taylor DO, Edwards
B, Boucek MM, et al. Registry of the International Society for Heart
nd Lung Transplantation: twenty-second official adult heart trans-
lant report—2005. J Heart Lung Transplant 2005;24:945�955,
ith permission.14
atients. Critical in the preoperative decision process is
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230 Selzman et al Surgical Therapy for Heart Failure J Am Coll Surg
etermining if ventricular dysfunction is truly valvular
which would improve with replacement) versus other
orms of cardiomyopathy, such as ischemia or restrictive
rocesses (which would not improve with replacement).
recise measurement of aortic valve area is difficult be-
ause the calculated valve area is directly proportional to
ardiac output. Also, the Gorlin constant varies at lower
utputs. In this situation, the valve areas might be con-
idered critically small when, at operation, the valve is
nly moderately diseased. Preoperative evaluation with
obutamine (increase contractile reserve) or vasodilator-

nduced stress echocardiography (using continuity equa-
ion rather than the Gorlin formula) can be helpful with
his distinction and can guide candidacy for this rela-
ively high-risk procedure.37 Nevertheless, because of the
ossibility of ventricular recovery and lengthened pa-
ient survival, most patients with HF and aortic stenosis
re offered valve replacement.38

Timing of surgical intervention for aortic insuffi-
iency is more challenging than with patients with aortic
tenosis. Similarly, once symptoms occur and there is
vidence of LV structural changes, morbidity and mor-
ality for aortic insufficiency increases.39 In a retrospec-
ive review from the Mayo Clinic, 450 patients receiving
ortic valve replacement for aortic insufficiency were
ompared by ranges of EF (� 35%, 35% to 50%, �

Figure 3. Pathophysiology of mitral regurgita
annular dilation impede the mitral leaflets fro
the heart fails). Changes in ventricular geom
leaflet tenting, additionally restricting their m
transplant surgical options for heart failure. In
the adult. 2nd ed. New York: McGraw-Hill; 20
0%). Although the group with severe dysfunction car- r
ied an operative mortality of 14%, EF improved and
0-year survival was 41%.40 Earlier intervention, before
nset of severe LV dysfunction, is crucial to improving
urvival of patients with this lesion,41 as seen with aortic
tenosis.

itral valve repair
itral valve regurgitation can both cause and result from
HF. Its presence is an independent risk factor for car-
iovascular morbidity and mortality.42 The pathophysi-
logy of mitral regurgitation (MR) is generally a result of
ts etiology. In addition to frank papillary muscle rup-
ure associated with acute myocardial infarction, chronic
schemic cardiomyopathies result in papillary muscle

igration as the ventricle dilates, causing tenting of the
itral leaflets, restricting their coaptation (Fig. 3). Di-

ated cardiomyopathies can have similar issues and an-
ular dilation. In addition to mitral MR, this alteration

n the LV geometry contributes to volume overload, in-
reases LV wall tension, and leaves patients susceptible to
xacerbations of HF.43 Mitral valve operation in patients
ith HF has gained enthusiasm because it abolishes the

egurgitant lesion and decreases symptoms. The patho-
hysiologic rationale for repair or replacement is to re-
erse the cycle of excessive ventricular volume, allow for
entricular unloading, and promote myocardial

ssociated with heart failure. Ventricular and
equately meeting (ZC, zone of coaptation as
ith papillary muscle displacement results in
. Reprinted from Badhar V, Bolling SF. Non-
n LJ, Edmunds LH Jr, eds. Cardiac surgery in
515�1526, with permission.94
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Among others, the Michigan group has been an ad-
ocate for mitral repair in the HF population. Bolling
nd colleagues44 demonstrated that mitral valve repair
as associated with an increased EF, an improvement in
F class from 3.9 to 2.0, and a decrease in the number of

ospitalizations. Additional effects with repair in these
atients is the increase in coronary blood flow reserve
fforded by reduction in LV volume.45 Despite the po-
ential benefits of mitral reconstruction operation, a
ore recent retrospective review showed no demonstra-

le decrease in longterm mortality in patients undergo-
ng mitral valve repair for patients with severe MR and
onsiderable LV dysfunction.46 This most recent analysis
s not overly surprising. HF in the majority of these
atients is not because of flail leaflets, for example, but is
econdary to ventricular dysfunction. Most commonly,
epair for cardiomyopathy-associated MR involves in-
ertion of either a complete or partial band attached to
he annulus of the mitral valve. Mitral repair only deals
ith one aspect of the overall pathophysiologic condi-

ion, ie, annuloplasty rings can assist with tenting of the
eaflet, but do not address papillary muscle displacement
ith ventricular scarring.47 In many patients, the under-

ying problem continues unabated (ie, primary
yopathy).
In evaluating studies of HF with MR, it will be

mportant to separate causes (ie, ischemic versus di-
ated) and surgical approaches. Future trials must be
esigned to distinguish differences among various op-
rative strategies, such as annuloplasty, papillary mus-
le resuspension, secondary chordal transection, ven-
ricular reconstruction, passive restraints, and
hordal-sparing valve replacement. Paramount in
hese procedures is to have little or no residual MR.48

f feasibility of repair is deemed improbable, mitral
eplacement should be performed. Traditional mitral
alve replacement includes complete resection of the
eaflets and the chordal attachments. This destruction
f the subvalvular apparatus results in ventricular dys-
unction. Preservation of the chordal attachments to
he ventricle with valve replacement might provide
imilar or even better results than annuloplasty in
atients with MR and HF.49,50 Although it might not
ortend an increased survival in these high-risk pa-
ients,51,52 the beneficial effects on quality of life (de-
reased HF) will likely keep low EF mitral valve in-

erventions in the armamentarium of HF surgeons. v
entricular restoration
fter transmural myocardial infarction, the ventricle re-
odels pathologically from its normal elliptical shape to
spherical shape and this change in geometry is respon-

ible, in part, for the constellation of symptoms associ-
ted with CHF and decreased survival.53,54 There are
everal ventricular restoration techniques, all aim to cor-
ect this pathologic alteration in geometry. Most ap-
roaches involve incising and excluding nonviable myo-
ardium with either patch or primary reconstruction,
ecreasing ventricular volume. Although the initial en-
husiasm of ventricular resection in nonischemic dilated
ardiomyopathies (“the Batista procedure”) has faded, it
as long been established that resection of dyskinetic
egments associated with LV aneurysm can increase
unctional status and prolong life.55,56 Success of early
ytic and percutaneous therapy for acute myocardial in-
arctions has decreased the incidence of true LV aneu-
ysms. Ventricular restoration as such, now focuses on
xcluding more subtle regions of akinetic myocardium.
he Reconstructive Endoventricular Surgery returning
orsion Original Radius Elliptical shape to the LV (RE-
TORE) group reported in 2004 that after ventricular
estoration using the technique described by Dor, there
as an increase in EF from 29.6% to 39.5%, a decrease

n end-systolic volume index, and considerable improve-
ent in NYHA function class (67% NYHA III/IV pre-

peratively versus 85% NYHA I/II postoperatively).57

imilarly, Yamaguchi and colleagues58 demonstrated a
ubstantially improved 5-year survival in patients with
schemic cardiomyopathy who underwent ventricular
estoration and CABG versus those who underwent
ABG alone, 90% versus 53.5%, respectively.
Much enthusiasm currently exists to use ventricular

emodeling operation for HF patients. Most studies out-
ide of the Reconstructive Endoventricular Surgery re-
urning Torsion Original Radius Elliptical investigators
re single-institution, retrospective analyses. Although
any believe that this therapy is warranted for dyski-

etic and large akinetic segments of myocardium, some
re beginning to perform this procedure even on hypo-
inetic regions. The major study of ventricular recon-
truction is the NIH-funded Surgical Treatment of Isch-
mic Heart Failure trial. In its second hypothesis, the
urgical Treatment of Ischemic Heart Failure investiga-
ors are prospectively randomizing patients with aki-
etic, low EF ventricles to CABG versus CABG and

entricular reconstruction. Enrollment for this aim will
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e met within the next year and, after prolonged fol-
owup, should shed light on the importance of both
evascularization and ventricular geometry in these very
ll patients.32

assive restraints
undamental principles in hemodynamics (ie, Laplace’s

aw) hint as to the progression of structural deterioration
ssociated with HF. A cycle exists with increasing ven-
ricular volume resulting in increased wall tension,
hich is compensated with thickening of the ventricle

nd its dilation. Historically, dynamic cardiomyoplasty,
e, wrapping the latissmus dorsi muscle around the heart
nd entraining it to beat synchronously with the heart,
as intended to augment systolic function. Although

his technique was somewhat cumbersome and not over-
helmingly successful, investigators learned that this ex-

ernal fixation of the heart prevented its dilation and
mproved HF. Recent enthusiasm, as such, has focused
n devices that restrain the heart.

The most studied product is the CorCap device
Acorn Cardiovascular), which is a mesh-like support
hat is sewn circumferentially around the ventricle. An-
mal studies have demonstrated its downregulation of
tretch response proteins, attenuation of myocyte hyper-
rophy, and improvement of sarcoplasmic-reticulum cal-
ium cycling.59 Early reports in humans have demon-
trated a decrease in ventricular chamber dimensions
nd improvement in EF and NYHA class.60 The Acorn
ivotal Trial was completed recently. Patients with
YHA class III/IV disease were randomized to one of

our groups: optimal medical therapy, optimal medical
herapy with the cardiac support device, mitral valve
epair/replacement alone, or mitral valve repair/
eplacement with cardiac support device. Results re-
ealed that patients who received the cardiac support
evice required fewer major cardiac procedures (eg,
ransplantation, left ventricular assist device [LVAD])
ompared with controls after implantation, a greater re-
uction in LV end diastolic and systolic volumes, and
onsiderable improvement in quality of life.61 Wide-
pread use is not available, but the FDA recently denied
ts approval, citing need for additional statistical evi-
ence to demonstrate its efficacy.62

lectrophysiology
atients with HF and interventricular conduction ab-

ormalities (roughly defined as a QRS interval � 120 to t
30 ms) are potential candidates for chronic resynchro-
ization therapy by insertion of a biventricular pace-
aker. Chronic resynchronization therapy aims to im-

rove cardiac performance by restoring interventricular
eptal electrical and mechanical synchrony of the heart,
educing presystolic MR, and optimizing diastolic func-
ion by reducing mismatch between cardiac contractility
nd energy expenditure.63 Technically, three cardiac
eads are placed transvenously: an atrial lead, a right
entricular lead, and a LV lead, which is threaded
hrough the coronary sinus and out one of its lateral wall
ributaries. Surgeons have assisted on difficult trans-
enous LV placements by epicardial insertion of LV leads
y a number of techniques, including minithorocotomy,
horocoscopy, or robotically. Several prospective, ran-
omized trials have been performed evaluating the effi-
acy of chronic resynchronization therapy. The Multi-
enter InSync Randomized Clinical Evaluation
MIRACLE) Study Group demonstrated an improve-
ent in NYHA functional class, quality of life, and EF.64

n addition to augmenting functional capacity, chronic
esynchronization therapy also appears to favorably af-
ect mortality effect. Although the Comparison of Med-
cal Therapy, Pacing, and Defibrillation in Heart Failure
COMPANION) trial only demonstrated an increase in
urvival when biventricular pacing was placed with a
efibrillator,65 the Cardiac Resynchronization in Heart
ailure (CARE-HF) trial recently showed a 36% reduc-
ion in death with biventricular pacing alone.66 Mortal-
ty in both studies was usually sudden death. Indeed, the
ole of the implantable cardioverter defibrillator has ex-
anded rapidly over the last decade. Patients with HF are
to 10 times more likely to die of sudden death than the
eneral population. Sudden death from both ischemic
nd nonischemic sustained ventricular tachyarrhyth-
ias has been remarkably reduced, such that current
merican Heart Association guidelines recommend an

mplantable cardioverter defibrillator in virtually all pa-
ients with EF � 35%.

Interestingly, prophylactic use of an implantable car-
ioverter defibrillator at the time of low-EF CABG
ailed to improve survival compared with those patients
nly revascularized.67 This study speaks to the impor-
ance of the independent influence of CABG on reduc-
ion of mortality in ischemic cardiomyopathies. We have
ecently adopted an approach of placing prophylactic LV
picardial leads on patients with conduction delays at

he time of high-risk HF operation. These leads are tun-
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eled for future connection to a traditional transvenous
trial and right ventricle biventricular pacer-defibrillator.
he benefit of this strategy remains to be proved
rospectively.

Atrial fibrillation (AF), with or without HF, is an
ndependent risk factor for increased cardiovascular

orbidity and mortality. In a large retrospective study of
atients with LV dysfunction, patients with AF had
reater all-cause mortality (34% versus 23%) and greater
umber of deaths attributed to pump failure (16.7%
ersus 9.4%).68 Aggressive management of AF in HF
atients is receiving greater attention. Compared with
ontrols, HF patients with concurrent AF who under-
ent catheter ablation demonstrated considerable im-
rovement in LV function (increased EF by 21%), de-
rease in LV dimensions, and improvements in exercise
apacity, symptoms, and quality of life as compared with
ontrols.69

The cardiac surgical community has increasingly
dopted an aggressive approach to treatment of AF dur-
ng concurrent operations. The Cox-Maze procedure,
eveloped in the early 1990s, involves creation of mul-
iple incisions to prevent atrial reentry and allow for
ropagation of normal sinus impulses. This technique
roved successful in curing AF, but is technically chal-

enging and time-intensive, lessening its widespread
doption.70 A number of variations from this original
echnique have evolved throughout the past decade.

ost use a host of adjunct ablation devices to replace
any of the “cut and sew” lesions, including cryo-

hermy, radiofrequency, microwave, and high-intensity
ocused ultrasonography. The ease and efficacy of these
echnologies have allowed their adoption in combina-
ion with other procedures performed for HF. Indeed,
ome evidence exists that LV function can be improved
ith concomitant ablation of AF during operations for

tructural (usually valvular) heart disease.71,72 Although
he conceptual advantages of restoring atrial function
xist, no study has looked at the role of surgical AF
blation in impacting the natural history of these pa-
ients. To date, surgical ablation for lone AF in HF pa-
ients remains anecdotal.73

ECHANICAL CIRCULATORY SUPPORT
entricular assist devices
n 1963, Dr Michael DeBakey reported the first clinical
se of a ventricular assist device (VAD) in an individual

ho suffered a cardiac arrest after an aortic valve replace- f
ent. Unfortunately, the patient died. Three years later,
eBakey successfully implanted a newer device in an

ndividual who was unable to be weaned from cardio-
ulmonary bypass. This patient was mechanically sup-
orted for 10 days, allowing for myocardial recovery,
nd was successfully discharged from the hospital.74

ince this early era, VAD development has progressed
apidly and is now an invaluable tool in treatment of HF
Fig. 4).

A number of devices are currently available to support
oth the acutely and chronically decompensated heart.
n some cases of extreme cardiopulmonary failure, the
nly recourse is complete support with extracorporeal
embrane oxygenation. Despite some encouraging re-

ults with extracorporeal membrane oxygenation for
ardiogenic shock,75 most patients requiring circulatory
ssistance can be helped with ventricular support alone.
epending on the particular device used, both the right

nd LVs can be assisted (LVAD, right ventricular assist
evice [RVAD], and biVAD). Conceptually, they are all
imilar: blood is removed from the failing ventricle into
pump, which delivers blood to either the aorta (LVAD)
r pulmonary artery (RVAD). Often these devices can be
laced temporarily to allow myocardial recovery (ie,
cute viral myocarditis, postcardiotomy). The most
ommon use of these devices is to bridge the acutely
ailing heart to eventual heart transplantation. This
ethod allows patients to recover end-organ damage,

btain rehabilitation, and possibly go home before de-

igure 4. Mechanical circulatory assist devices. A number of de-
ices are currently available in the US (many more are in preclinical
valuation or in feasibility testing clinical trials) for three main
ndications. Bridge to eligibility is a term used to describe device
mplantation in patients initially thought to be poor candidates for
ransplantation. If conditions improve (eg, resolution of renal failure)
uch that they are suitable for transplantation, the patient is listed.
f not, the ventricular assist device is used as terminal therapy.
initive heart transplantation. Finally, there are a group
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f patients with severe CHF who are not transplantation
andidates and who otherwise would succumb. These
atients are candidates for lifetime use or destination
herapy. With this method, devices would be placed that
ould be intended for indefinite therapy.
Currently, nearly 30 different mechanical circulatory

evices are either in use or in the preclinical phase. Con-
eptually, these pumps differ in their mode of function,
ncluding pneumatic, electric, pulsatile, and rotary
umps. In the US, several options exist (ie, FDA-
pproved) for bridge to recovery and transplantation,
ncluding the Abiomed BVS 5000 (typically used for
hort-term support), Abiomed AB5000, Thoratec para-
orporeal and intracorporeal left and right ventricular
ssist, Novacor LVAD, and Heartmate LVAD. In addi-
ion, several smaller, axial flow devices are actively in-
olved with clinical trials, including the Jarvik 2000
lowmaker (Fig. 5). Although the Heartmate LVAD is
he only device FDA-approved for destination therapy,
everal other devices are actively being studied in the US
or use as destination therapy, including Novacor, Heart-
ate II, and DeBakey-Noon Micromed LVADs.
Each device used for bridge to transplantation has its

ood and bad points. For example, the Heartmate device
oes not require warfarin anticoagulation like the other
ell-known pulsatile pump (Novacor), but it does not

arry the same durability as the Novacor. The newer

igure 5. Representative chest x-ray of a patient with (A) a Heartma
ow Jarvik 2000.
xial flow pumps are much smaller, easier to insert, and d
ave less morbidity, but the effect of longterm continu-
us flow has yet to be determined. Despite the presumed
eaknesses of these therapies, the survival through heart

ransplantation for patients receiving VADs is roughly
0%—quite impressive in this desperately sick cohort of
atients. The evolving technology allows for a host of
linical and physiologic questions that, when studied,
ill continue to advance the field.
Results of the Randomized Evaluation of Mechanical

ssistance for the Treatment of Congestive Heart Failure
REMATCH) study have been widely discussed and of-
er the only prospective, randomized data comparing
ery sick, nontransplantation-eligible CHF patients on
ptimal medical therapy with those receiving an early
eneration Heartmate LVAD.76 In brief, survival of med-
cal and LVAD patients at 1 year was 48% versus 26%
nd at 2 years was 26% and 8%, respectively. In addition
o their survival advantage, LVAD patients had improve-
ents in several measures of quality of life. Recent mod-

fications of technique and perioperative care have de-
reased the high LVAD-related morbidity and mortality
bserved in Randomized Evaluation of Mechanical As-
istance for the Treatment of Congestive Heart Failure.77

lthough Randomized Evaluation of Mechanical Assis-
ance for the Treatment of Congestive Heart Failure rep-
esents a single study in a very high-risk group of pa-
ients, these data serve as proof of concept for future

lsatile left ventricular assist device and (B) the smaller continuous
te pu
evelopment of these technologies.
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otal artificial heart
he creation of a suitable total artificial heart (TAH) for
rthotopic implantation has been the subject of intense
nvestigation for the past 40 years.78 In 1969, Dr Denton
ooley implanted the Liotta TAH in a high-risk patient

fter failing to wean the patient off cardiopulmonary
ypass after LV aneurysm repair. He was sustained for 3
ays until a donor heart became available. Unfortu-
ately, the patient died from pneumonia and multiple
rgan failure.79 The historic development of the TAH is
ich with technologic genius, device failure, and per-
onal intrigue.78 Compared with LVADs, the TAH has
everal potential advantages, including assisting the pa-
ient with severe biventricular failure, lack of device
ocket and lessened risk of infection, and treating pa-
ients with systemic diseases who are not otherwise
ransplantation candidates (amyloidosis, malignancy).

To date, there are two TAHs receiving the most atten-
ion (Table 3). The Cardiowest (Syncardia Systems) is a
tructural cousin of the original Jarvik-7 TAH that was
mplanted in Barney Clark with great publicity in 1982.
nvestigators have recently reported data allowing it to
ecome the only FDA-approved TAH for use as a bridge
o transplantation. Nearly 80% of patients survived to
ransplantation versus only 46% in the control, medical
rm. Survival rates at 1 and 5 years in device patients
ere 86% and 64%, respectively, compared with 69%
nd 34% in the control group.80 The Cardiowest’s main
imitation is its external power source and large control
onsul. The Abiocor TAH (Abiomed) uses a novel
ethod of transcutaneous transmission of energy, free-

ng the patient of any external drive lines. External bat-
ery packs are exchanged by the patient and can last for
p to 4 hours. The first clinical implantation was per-
ormed in July 2001. Currently, only 14 patients have
eceived the device, as part of a trial that includes only

able 3. Comparison of Cardiowest and Abiocor Total Artific

o. of implants � 5
echanism Pne
aximum stroke volume (mL) 70
aximum cardiac output (L/min) 9

ower source Exte
alves Mec
eight (g) 160

DA-approved Yes
atients with less than 30 days to live. Although all have m
ubsequently died, four patients were ambulatory after
he operation, two patients were discharged from the
ospital to a transitional care setting, and one of the
ischarged patients was discharged to home on postop-
rative day 209.81 The Abiocor is limited by its large size,
llowing implantation in only 50% of men and 20% of
omen. The next TAH to emerge clinically will be the

econd-generation TAH from Abiomed. The Abiocor II
s designed to be 35% smaller and durable to pump for
ver 5 years. Despite over 40 years of effort, the emer-
ence of artificial heart technology into clinical practice
s still immature. With approval of the Cardiowest de-
ice, and new efforts with smaller pumps, TAHs will
ltimately be a routine component of HF operation for
ery sick HF patients with biventricular failure.

RANSLATIONAL APPROACHES
lthough many therapies are time-tested, such as bypass

urgery and aortic valve replacement, others are matur-
ng, waiting for longterm followup and well-designed
rospective studies. The future is filled with advance-
ents in mechanical devices and translational strategies.

ndeed, biologic approaches to HF are actively being
ursued, both experimentally and clinically.
Hottest on this list is use of stem cells to augment

ardiac function.82,83 Cellular transplantation is based on
he theory that a cardiac progenitor cell can progress into
ully differentiated cardiac myocytes and subsequently
eplace damaged myocardium.84 Conversely, some be-
ieve that these cells play more of a supportive role, rather
han a regenerative role, by optimizing conditions for
he heart to recover from ischemia.85,86 Multiple cell
ypes are currently being studied both experimentally
nd clinically; these include bone marrow stem cells
both mesenchymal and hematopoetic), dendritic cells,
dipocytes, endothelial progenitor cells, and skeletal

eart
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To date, clinical trials are performed mostly in single
enters with limited patient numbers. Some intriguing
esults have been reported. Intracoronary infusion of
ardiac progenitor cells in patients with acute myocar-
ial infarctions have demonstrated improved LV EF and
nd-systolic volumes.87 In a recent phase I clinical trial
sing autologous skeletal myoblasts at the time of surgi-
al revascularization, Menasché and colleagues88 demon-
trated increased NYHA functional class (2.7 preopera-
ively to 1.6 postoperatively), EF (24% to 32%), and
ystolic thickening by echo at the site of implant in 63%.
nfortunately, ventricular arrhythmias developed in
any of these patients. Recently, Patel and colleagues89

andomized 20 patients to receive off-cardiopulmonary
ypass revascularization in HF patients (EF � 35%)
ith or without subepicardial injection of autologous
one marrow stem cells. Compared with the revascular-
zation group, the stem cell-treated patients were ob-
erved to have increased EF at 6 months (46% versus
7%).89 Many variations on the stem cell theme exist,
ncluding angiogenic therapy to increase vascularity at
he site of infarct and growth factors to increase native
tem cell homing to injured myocardium.90,91

More questions than answers exist in this growing
ield, including optimal cell type, optimal cell density,
dentification of correct patients, frequency of adminis-
ration, and adjuncts for revascularization. Most avail-
ble clinical trials vary tremendously in many of these
eatures and are nonrandomized, making interpretation
f the results difficult. Although use of biologic therapy
s in its infancy, these early results show its potential
romise.
In conclusion, the modern paradigm of treating pa-

ients with HF is truly multidisciplinary, including car-
iologists, cardiac surgeons, nurses, social workers, ther-
pists, and basic scientists. Thematically, these patients
niformly have multiple comorbidities and are at high
isk with any intervention. Their ultimate outcomes, as
uch, depend on the constellation of preoperative eval-
ation, intraoperative conduct, and postoperative care.
hese patients, as to the latter point, require meticulous
ultiorgan attention to ensure their success. Indeed, a

olid working relationship among caregivers is essential
o an effective HF surgery program.92,93

Management of HF is truly multifaceted in nature
nd is constantly evolving. Clinically and scientifically,
urgeons are uniquely positioned to have a considerable

mpact on treatment strategies for these sick patients.
he number of options—ranging from bypass and valve
perations to transplantation and mechanical assist—
uggest that the so-called “vanishing scalpel” will be cen-
ral to the longevity and quality of life for our aging HF
opulation.
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