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Pacing in heart failure:
The benefit of resynchronization
■ A B S T R AC T

with congestive heart failM ure (CHF) might
benefit from a new
ANY PATIENTS

Cardiac resynchronization therapy involves pacing of the
left ventricle alone or in concert with the right ventricle
within a certain range of atrioventricular delay. It may help
patients with systolic heart failure and conduction
disturbances by optimizing myocardial performance.

■ KEY POINTS
Cardiac resynchronization therapy has been shown to
improve functional status, quality of life, and cardiac
function in patients with heart failure and to reduce
hospitalizations, although its effect on mortality is still
uncertain.
Even though many studies of cardiac resynchronization
therapy have been done in various patient populations,
who should receive it has not been fully resolved. We
currently recommend it for patients with moderate or
severe congestive heart failure (New York Heart Association
class 3 or 4), poor left ventricular function (ejection fraction
< 35%), and QRS duration > 130 ms.
Patients in New York Heart Association class 3 or 4 with a
conduction disturbance who are undergoing open chest
surgery for an independent reason should be considered for
placement of a left ventricular epicardial lead.
The left ventricular lead is technically challenging to
implant, and issues remain concerning patient selection and
the best sites for pacing.

type of pacemaker therapy that involves placing pacing leads in the right atrium, left ventricle, and sometimes the right ventricle. This
new strategy, called cardiac resynchronization
therapy, is aimed at correcting delays in conduction that result in different regions of the
heart not working optimally in concert.
The US Food and Drug Administration
recently approved this new therapy for
patients with moderate CHF despite optimal
medical therapy and with evidence of a significant intraventricular conduction delay.
This paper reviews the evidence (from
more than 20 clinical trials) that cardiac
resynchronization therapy is beneficial, who
should receive it, and some unresolved clinical
issues.
■ CHF TACKLED ON MANY FRONTS
CHF affects almost 5 million people in the
United States.1 Although 200,000 people die
of it each year, the number of CHF patients is
growing by 200,000 to 500,000 per year,
thanks to improvements in its treatment that
have lowered its mortality rate. The health
care costs associated with the disease are estimated to exceed $20 billion per year.1
CHF has been the focus of intense
research, and treatments include:
• Medications that address symptoms and
myocardial remodeling2–6
• Implantable defibrillators, which prevent
sudden death due to arrhythmias7,8
• Surgery for underlying coronary or valvular disease or to provide mechanical assistance
for the ailing myocardium9
• Transplantation, which unfortunately is
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not widely available, leaving many patients
with intolerable symptoms.
■ RATIONALE FOR RESYNCHRONIZATION
The onset of left ventricular contraction
should occur with less than 40 ms of variation
throughout the wall.10 The importance of this
highly synchronized ventricular contraction
has long been recognized.
In 1926, Wiggers11 described left ventricular contraction as a “series of sequential fractionate contractions of muscle bundles.” He
proposed that a disturbance in the timing of
contraction might be caused by interspersed
areas of ischemia or fibrosis.
Nearly 40 years later, Harrison12 noted
that “disorganized contraction” or “asynergy”
was frequently present on kinetocardiograms
of patients with coronary heart disease. Soon
after, Herman et al13 found that more than
70% of patients who had abnormalities in
their contraction patterns had clinical CHF.
Left bundle branch block
leads to dyssynchrony
In 1983, Bramlet et al14 recognized that people who had exercise-induced left bundle
bunch block also had an exercise-induced
decline in ejection fraction, even if their
hearts were structurally normal.
Today, evidence is mounting that intraventricular conduction delay (ie, any degree of
left bundle branch block on surface electrocardiography [ECG] with QRS duration > 120
ms) leads to disorganized left ventricular contraction, wasted myocardial stroke work, and
adverse remodeling, generating areas of early
and late activation.15–17 More than 30% of
patients with CHF may have such disorganized contractions.18
Dyssynchronous ventricular
contraction is inefficient
Echocardiography,19–24 nuclear imaging,25 and
tagged magnetic resonance imaging26,27 show
that in ventricular dyssynchrony, the interventricular septum typically contracts first,
and the left ventricular free wall lags behind.
As much as 20% of the contractile work is
spent on chamber translocation rather than
ejection.28–30
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Furthermore, areas of the myocardium that
are activated early may be paradoxically
stretched when other areas contract later,
which may further worsen myocardial performance by disrupting actin-myosin crossbridges.
This stretching may have a proarrhythmic
effect.26,27,31,32 Late activation of other areas
may impair ventricular relaxation.33,34
In addition, loss of synchrony between left
atrial and left ventricular contractions may
cause a conformational change in the mitral
valve. This may lead to mitral insufficiency,
further disrupting filling of the left ventricle
and causing sudden atrial distention, left atrial dilatation, and ultimately, atrial tachyarrhythmias.31,32,35,36
Septal perfusion defect
may cause dysfunction
A perfusion abnormality of the interventricular septum is seen in many patients with left
bundle branch block during exercise and
dobutamine stress perfusion testing. This is
usually ascribed to imaging artifact,37–39 but in
fact it may represent a real functional perfusion defect that is partly responsible for the
myocardial dysfunction and ventricular
arrhythmias seen in patients with CHF who
have a prolonged QRS interval.
Evidence for this theory comes from studies that compared different pacing sites as surrogates of conduction abnormalities. The
velocity of blood flow in the left anterior
descending and left circumflex arteries differed, depending on the pacing site.40 The
velocity in the left anterior descending artery
was lower with pacing from the mid-right ventricle or its apex, but not with pacing from the
right atrium or left ventricle.
The authors speculated that these velocity differences might be due to early activation of the areas perfused by the left anterior
descending artery, particularly the interventricular septum, with pacing from the right
side. If the region is activated early, it would
not have to work as hard, and so it would
consume less oxygen; consequently, the coronary flow to that region would decrease.
Alternatively, the early-activated region may
have a prolonged and less synchronous contraction, resulting in increased systolic resistance to coronary flow.41
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Dual-chamber
right-sided
pacing may
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Disappointing results
with right-sided dual-chamber pacing
The first attempts at cardiac resynchronization involved placing leads in both the right
atrium and right ventricle to restore atrioventricular synchrony, ie, right-sided dualchamber pacing.42,43 Although initial results
were encouraging, long-term results were
not.35,44
The reason may be that cardiac output is
preserved over a broad range of atrioventricular delays,45,46 in chronic atrial fibrillation
compared with sinus rhythm,47 and is independent of the interatrial delay.48,49 Patients
with CHF are already on the plateau of the
Frank-Starling curve; thus, any marginal
increase in preload caused by synchronized
atrioventricular activation would not be
expected to increase cardiac output very
much.
Right ventricular apical pacing has even
been shown to result in myocardial deterioration, mediated by further loss of left ventricular synchrony, similar to that seen in patients
with intrinsic interventricular conduction
delay.50 Results have also been disappointing
with leads in the right ventricular septum and
the outflow tract.46,51
At one center, up to 25% of CHF patients
with pacemakers were shown to have a left
ventricular ejection fraction less than 40%
and New York Heart Association (NYHA)
class 2 symptoms or worse.52
At The Cleveland Clinic, we noted worsening heart failure and ventricular arrhythmias during right ventricular pacing in
patients with CHF within the first month of
dual-chamber implantable cardioverter-defibrillator implantation.53,54 Symptoms improved
in some of these patients when we allowed
intrinsic conduction by extending the programmed atrioventricular delay.
Similarly, the recent Dual Chamber and
VVI Implantable Defibrillator (DAVID) trial
randomized patients with a clinical indication
for implantable cardioverter-defibrillator therapy (but not for pacing) to ventricular backup
pacing or to dual-chamber rate-responsive
pacing. Patients who received dual-chamber
rate-responsive pacing were more likely to be
hospitalized for CHF and had a trend towards
a higher mortality rate.55
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■ CARDIAC RESYNCHRONIZATION
THERAPY
Cardiac resynchronization therapy involves
pacing of the left ventricle alone or in concert
with the right ventricle within a certain range
of atrioventricular delay. It was hypothesized
that this strategy would:
• Help to coordinate left ventricular contraction
• Improve left ventricular filling and relaxation
• Recover previously wasted stroke work
without increasing myocardial energy
demand
• Diminish mitral insufficiency and atrial
tachyarrhythmias
• Reverse the remodeling of the left atrium
and left ventricle.56–58
■ IMPLANTATION TECHNIQUES
In conventional dual-chamber pacing, leads
are placed in the right atrium and right ventricle. In cardiac resynchronization therapy, an
additional lead is placed over the free wall of
the left ventricle so that the left and right ventricles are activated simultaneously.
Percutaneous placement now available
During early trials, patients had to undergo
thoracotomy for the left ventricular lead to be
placed on the epicardial surface of the ventricle, but this lead can now be placed percutaneously in most patients. First described in
1998, this percutaneous technique is now
widely used.59
In the new technique, the left ventricular lead is placed in one of the branches of
the coronary sinus, using one of the commercially available sheath systems (FIGURE 1).
The best results have been achieved with
the lead placed over the midlateral/posterior
wall of the left ventricle.60 This site may provide early excitation in the region with the
greatest baseline delay in activation and can
help reduce mitral insufficiency by prestimulating the papillary muscle. Placing multiple
leads on the left ventricle (or multiple electrodes on one lead) on the left ventricle may
provide further advantages, but this approach
is still under investigation.61
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TA B L E 1

Randomized clinical trials of biventricular pacing
STUDY

N

INCLUSION CRITERIA

MAIN RESULTS, COMMENTS

PATH-CHF*45,70,71

53

NYHA class 3 or 4
QRS > 120 ms
PR > 150 ms
Sinus rate > 55

Improved hemodynamics (LV pacing had better acute
hemodynamic results than biventricular pacing)
Improved VO2 max
Improved 6-minute walking distance

MUSTIC*65,72,73

58

NYHA class 3
QRS > 150 ms
EF ≤ 35%
LVEDD > 60 mm
No pacing indications

Improved exercise capacity and quality of life
Fewer hospitalizations for CHF
85% of patients preferred biventricular pacing
Not designed to assess mortality, but showed a 5% reduction
in mortality at 6 months, all in biventricular-paced patients

MIRACLE74–77

453

NYHA class 3 or 4
QRS ≥ 130 ms
EF ≤ 35%
LVEDD ≥ 55 mm
No pacing indications

Improved NYHA class
Improved 6-minute walking distance
Improved quality of life
Small improvement in ejection fraction
About 2/3 of patients classified as improved, but 38% also
improved despite no pacing therapy (placebo effect)

CONTAK CD110

490

NYHA class 2–4
QRS ≥ 120 ms
EF ≤ 35%
Standard ICD indications

Decreased progression of CHF (21%),
but did not achieve the prespecified 25% reduction
Improved VO2 max
Improved 6-minute walking distance
Improved quality of life

MIRACLE ICD103,107,108 636

NYHA class 2–4
QRS ≥ 130 ms
EF ≤ 35%
No pacing indications
Standard ICD indications

Fewer CHF hospitalizations
Improved 6-minute walking distance
Improved ejection fraction
Evaluated biventricular pacing
in patients with CHF who needed an ICD

COMPANION115

1,520 NYHA class 3 or 4
QRS ≥ 120 ms
EF ≤ 35%
No indications
for pacing or ICD
Stable medical regimen

Stopped due to lower mortality and hospitalization rates
First controlled study addressing mortality
as primary end point
Uses over-the-wire pacing system

InSync III116,117

264

NYHA class 3 or 4
QRS ≥ 130 ms
EF ≤ 35%
LVEDD ≥ 55 mm
No pacing indications

Ongoing
Device allows for differential ventricular pacing
and programmable V-V interval

NYHA class II–IV
QRS ≥ 140 ms
EF ≤ 35%
LVEDD ≥ 55 mm

Ongoing

VECTOR

*Crossover

trials
NYHA = New York Heart Association, EF = ejection fraction, LV = left ventricular,
VO2 max = peak oxygen consumption, CHF = congestive heart failure, LVEDD = left ventricular end-diastolic dimensions,
ICD = implantable cardioverter-defibrillator
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In contrast, placing the lead in the anterior venous system may actually worsen hemodynamic indices because this site is close to
the right ventricular apex, and stimulating it
can stimulate the intraventricular septum too
early, with attendant loss of left ventricular
synchrony.45,62
Technique is difficult
The implantation procedure is challenging,
and in addition to the usual difficulties of
pacemaker placement, it may be complicated
by prolonged radiation exposure and coronary
sinus dissection or perforation. Cardiac tamponade has been reported in up to 1% of
patients undergoing lead implantation, and
coronary sinus dissections may occur in as
many as 2%.10,63
With practice, the likelihood of these
complications diminishes and the success
rate improves to over 85%.59,64,65 A reasonable pacing threshold in the range of 1 to
1.5 volts may be achieved in 90% of
patients.10
Better insertion systems, such as steerable
coronary sinus introducer sheaths and lowerprofile leads placed over the guidewire, may
increase the number of target veins that can
be reached, improve success rates, and reduce
implantation times.66
Alternate percutaneous routes to the left
ventricle across the septum or via the arteries
have also been considered. However, these are
complicated by the need for continuous anticoagulation and are fraught with the danger of
stroke and systemic embolism.67,68
More options for those undergoing
open chest surgery
One can still place a lead on the outside of the
left ventricle surgically. This approach allows
more freedom in selecting the pacing site
while monitoring hemodynamics in the operating room. However, it requires general anesthesia and open chest surgery, which are associated with significant morbidity in patients
with CHF.
Nevertheless, candidates for cardiac
resynchronization who must undergo an open
chest procedure for an independent reason
should be considered for placement of a left
ventricular epicardial lead.

■ BENEFITS OF CARDIAC
RESYNCHRONIZATION THERAPY
summarizes trials of biventricular pacing, some of which are reviewed below.

TABLE 1

Patients improve clinically
The InSync study69 enrolled 81 patients
in Canada and Europe with NYHA class 3 or
4 symptoms, QRS duration longer than 150
ms, and left ventricular end-diastolic diameter
greater than 60 mm who showed no clinical
improvement despite best medical therapy for
1 month.
Biventricular pacing systems were successfully implanted in 68 patients. At 3 and 6
months, the patients’ NYHA class, 6-minute
walking distances, and quality of life measures
had improved significantly.
The PATH-CHF study (Pacing
Therapies for Congestive Heart Failure)70,71
randomized 53 patients with moderate-tosevere CHF and interventricular conduction
delay to undergo atrial synchronized biventricular pacing or best atrial-univentricular
pacing. The right or left ventricle was selected
depending on results of acute hemodynamic
studies performed with the patient under general anesthesia during device implantation.
After 4 weeks of pacing, all devices were
switched to no pacing for 4 weeks. The
patients were than crossed over to the alternate pacing mode for another 4 weeks and
subsequently left in the best chronic pacing
mode.
Contractility (as measured by the maximum rate of rise of left ventricular pressure;
dP/dtmax) and pulse pressure improved: left
ventricular pacing outperformed biventricular
pacing, which was better than right ventricular pacing. Maximum oxygen consumption
and the 6-minute walking distance improved
with biventricular stimulation, and benefits
were sustained at 1-year follow-up.45,70,71
The MUSTIC trial (Multisite Stimulation in Cardiomyopathy)65,72,73 randomized
58 patients with NYHA class 3 symptoms,
QRS interval greater than 150 ms, and left
ventricular ejection fractions less than 35% to
receive devices that were either set to
atrial/synchronized biventricular pacing or to
no pacing (ventricular backup pacing at 40
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beats per minute). Patients crossed over to the
other arm after 3 months of initial therapy.
After another 3 months, devices were programmed according to patient preference.
Patients receiving biventricular pacing
improved in NYHA class, 6-minute walking
distance, quality-of-life measures, and hospitalizations needed. Most patients (85%) preferred
the biventricular therapy, 4% preferred no pacing, and 10% had no preference.65 Benefits
were sustained at 1 year72 and 2 years.73
The MIRACLE trial (Multicenter
InSync Randomized Clinical Evaluation)74–77
enrolled 453 patients with NYHA class 3 or 4
symptoms, left ventricular ejection fractions
less than 35%, and QRS duration greater than
130 ms. In this double-blind study, patients
were randomized to receive cardiac resynchronization therapy or no pacing for 6 months.
The resynchronization group improved
significantly in their 6-minute walking distance, quality-of-life scores, and left ventricular ejection fraction, and fewer required hospitalization or intravenous therapy for CHF.74
Benefits were sustained at 1 year.75 A recent
analysis demonstrated improvement in
patients with ischemic and nonischemic cardiomyopathy76; the magnitude of response
was greater in the latter group. Men and
women responded similarly.77
Two small studies78,79 also supported
improved functional class and fewer hospitalizations with cardiac resynchronization
therapy.
Hemodynamic measures improve
Cardiac resynchronization therapy has been
shown to:
• Lower left ventricular filling pressures and
peripheral vascular resistance
• Increase contractility, expressed as pressure-volume loops and dP/dtmax
• Improve coordination of left ventricular
contraction
• Raise cardiac output and systolic blood
pressure.25,45,46,56,80–82
In one study,83 the maximum hemodynamic improvement in patients who responded to cardiac resynchronization therapy
occurred at an atrioventricular delay that did
not raise the left ventricular end-diastolic
pressure and when there was no latency peri-
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od between left atrial systole and the onset of
left ventricular isovolumic contraction. This
resulted in optimum pulse pressure.
On the other hand, patients who did not
respond to cardiac resynchronization therapy
had worsening hemodynamic measures with a
shorter left atrial-left ventricular delay. This
suggests that they depend more on higher left
ventricular end-diastolic pressure to maintain
adequate cardiac output, or that the resynchronization was inadequate.
Furthermore, in a study of patients with
poor left ventricular function (ejection fraction < 30%) and left bundle branch block,
cardiac output increased to a similar extent
with cardiac resynchronization therapy or
dobutamine infusion. However, the difference
in oxygen saturation between the coronary
arteries and coronary sinus declined with cardiac resynchronization therapy (indicating a
decrease in oxygen consumption), whereas
oxygen consumption rose as expected with
the dobutamine infusion.84
This indicates that cardiac resynchronization therapy, unlike the other positive
inotropic therapies currently available,
improves left ventricular efficiency by recovering stroke work lost without increasing
myocardial oxygen demand. Both biventricular pacing and left ventricular pacing alone
had these effects.
Although smaller studies indicated that
left ventricular pacing alone may be superior
to biventricular pacing,46,82,85 large clinical
trials to date have employed simultaneous left
ventricular-right ventricular activation in
their protocols.
Reduced neuroendocrine activation
In CHF, the sympathetic and reninangiotensin-aldosterone systems are activated,
resulting in adverse hemodynamic consequences, myocardial remodeling, and fibrosis.86 The best medical therapy in CHF, which
includes beta-adrenergic blockers,5 angiotensin-converting enzyme inhibitors,2,3 and
spironolactone,6 improves symptoms and outcomes by suppressing this neuroendocrine cascade.
Cardiac resynchronization therapy shows
effects similar to medical therapy, with a
decrease in the levels of circulating norepi-
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■ Resynchronization therapy in heart failure
Many patients with congestive heart failure might benefit from a new type of pacemaker therapy called
cardiac resynchronization therapy, aimed at correcting delays in conduction that result in different regions
of the heart not working optimally in concert.

Coronary sinus

The left ventricular lead
is placed in one of the branches
of the coronary sinus

CCF
©2003

The right atrial lead
and the
right ventricular lead
are cathodal (–) with
an anodal (+) proximal electrode

Balloon
Catheter
Coronary sinus

Retrograde coronary sinus angiogram in the
anteroposterior projection using a balloon-tip
catheter. After cannulation, the balloon is inflated
to occlude the main coronary sinus, allowing for
better retrograde filling of the venous branches.

Cardiac veins

FIGURE 1.
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nephrine after a mean of 12 weeks of biventricular pacing.87,88 Microneurographic assessment found cardiac resynchronization therapy
to suppress sympathetic activation in CHF
better than right ventricular pacing alone,
regardless of QRS duration.89,90 Analysis of
heart-rate variability in patients receiving cardiac resynchronization therapy revealed a shift
towards higher parasympathetic and lower
sympathetic tone modulation.91,92

Sudden cardiac
deaths account
for up to 50%
of deaths in
patients with
severe CHF

Beneficial remodeling
A number of studies72,74,93–95 reported a
decline in left ventricular end-systolic and
end-diastolic dimensions, left atrial size, and
mitral insufficiency with cardiac resynchronization therapy, suggesting that it can reverse
the mechanical remodeling seen in CHF.
One such study96 categorized patients as
“responders” or “nonresponders,” depending
on whether their left ventricular end-systolic
volume declined with therapy by more than
10%. Although responders had greater left
ventricular dyssynchrony at baseline, they also
had relatively lower plasma B-type natriuretic
peptide and endothelin levels. This suggests
that cardiac resynchronization therapy may
benefit patients before they reach end-stage
biochemical heart failure.96 The magnitude of
the changes in left ventricular end-diastolic
volume and dimension predicted changes in
the NYHA functional class.97
Pacing thresholds were reduced after longterm biventricular stimulation in another
study,98 suggesting reduced wall stress with
cardiac resynchronization therapy and beneficial electrical remodeling.
Reduced ventricular arrhythmias
On cardiac resynchronization therapy, the
incidence of ventricular arrhythmias decreases, as measured by how many times the
patient’s implantable cardioverter-defibrillator
discharges and by the frequency of documented ventricular ectopy.99,100
In one study,101 frequent episodes of ventricular tachycardia were completely suppressed, and another showed less likelihood of
inducing ventricular tachycardia during electrophysiological testing if biventricular pacing
was substituted for right ventricular pacing
alone.102
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This phenomenon may be explained by
diminished paradoxical stretch of the earlyactivated myocardium with its attendant calcium flux, and by reduced heterogeneity of
ventricular refractoriness.
Although studies indicate that antitachycardia pacing or implantable cardioverter-defibrillator shocks occur as often
in patients treated with cardiac resynchronization therapy as in other patients, biventricular antitachycardia pacing has been
shown to be more effective than conventional right ventricular antitachycardia pacing.94,103–105 Adding defibrillator function to
the cardiac resynchronization therapy pacing
system may further reduce the number of sudden cardiac deaths, which account for up to
50% of deaths in patients with severe
CHF.106
The MIRACLE-ICD study103,107,108
enrolled patients who lacked a conventional
indication for pacing but warranted
implantable cardioverter-defibrillator placement for primary or secondary prevention of
sudden death. Other enrollment criteria
included NYHA class 2, 3, or 4 symptoms, a
left ventricular ejection fraction less than
35%, and QRS duration greater than 130 ms.
Of 636 patients, 567 had a coronary sinus
lead successfully implanted. Three to 7 days
later, 554 patients were randomized to have
their pacemakers turned on or off. All patients
received an InSync implantable cardioverterdefibrillator system (Medtronic), with right
ventricle-only sensing and right ventricle/left
ventricle pacing capability. Implantable cardioverter-defibrillator functions remained
active throughout the study.
Patients improved in the 6-minute hallwalk test, quality-of-life scores, left ventricular end-systolic and end-diastolic dimensions, and fractional shortening, but the
change was statistically significant only in
patients with NYHA class 3 or 4 symptoms.107 Ventricular tachyarrhythmias were
appropriately detected and treated in all
cases, with no episodes of double-counting or
inappropriate shocks. Biventricular-delivered
antitachycardia pacing was more effective
than right ventricular antitachycardia pacing
alone.103 At 6 months, left ventricular volume, ejection fraction, maximum oxygen
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consumption, NYHA functional class, and
quality-of-life indicators had improved.108,109
The VIGOR/VENTAK CHF trial93
studied changes in clinical, echocardiographic, and neurohormonal measures in 53
patients with a cardiac resynchronization
therapy system with an epicardial left ventricular lead. Subjects had dilated cardiomyopathy with NYHA class 3 or 4 symptoms, QRS
duration greater than 120 ms, left ventricular
ejection fraction less than 30%, and PR intervals greater than 160 ms. Patients were randomized to receive cardiac resynchronization
therapy or to a control group 1 to 2 weeks after
implantation. Patients in the control group
had their pacemakers reprogrammed to deliver cardiac resynchronization therapy after the
initial 6-week phase.
At 12 weeks, patients receiving cardiac
resynchronization therapy had decreased left
ventricular and left atrial dimensions and
improved cardiac output, and at 3 months,
fewer episodes of ventricular tachyarrhythmias. No effect on neurohormonal markers
was seen. The study was terminated early
because it did not utilize transvenous left ventricular leads: once transvenous leads were
available, it was difficult to recruit patients
into a study requiring a thoracotomy.
The CONTAK-CD trial110 randomized
490 patients with NYHA class 2, 3, or 4 symptoms, QRS greater than 120 ms, left ventricular ejection fractions less than 35%, and indications for an implantable cardioverter-defibrillator. Preliminary analysis after 3 months
demonstrated decreased left ventricular
dimensions with cardiac resynchronization
therapy but no effect on neurohormonal
markers.
However, the therapy did not achieve the
desired end point (a 25% reduction in CHF
progression at 6 months). This may have been
because some of the patients were relatively
healthy, ie, those with NYHA 2 symptoms
and relatively short QRS duration at baseline.
Almost 30% of the patients had the left ventricular lead implanted in the anterior circulation, further diminishing the success of cardiac
resynchronization therapy. Adding the defibrillator function to cardiac resynchronization
therapy resulted in a trend to improved survival at 10-month follow-up.
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A meta-analysis of the VENTAK, MIRACLE, and MUSTIC trials presented at the
2002 meeting of North American Society of
Pacing and Electrophysiology111 showed a
strong trend towards a lower mortality rate
with cardiac resynchronization therapy (odds
ratio 0.7, 95% confidence interval 0.4–1.2).
Cardiac resynchronization
and atrial fibrillation
Although some studies suggested that cardiac
resynchronization therapy is useful in patients
with atrial fibrillation,112 an intention-totreat analysis of a subset of MUSTIC trial
patients with chronic atrial fibrillation and
atrioventricular node ablation did not show
any differences in outcomes with right ventricular vs biventricular pacing.113 The Left
Ventricular-Based Cardiac Stimulation Post
AV Node Ablation Evaluation (PAVE) trial is
investigating this issue.
Cardiac resynchronization and sleep apnea
In a small case series,114 patients who received
cardiac resynchronization therapy had significant improvements in both central and
obstructive sleep apnea, which are common in
CHF patients. Cheyne-Stokes breathing was
significantly diminished. Larger studies are
needed to explore this issue further.
■ ONGOING STUDIES
The COMPANION study (Comparison
of Medical Therapy, Pacing, and
Defibrillation in Chronic Heart Failure)115 is a
randomized, open-label trial comparing three
treatments: cardiac resynchronization therapy,
cardiac resynchronization therapy with additional implantable cardioverter-defibrillator
capability, and optimal medical therapy alone.
Investigators planned to enroll 2,200
patients with NYHA class 3 or 4 symptoms,
left ventricular ejection fraction less than
35%, and QRS duration greater than 120
ms.115 However, the data and safety monitoring board stopped the trial after only 1,520
patients were enrolled because the resynchronization therapies were more effective than
the medical therapy in reducing the end
points of hospitalizations and deaths.
These findings should be interpreted with
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TA B L E 2

Current trends in biventricular pacing
Ideal patient selection
Severely symptomatic congestive heart failure (New York Heart Association class 3 or 4) despite optimal medical therapy
Wide QRS complex (> 130 ms) with left bundle branch block morphology
Prolonged PR interval
Ejection fraction < 35%
Technical aspects
Coronary sinus angiography is extremely helpful to detect available venous branches
Posterolateral venous branches appear to be the best targets
Different approaches to coronary sinus navigation have not been directly compared
Other approaches to left ventricular pacing are still underdeveloped, eg, transcutaneous pericardial approach
Expected results
Improved hemodynamic indices
About 2/3 of adequately selected patients improve in functional capacity and quality of life
Possibly decreased incidence of ventricular arrhythmias
Possibly decreased sympathetic activation
No data available on mortality benefits

Current
indications:
• Moderate or
severe CHF
• Poor LV
function
• QRS > 130 ms

858

caution, since the study has not yet been published.
The InSync III study116,117 is designed to
assess the safety and efficacy of the InSync III
pacemaker (Medtronic), the first device to
allow separate programming of the right and
left ventricles with modulation of right ventricular-left ventricular timing. Patients have
no standard indications for pacing but have
NYHA class 3 or 4 symptoms, QRS duration
greater than 130 ms, and left ventricular ejection fraction less than 35%. Primary end
points include NYHA class, 6-minute walking
distance, and quality-of-life measures.
The first 264 patients showed significant
improvements in left ventricular systolic volume, NYHA class, quality-of-life measures,
and 6-minute walking distance compared with
the MIRACLE trial control group at 3
months.116 Placing the right ventricular lead
in the septum vs the apex did not affect functional performance.117
The VECTOR trial (Ventricular
Resynchronization Therapy Randomized
trial) is looking at exercise performance,
adverse event rates, and pacing system performance in patients with CHF, QRS duration
greater than 140 ms, and left ventricular ejection fraction less than 35%. The patients
receive a St. Jude Frontier 3x2 pulse generator
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and are randomized to receive cardiac resynchronization therapy or no pacing for 6
months.
The
CARE-HF
study (Cardiac
Resynchronization in Heart Failure)118 is randomizing 800 patients to cardiac resynchronization therapy or a control group and following them for at least 18 months. It will
assess the effect of cardiac resynchronization
therapy on a composite end point of all-cause
mortality and unplanned cardiovascular hospitalization in patients with CHF due to left
ventricular systolic dysfunction. Results
should be available in 2004.118
■ WHO SHOULD RECEIVE CARDIAC
RESYNCHRONIZATION THERAPY?
Despite the many studies of cardiac resynchronization therapy in various patient populations, who should receive it has not been fully
resolved. Nevertheless, we currently recommend it for patients with all of the following:
• Moderate or severe CHF (NYHA class 3 or 4)
• Poor left ventricular function (ejection
fraction < 35%)
• QRS duration greater than 130 ms with
left bundle branch block morphology
(TABLE 2).
While it is logically less likely that
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TA B L E 3

Unanswered issues in biventricular pacing
What are the exact mechanisms of hemodynamic improvement?
What are the best predictors of a favorable response?
Do patients with right bundle branch block derive the same benefit as those with left bundle branch block?
What is the best left ventricular stimulation site or sites?
Is left ventricular pacing alone as beneficial as biventricular pacing?
Can biventricular pacing reverse left ventricular remodeling?
Does biventricular pacing have a preventive role in earlier stages of patients with congestive heart
failure and conduction defects (prevent left ventricular remodeling)?
Can isolated right ventricular pacing cause long-term deterioration in left ventricular function?
Is defibrillation capability beneficial for patients without standard indications for an implantable
cardioverter-defibrillator?
Will short-term benefits be maintained after long-term follow-up?
Can biventricular pacing reduce mortality in patients with congestive heart failure?

patients with right bundle branch block
would benefit from cardiac resynchronization
therapy, and they were underrepresented in
clinical studies, there is some evidence that
they might benefit from biventricular pacing.119 A baseline QRS duration greater than
160 ms correlated with a favorable acute
hemodynamic response in PATH-CHF,45 but
in the InSync trial, significant QRS narrowing seen during biventricular pacing did not
correlate with clinical response to therapy.69
New imaging tools can directly measure
left ventricular mechanical dyssynchrony;
these include magnetic resonance imaging,26,27 echocardiography,19–24 nuclear imaging,25 and three-dimensional contact120 and
noncontact121 electro-anatomical mapping.
Investigators using these tools advocate
baseline dyssynchrony as the best predictor of
response to cardiac resynchronization therapy.
Real-life correlates of this, including QRS
duration greater than 150 ms and dP/dtmax
less than or equal to 700 mm Hg/sec, consistently predict a positive response to biventricular pacing.
Models for tomorrow:
Individualize pacing sites
Work is underway to establish better ways of
screening patients likely to benefit from cardiac resynchronization therapy and to find

ideal pacing sites. It is unlikely that a single
left ventricular lead placement area would
benefit all CHF patients with left bundle
branch block.
Ideally, we need to quantify the baseline
dyssynchrony of left ventricular contraction
in each patient, then apply a mathematical
computer model to identify the best site of
early activation that would improve the
mechanical properties of the left ventricle.
This model should take into account
whether and how well the target area can
contract, based on the degree of myocardial
scarring and blood supply present. In addition, some form of contact or noncontact
endocardial activation mapping may be useful to identify and avoid areas with slowed
conduction.121
We should then be able to create an overlay of coronary veins available for lead
implantation in the region of interest and
model the degree of cardiac functional
improvement, provided a lead could be
secured at one of these locations with or without concomitant right ventricular lead placement. Such technology would help us reject
patients not expected to improve from cardiac
resynchronization therapy, optimize cardiac
resynchronization therapy in suitable patients,
and abandon an implantation procedure early
if a target position could not be engaged.
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■ FUTURE RESEARCH DIRECTIONS

Use of cardiac
resynchronization for
atrial
fibrillation is
under
investigation

Among the unanswered questions about cardiac resynchronization therapy (TABLE 3) are
the following.
• Who might need true biventricular pacing?
Right ventricular contractile synchrony may
help some preload-dependent patients with
impaired right ventricular function or those
with primary clinical right heart failure, but it
may offer minimal hemodynamic benefit to
other patients. Right ventricular pacing may,
in fact, be detrimental if it continues to contribute to left ventricular dyssynchrony
despite left ventricular free-wall pacing.
If concomitant right ventricular pacing is
found to be effective, the questions of ideal
right ventricular pacing sites and right ventricular-left ventricular stimulation timing would
need to be addressed. The Medtronic InSync
III stimulator can be programmed to deliver
left and right ventricular stimulation separately, and its use is currently being studied.
• Can cardiac resynchronization benefit
patients with atrial fibrillation? The issue is still
under investigation, with positive preliminary
results.112
• Will adding defibrillator capability to the cardiac resynchronization therapy system protect
CHF patients from sudden death? Ongoing studies will tell. However, the practice of routinely adding a coronary sinus lead via a Y-adapter
to a dual-chamber implantable cardioverter
defibrillator should be discouraged. During
nonpaced modes, these systems may doublecount ventricular potentials, owing to the
temporal separation of right and left ventricular signals, leading to inappropriate shocks.122
• Can cardiac resynchronization therapy prevent dyssynchrony? CHF patients with an inde-
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pendent indication for pacing may deteriorate
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and could benefit from cardiac resynchronization therapy to prevent rather than treat left
ventricular dyssynchrony,53 but this needs to
be further investigated.
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open heart surgery to remove the lead.
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MODULATION PACING
Some patients may not be able to have a
resynchronization system implanted successfully. They may instead benefit from cardiac
contractility modulation pacing, which is also
under investigation.
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shown to be beneficial in animals, but its
application in humans is still in its infancy.123,124
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