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Cardiac resynchronization therapy (CRT) is an established treatment for patients with
advanced heart failure, cardiomyopathy, and interventricular conduction delay or wide
QRS complex. Use of this treatment is supported by a multitude of clinical trials that
have demonstrated its benefits on clinical parameters such as exercise capacity, heart
failure functional class, and quality of life. More recently, CRT has been shown to
reduce total mortality rates in patients with heart failure. Many questions have yet to
be answered, however, including how to better identify patients for this therapy and
how to potentially expand its clinical indications to other groups of patients. This
article reviews the published literature supporting the current indications and addresses
some of the issues that may change how this therapy is utilized in the future.
[Rev Cardiovasc Med. 2007;8(2):69-77]
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Cardiac resynchronization therapy (CRT) is now considered the standard
of care for patients with chronic cardiomyopathy, congestive heart failure,
and aberrant conduction or ventricular dyssynchrony. The deleterious ef-

fects of ventricular dyssynchrony are substantial and include abnormal filling of
the left ventricle, abnormal sequence of contraction, reduced contractility, and
increased mitral regurgitation. These effects are manifested by poor clinical out-
comes, such as increased hospitalizations for heart failure and overall mortality.
Many clinical trials have demonstrated the benefits of CRT in patient hemody-
namics, patient well-being, heart failure functional classification, and exercise
tolerance.1-6 Several studies have shown benefits in “reverse remodeling,” with
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improvements in left ventricular ejec-
tion fraction (LVEF) and reduction
in left ventricular (LV) volumes.1,7-10

These early studies have been fol-
lowed by larger, prospective studies
that have demonstrated benefits in
total mortality.11-13 However, as many
as one third of patients are considered
“nonresponders.”1 There is also in-
creasing evidence that QRS duration
is not the ideal method for identify-
ing candidates for biventricular pac-
ing.14 This article will highlight some
of the published data supporting cur-
rent indications for CRT. In addition,
it will aim to provide a framework
supporting some of the future direc-
tion for this life-saving therapy.

Studies Supporting Current
Indications
The standard criteria for CRT are
shown in Table 1. The following tri-
als included patients with an LVEF at
or less than 35%, LV dilation, severe
symptomatic heart failure, and QRS
duration of 120 ms or longer. These
trials are summarized in Table 2.

PATH-CHF
The Pacing Therapies for Congestive
Heart Failure (PATH-CHF) trial was a
longitudinal, crossover study of 42

patients comparing biventricular
(BV) pacing with right ventricular
(RV) and LV pacing.2,3 Subjects were
implanted with 2 dual-chamber
pacemakers. The first pacemaker uti-
lized a traditional endocardial right
atrial and RV pacing electrode. The
second used an endocardial right
atrial electrode and an epicardial LV
lead. Of note is that in only two
thirds of patients the LV lead was
placed on the lateral wall; in the re-
mainder the lead was placed on the
anterior wall. The devices were pro-
grammed to an atrial synchronous
tracking mode without atrial pacing
(VDD). The first and third 4-week
periods compared BV pacing versus
the best univentricular mode, while
the second 4-week period served as
the control. The primary endpoints
were distance on the 6-minute hall
walk (6MW) and peak oxygen con-
sumption (VO2max) during car-
diopulmonary exercise testing. 

BV- and LV-based pacing showed
acute improvements in contractility.
There was a trend towards a benefit
in the primary endpoints, and signif-
icant improvements in LVEF and LV
volumes were seen. Functional class
improved significantly during the
second treatment period, with 63%
of patients improving to New York
Heart Association (NYHA) class I or II
heart failure.

MUSTIC
The Multisite Stimulation in Car-
diomyopathies Trial (MUSTIC) was
a single-blind crossover study with a
more rigorous enrollment criterion.4

The 67 subjects had an LVEF of at
least 35%, an LV end-diastolic di-
mension greater than 60 mm, a QRS
duration of greater than 150 ms, and
NYHA class III heart failure. Each
phase was for 3 months, with each
patient serving as his or her own
control. The primary endpoint was
distance on the 6MW test. 

The study demonstrated a signifi-
cant 23% greater distance on the
6MW test, as well as significant im-
provements in VO2max, hospital ad-
missions, and functional class. BV
pacing was preferred by 85% of pa-
tients over no pacing.

MIRACLE
The Multicenter InSync Randomized
Clinical Evaluation (MIRACLE) study
was a large, prospective, randomized,
double-blind controlled study that
evaluated primary endpoints of
NYHA functional class, quality of life
(QoL) scores, and the 6MW test.1 The
453 subjects experienced significant
improvements in 6MW (29 meters),
QoL scores, and functional class.
There were also significant benefits
seen on peak VO2max, increased
LVEF (4.6%), decreased mitral regur-
gitation, and decreased heart failure
hospitalizations (77% decrease in
total hospital days). The effect was
not altered by cause of heart failure
(ischemic vs nonischemic), type of
aberrancy (right or left bundle
branch block), or baseline QRS
duration.

CONTAK-CD
The CONTAK-CD trial was a prospec-
tive, randomized, double-blind, con-
trolled study that evaluated the ef-
fectiveness of CRT in combination
with an implantable defibrillator.5 It
was the first study to include NYHA
class II patients, who represented
one third of the total patient group.
The study enrolled 581 patients who
were evaluated for a composite end-
point of mortality, heart failure hos-
pitalizations, and ventricular tachy-
cardia or fibrillation at 6-month
follow-up.

The study failed to reach statistical
significance for the primary end-
point, although positive trends were
seen in total mortality and mortality
plus heart failure hospitalizations.

Table 1
Current Indications for 

Biventricular Pacing

Ischemic or idiopathic 
cardiomyopathy, LVEF � 35%

Symptomatic heart failure NYHA 
class III-IV

QRS duration � 130 ms

LVEDD � 55 mm

Optimal pharmacologic therapy

LVEF, left ventricular ejection fraction; NYHA,
New York Heart Association; LVEDD, left
ventricular end-diastolic dimension.
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There were statistically significant
improvements in NYHA functional
class, VO2max, 6MW distance, and
QoL. LVEF and LV volumes also im-
proved. Of interest is that within the
group receiving a transvenous LV
lead (89% of the total group im-
planted), only 54% had the lead
placed on the lateral wall. Of the re-
maining subjects who received a
transthoracic lead, only 26% had the
lead placed laterally. 

MIRACLE-ICD
The Multicenter InSync Randomized
Clinical Evaluation of an Im-
plantable Cardioverter Defibrillator
(MIRACLE-ICD) trial was a prospec-
tive, randomized, double-blind trial
examining the effects of implanting
a device capable of delivering both
CRT and defibrillator therapy.15 A

total of 364 patients were random-
ized with similar entry criteria as the
CONTAK-CD trial, but only severe
heart failure patients were included
(NYHA class III and IV). Once again,
patients at 6 months had improve-
ments in QoL score, peak VO2max,
and exercise duration. 

Trials Demonstrating 
Mortality Benefits
The above-mentioned trials paved
the way for the larger, randomized
clinical trials that have now demon-
strated that CRT does result in im-
proved total mortality in the patient
population with cardiomyopathy,
heart failure, and interventricular
conduction delay. Bradley and col-
leagues11 performed a meta-analysis
examining the patient populations
from the CONTAK-CD, MIRACLE,

MIRACLE ICD, and MUSTIC trials.
Pooled data from the patients in
these trials revealed a 51% relative
risk reduction in heart failure mor-
tality. Heart failure hospitalizations
were reduced by 29%. These findings
set the stage for the Comparison of
Medical Therapy, Pacing, and Defibril-
lation in Heart Failure (COMPANION)
and Cardiac Resynchronization Heart
Failure (CARE-HF) trials. 

COMPANION
The COMPANION trial began in
2000 and was completed in 2002. It
was the first published trial that
demonstrated a mortality benefit for
CRT combined with an implantable
defibrillator.12 The trial was a prospec-
tive, randomized, controlled trial in
which 1520 patients were divided
into 3 groups: optimal pharmacologic

Yes No Yes No

 

Device Selection in Patients With Cardiomyopathy

- LVEF � 35%
- NYHA Class III/IV
- QRS � 120 ms or
  need for ventricular
  pacing
- Sinus rhythm or
  atrial fibrillation

- LVEF � 35%
- NYHA Class III/IV
- QRS � 120 ms
- Sinus rhythm

- LVEF � 35%
- NYHA Class III/IV
- QRS � 120 ms
- Atrial fibrillation

- LVEF 35%–45%
- NYHA Class II/III
- Atrial fibrillation
- Need for AVN
  ablation

- LVEF 35%–45%
- NYHA Class II/III
- AV block

Ventricular
dyssynchrony

Biventricular
ICD

Consider
biventricular

ICD
Standard ICD

Biventricular ICD
�

AVN ablation

Single chamber
ICD

Uncontrolled rates/
need for AVN ablation Biventricular pacer

Consider
biventricular

pacer

Figure 1. Recommendations for device implantation in patients with cardiomyopathy and heart failure. LVEF, left ventricular ejection fraction; NYHA, New York Heart Associ-
ation; AVN, atrioventricular nodal; AV, atrioventricular; ICD, implantable cardioverter defibrillator. www.medreviews.com
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therapy alone, drug therapy plus a
BV pacemaker (CRT-P), or drug ther-
apy combined with a BV defibrillator
(CRT-D). The primary endpoint was
a combined endpoint of all-cause
mortality or hospitalization for any
reason. The trial was stopped when
the predefined boundaries for effi-
cacy were crossed by the CRT-D
group. The mean duration of follow-
up was 11.9 months for the drug
therapy group, 16.2 months for the
CRT-P group, and 15.7 months for
the CRT-D group. 

The risk of reaching the combined
endpoint was reduced by 34% in
subjects treated with a CRT-P, and re-
duced by 40% in subjects treated
with a CRT-D. There was a 36% re-
duction in all-cause mortality in the
CRT-D group, which was highly sta-
tistically significant (P � .003). How-
ever, in the CRT-P group, there was
also a 24% reduction in mortality,
which almost reached statistical sig-
nificance (P � .059).

CARE-HF
The CARE-HF trial of 813 patients
began in 2001 and was completed in
2004. This prospective, randomized,
controlled trial compared optimal
pharmacologic therapy alone versus
drug therapy combined with a BV
pacemaker.13 Enrollment criteria in-
cluded an LVEF at or less than 35%,
NYHA class III or IV, and either a QRS
that was at least 150 ms or a QRS that
was at least 120 ms with evidence of
ventricular dyssynchrony on echocar-
diography. The primary combined
endpoint was all-cause mortality or
cardiovascular hospitalization. The
mean follow-up duration was 29.4
months. This trial was the first to
allow for atrial pacing, with a mini-
mum rate set at 60 beat/min. Previous
trials had the devices programmed to
track the atrium only (VDD mode). 

At the end of the study, 55% of pa-
tients in the pharmacologic therapy

arm reached the primary endpoint
versus 39% in the group treated with
CRT (P � .001). Mortality rates were
30% for the control group versus
20% in the group treated with CRT
(P � .01). This study was the first to
demonstrate the mortality benefit of
BV pacing without a defibrillator in
this patient population. 

In summary, a large number of tri-
als have been published that show
clear benefits of CRT in functional
classification, exercise duration,
QoL, and, more recently, mortality.
Despite these clear benefits, how-
ever, significant questions remain
unanswered regarding this therapy.

Therapeutic Considerations
Several important aspects high-
lighted by the trials mentioned above
include the anatomical placement of
coronary leads, the effects of BV pac-
ing in patients with AF, the effects of
implementing BV pacing earlier in
the treatment of patients with heart
failure, and how to determine the ap-
propriate cardiac device for therapy. 

Coronary Sinus Lead Position
Most experts would agree that one
must achieve lateral wall placement,
and this approach is not without
foundation. The PATH-CHF study,
which evaluated contractility im-
provements acutely in patients un-
dergoing LV lead placement, found
the greatest degree of improvement
on the mid-lateral wall.2 When
researchers compared anterior versus
LV free-wall sites, they found that
improvements in contractility and
aortic pulse pressure with free-wall
pacing were twice those of anterior
wall pacing.16 This finding has sig-
nificant implications on the large tri-
als already mentioned, where up to
one third of patients had lead place-
ment on the anterior wall.1,5

Rosillo and colleagues17 retrospec-
tively evaluated 233 consecutive

patients undergoing transvenous LV
lead placement, and divided them
into an anterior/anterolateral place-
ment (n � 66) group or a lateral/
posterolateral placement (n � 167)
group. The latter group showed
greater improvements in NYHA
functional class and LVEF, emphasiz-
ing the importance of placement.
Although there may be individual
differences in patients,18 it is our rec-
ommendation that only the lat-
eral/posterolateral position be used.
If this approach is not possible, the
patient should undergo surgical epi-
cardial lead placement. Alternative
approaches, such as prospectively
evaluating the latest contracting seg-
ment by tissue Doppler techniques,
are being evaluated.

CRT and AF
In most of the major trials that es-
tablished the benefits of CRT, there
was a requirement for patients to be
in normal sinus rhythm. The data
supporting the use of CRT in atrial
fibrillation (AF) are not as extensive.
One arm of the MUSTIC study did
enroll patients with atrial fibrillation
(MUSTIC-AF).19 Fifty-nine patients
with chronic AF, NYHA class III heart
failure, and a need for pacing with a
wide-paced QRS complex exceeding
200 ms were implanted with a BV
pacemaker. Like the MUSTIC study,
this study was a longitudinal
crossover design, with each patient
thus serving as his or her own con-
trol. The patients who completed
the study had improved exercise
tolerance and peak VO2max. Again,
patients preferred BV pacing to
conventional pacing. Leon and col-
leagues20 evaluated the effects of up-
grading patients with cardiomyopa-
thy who had received prior AV
junctional ablation and a pacing de-
vice to a CRT system. Patients had
marked improvements in NYHA func-
tional class, LVEF, and ventricular
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dimensions. Molhoek and associates21

compared the clinical response and
survival rate between patients with SR
versus chronic AF in the setting of car-
diomyopathy and ventricular con-
duction delay. They found no signifi-
cant difference between the 2 groups.

Several prospective, randomized
trials have now been completed that
evaluated CRT in patients with AF
without cardiomyopathy. It is be-
coming increasingly recognized that

RV pacing alone can lead to detri-
mental long-term effects on hemo-
dynamics and to heart failure. The
Optimal Pacing Site (OPSITE) study
compared 56 patients with chronic
AF and rapid ventricular rates under-
going AV junctional ablation.22 An
initial 3-month phase comparing RV
and LV pacing was followed by a sec-
ond phase comparing RV and BV
pacing. Researchers found that BV
pacing was associated with modest
improvements in QoL, NYHA func-
tional class, and exercise tolerance
compared to RV pacing. The Post AV
Node Ablation Evaluation (PAVE)
study was a randomized, controlled
study comparing RV and BV pacing
in 184 patients undergoing AV junc-
tional ablation.23 The endpoints
were 6MW distance, QoL, and LVEF.
At 6 months, there were significant
improvements in 6MW distance and
LVEF. However, when patients were
stratified by LVEF, the benefit was
seen in the low LVEF group (� 45%).
Regardless, it is clear that CRT does
provide a similar benefit for patients
with atrial fibrillation and cardiomy-
opathy, with either conduction sys-
tem disease or a need for permanent
ventricular pacing, such as after His
bundle ablation.

CRT in Less Symptomatic 
Heart Failure
CRT has clearly been shown to pro-
vide meaningful clinical benefits in
patients with advanced heart failure
and ventricular conduction delay.
Given these benefits, it stands to
reason that CRT, if begun early in a
patient’s history, could halt the pro-
gression of heart failure and perhaps
also result in more sustainable bene-
fits. The MIRACLE ICD II study was

the first prospective, randomized
study that enrolled patients with car-
diomyopathy, QRS of 130 ms or
more, and NYHA class II only.24 The
186 patients were randomized and
evaluated at 6 months for peak
VO2max, 6MW distance, and QoL.
There were no differences in exercise
capacity at the end of the study.
There were, however, improvements
in LVEF and ventricular dimensions,
supporting the favorable remodeling
effects of CRT in this less sympto-
matic population. The Multicenter
Automatic Defibrillator Implantation

Trial with CRT (MADIT-CRT), which
started enrolling patients in 2005,
will address whether patients with
CRT and relatively asymptomatic
heart failure (NYHA class I/II) experi-
ence a benefit in long-term mortality.

Traditional RV-only pacing has
been demonstrated to cause acute
hemodynamic alterations and de-
creases in LVEF, and to precipitate
heart failure. These associations are
presumably because of an iatrogenic

left bundle branch block that causes
subsequent ventricular dyssynchrony.
The recently published Homburg
Biventricular Pacing Evaluation
(HOBIPACE) study demonstrated
that in patients with atrioventricular
(AV) block and LV dysfunction with
an LVEF at or less than 40%, those
receiving a BV pacemaker experi-
enced significant benefits in symp-
toms, LVEF, and exercise capacity
compared with subjects who received
traditional RV-only pacing.25 Future
investigations, such as the Biventric-
ular Pacing for Atrioventricular Block
to Prevent Cardiac Desynchroniza-
tion (BIOPACE) study, will address
the question of whether the preven-
tion of desynchronization with a
CRT device will translate to improved
clinical status in patients with a stan-
dard pacing indication.26 At this
time, the published data would sup-
port the use of BV pacing in any pa-
tient with cardiomyopathy and a
need for ventricular-based pacing, al-
though the current treatment guide-
lines do not support this approach.

CRT With or Without the ICD
Most of the recently published large
trials evaluating the benefits of CRT
included devices that were also capa-

ble of defibrillation of ventricular
arrhythmias. The CARE-HF study,
however, clearly demonstrated a sus-
tainable mortality benefit from CRT
pacing alone.13 The study results
showed a decrease in the amount of
sudden death in the study group
treated with CRT, suggesting that the
favorable remodeling effects of this
therapy reduce the risk of sudden
cardiac death. Although there are
reports of CRT being proarrhythmic

It is becoming increasingly recognized that right ventricular pacing alone
can lead to detrimental long-term effects on hemodynamics and to heart
failure.

. . .cardiac resynchronization therapy, if begun early in a patient’s history,
could halt the progression of heart failure and perhaps also result in more
sustainable benefits.
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in certain patients, the data from
CARE-HF is supported by data from
the CONTAK-CD trial, in which pa-
tients were also found to have less
chance of ICD shock for ventricular
arrhythmia.5

Recently, the mode of death in the
COMPANION trial was evaluated.27

Of the 313 deaths that occurred in
the study, 78% were deemed cardiac.
Pump failure was the most common
cause (44.4%), followed by sudden
cardiac death (26.5%). In the
COMPANION trial, CRT combined
with defibrillator therapy reduced
the risk of sudden cardiac death by
56%, but CRT alone did not. Given
these findings, as well as the data
from primary prevention trials, most
practitioners choose to implant a
CRT-defibrillator device. In our opin-
ion, the CRT-pacing device should be
utilized in patients with heart failure
who either have ventricular dyssyn-
chrony or require ventricular-based
pacing, and are either less sympto-
matic or have more preserved LVEF.
This practice needs to be evaluated
prospectively.

Nonresponders
Despite appropriate patient selec-
tion, there remains a sizeable per-
centage of patients who do not ben-
efit from this therapy. The larger
trials for CRT have demonstrated a
nonresponder rate of approximately
one third.1 This number may be even
larger because it had been suggested
that the placebo effect of these trials
is substantial.28

Unfortunately, post-implantation
programming probably has little in-
fluence on increasing the responder
rate. At many centers, an optimal AV
delay is programmed in all patients
or in patients who do not have an
ideal clinical response. The ideal AV
delay can be determined by straight-
forward echocardiographic tech-
niques, such as maximizing the vol-

ume on mitral valve inflow or aortic
velocity-time integral (VTI).29 Some
methods are extremely time-con-
suming and thus are rarely used clin-
ically.30 Sawhney and colleagues31

prospectively compared AV opti-
mization and an empiric AV delay of
120 ms in 40 patients. Although dif-
ferences were seen acutely with both
aortic VTI and LVEF, QoL scores were
not different at 3 months. There are
some significant limitations to utiliz-
ing AV delay optimization. Cur-
rently, there are no accepted criteria
for AV dyssynchrony. In some pa-
tients, the ideal delay may be quite
long, thus promoting intrinsic con-
duction and negating the benefits
of BV pacing. The optimal AV delay
varies tremendously among patients
and is dependent on factors such as
heart rate, body position, activity
level, and volume status. For this rea-
son, we choose to program a shorter
AV delay to ensure BV pacing. 

Many devices currently have the
capability to adjust the relative timing
between the right and left ventricle
(VV interval). The ideal VV interval
could further reduce both interven-
tricular and intraventricular dyssyn-
chrony. Although this feature is read-
ily available, data are still limited
regarding its clinical utility. Several
authors have demonstrated benefits
in measurements of dyssynchrony
and mitral regurgitation9,32 as well as
in contractility.33 However, a signifi-
cant limitation of these studies is that
the benefits are within the error range
for making these measurements. This
notion is supported by subsequent
prospective evaluations that have
failed to show any benefit in clinical
outcomes.34,35 Varying VV timing
may provide a small incremental ben-
efit, but has not demonstrated objec-
tive clinical benefit. It is our practice
to simultaneously pace the RV and
LV, with consideration for VV opti-
mization in the nonresponders,

although we have not seen meaning-
ful improvement.

Prospective Determination
of Ventricular Dyssynchrony
The high nonresponder rate and the
inability to help more patients after
device implantation suggest that the
future of CRT may be determined
by advances in determining the
ideal candidates. QRS duration is not
a good predictor of clinical re-
sponse.1,4,36 There is also accumulat-
ing evidence that patients with a
narrow QRS and ventricular dyssyn-
chrony benefit from CRT.37-39

Although there are relatively
straightforward measurements of
dyssynchrony on standard 2D-
echocardiography,29 tissue Doppler
imaging (TDI) is the most widely
used method for determining me-
chanical dyssynchrony. Yu and col-
leagues39 have demonstrated with
the use of TDI that ventricular dys-
synchrony is present in 64% of pa-
tients with a wide QRS complex and
43% of patients with a narrow QRS.
Thus, an alternative strategy in se-
lecting patients for CRT would utilize
methods such as TDI to prospectively
identify which patients will respond.
Bax and associates40 have demon-
strated that the use of TDI can accu-
rately determine which patients will
respond to CRT. Although this tech-
nology does have limitations, it is
being increasingly used in clinical
practice. Trials are currently evaluat-
ing the clinical use of TDI in selecting
patients with a narrow QRS complex.

Conclusions
CRT provides meaningful clinical
improvements in the patient popula-
tion with advanced heart failure, car-
diomyopathy, and interventricular
conduction delay. These improve-
ments in ventricular modeling, exer-
cise tolerance, NYHA functional
class, hospitalizations, and QoL are

RICM0364_06-15.qxd  6/15/07  9:30 PM  Page 75



Cardiac Resynchronization Therapy continued

76 VOL. 8 NO. 2  2007   REVIEWS IN CARDIOVASCULAR MEDICINE

extremely relevant in the treatment
of these patients. In addition, we now
have conclusive evidence that this
therapy is life-saving. In the near
future, candidates for this procedure
may be identified by direct determi-
nation of ventricular dyssynchrony,
such as with tissue Doppler imaging,
instead of a wide QRS complex. It is
hoped that this approach will de-
crease the number of patients who
are deemed nonresponders, as well as
identify a patient population that is
not currently being treated. CRT with
an implantable defibrillator will likely
remain the mainstay of treatment for
this patient population. However, in
the near future, the use of CRT alone
may be utilized in the less advanced
patient, or potentially in any pa-
tient who requires ventricular-based
pacing.
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