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Patients with dilated cardiomyopathy and discoordinate wall motion due to intraventricu-
lar conduction delay are at increased risk for exacerbated pump failure and arrhythmias
and suffer higher mortality rates. Biventricular and left ventricular resynchronization
pacing therapies acutely improve systolic ventricular function and energetic efficiency in
patients with heart failure and left-bundle-type intraventricular conduction delay. Sustained
therapy can further inhibit or reverse chronic chamber dilation and remodeling. As with all
therapies for heart failure, individual subject responses are variable; however, the invasive
nature and expense of resynchronization therapy has particularly highlighted the need to
prospectively identify optimal candidates. Although QRS duration has been principally used
to date, increasing evidence shows this to have poor acute and chronic correlations with
patient response. In contrast, direct measures of mechanical dyssynchrony based on simple
echo imaging and more complex tissue Doppler and magnetic resonance imaging—based
approaches appear to afford better predictive accuracy.
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muscle contraction coupled with pathophysiologic volume and arterial

loading and potent activation of the neuroendocrine system. In addi-
tion to these changes, abnormal electrical conduction can develop that delays
the timing of atrial contraction and generates discoordinate contraction of the
left ventricle. The latter is typically observed in persons with a widened QRS
complex and intraventricular conduction delay, left bundle pattern being most
common. Studies have shown that such conduction delay is an independent

D ilated cardiomyopathy is the consequence of abnormalities in cardiac
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Ventricular Resynchronization continued

risk factor for dilated cardiomyopa-
thy morbidity and mortality.”* In a
recent analysis of more than 5000
patients, the presence of left bundle-
branch (LBB) block was associated
with a 60%-70% higher risk of all-
cause mortality and sudden death
and was an independent risk factor
after adjusting for age, underlying
cardiac disease, the severity of heart
failure, and concomitant drug ther-
apies.® As detailed in the next sec-
tion, the unilateral loss of normal
His-Purkinje conduction results in
the separation of the cardiac cham-
ber into effectively two regions,
early- versus late-activated, with the
net consequence being compromise
of systolic function and reduced
chamber energetic inefficiency.
Over the past decade, investigators
have established that ventricular
stimulation of both the right and
left ventricle (biventricular pacing)
or even the left ventricular free wall
alone can improve the mechanics
and energetics of the failing heart
with discoordinate contraction. This
work has been fully highlighted
in several recent reviews (eg,
Leclercq and Kass,* Trautmann and
colleagues,” and Abraham?®). Chronic
studies have confirmed enhancement
of clinical symptoms, increased
exercise capacity, and cessation or
reversal of chronic chamber remod-
eling.”'* However, as with all thera-
pies for heart failure, individual
patient response to cardiac resyn-
chronization therapy (CRT) varies,
with most series reporting an
approximate 20%-30% nonrespon-
der rate. Given the complexity of
the instrumentation, the need for
device implantation, and the medical
costs associated with the treatment,
investigators are seeking markers
that can best prospectively identify
the patients who are most likely to
respond. This review summarizes our
understanding of the pathophysiol-
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ogy of dyssynchronous cardiac con-
traction, the mechanisms for benefit
from resynchronization pacing, and
current thinking regarding how to
best identify responders.

Pathophysiology of Abnormal
Electrical Conduction

To understand factors associated
with the clinical efficacy of CRT, it
is important to review the primary
pathophysiology of altered electrical
conduction. The normal cardiac
conduction system modulates con-
traction rate, the mechanical effi-
cacy of atrial systole, and contractile
coordination of ventricular cham-
bers. Disease of any one of these
components can lead to suboptimal
cardiac performance.

Sinus node disease results in
chronotropic incompetence that
can prove problematic in persons
with little preload or contractile
reserve. This has become more prob-
lematic with the increasing use of
adrenergic blockade in heart failure,
which can lead to too slow a rate
and/or rate response in a heart with
limited Frank-Starling reserve. Most
commonly, this is treated with a
dual-chamber, rate-responsive pace-
maker. However, as discussed below,
pacing the ventricle itself induces
dyssynchrony of contraction and
can exacerbate underlying chamber
dysfunction.

Ventricular nodal disease delays
atrial contraction relative to onset
of systole, rendering atrial systole
synchronous with early passive fill-
ing and effectively removing its
value as a booster pump.**!** Optimal
atrial-ventricular (AV) delay is
important to mitral valve compe-
tence, as too much delay leaves the
mitral leaflets open in the mid-plane
position when ventricular systole
starts. Closure of the value in this
instance is entirely dependent on
the developing pressure in the ven-
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tricle, and while this is occurring,
presystolic mitral regurgitation is
more likely. Long AV delays (often
250 msec or longer) also effectively
shorten the diastolic filling period,
limiting net filling.”* In persons
with this type of conduction abnor-
mality, electronic stimulation with
a shortened AV delay time can prove
beneficial.

Infranodal conduction delay—
most commonly in an LBB pattern—
induces discoordinate left ventricular
contraction.’*” Dilated cardiomyopa-
thy hearts with an LBB-type conduc-
tion delay display early activation of
the septal wall, typically associated
with lateral wall pre-stretch. This is
followed by delayed lateral contrac-
tion at higher stress and further sys-
tolic stretch of the early-activated
septum. The septal motion has been
termed paradoxic, in the sense that
it appears to behave as if ischemic
despite the absence of such underly-
ing pathophysiology. However, it
is not paradoxic, but simply the
consequence of a balancing of
forces—with the septal myocardium
less able to withstand the stresses
developed later in systole by the
late-activated left ventricle free wall
and, therefore, being pushed toward
the right heart.

Infranodal conduction abnormal-
ities result in loss of normal coordi-
nated contraction of the ventricles.
As summarized in Table 1, this can
have protean effects on chamber
function that worsen underlying
systolic and diastolic performance
and increase energy requirements.
Prior studies, many performed
15-20 years ago, have revealed the
hemodynamic detriments from inho-
mogeneous temporal activation in
the normal heart."** Figure 1 displays
the net effect on early- versus late-
activated myocardial stress and
strain loops. This type of display
(analogous to pressure—volume loops)
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shows the simultaneous develop-
ment of muscle force and deforma- . ~ Table 1 o o

tion during the cardiac cycle. The Mechanisms of Dysfunction Due to Contractile Discoordination
early-activated territory shortens at
low stress (Figure 1A[al]), effectively
pre-stretching the opposite territory
(Figure 1A[b]). As systole progresses,

* Reduced ejection volume
0 Internal sloshing from early-activated region to late-activated one
0 Increased end-systolic volume (stress)

the late-activated region develops * Mechano-energetic inefficiency

higher load, stretching the early- 0 Reduced systolic function despite maintained or increased energetic cost
activated region [c| to limit further * Late systolic stretch

shortening in that territory. The net 0 Cross-bridge detachment, reduced force

result of this reciprocal sloshing of 0 Delayed relaxation

blood from early- to late- to early- 0 After-contractions/arrhythmias

activated regions is a decline in ejec- * Mitral valve dysfunction

tion and depressed systolic chamber o Papillary muscle discoordination

function. This is manifest by a right-
ward shift of a set of pressure-vol-
ume relations (Figure 1B, solid to
dashed line) and narrowing of the A
global pressure-volume loop (ie, Early Activated Late Activated
stroke volume is reduced), with a C
rightward shift of the end-systolic / Area = Regional
pressure-volume point (ie, higher Work
end-systolic stress)." T
Late-systolic septal stretch worsens
function for several reasons. First, it
effectively acts as an intracavitary
sink for blood volume that would Fiber Strain
otherwise be ejected, reducing for-
ward output. Second, the late B
stretch of the contracting muscle NSR RV Pace
can break cross-bridges, diminishing 80
systolic force development, and
result in repolarization inhomo-
geneity and stretch-activated channel
stimulation to trigger arrhythmia.**
Inhomogeneous contraction is also
a mechanism for delaying muscle
relaxation and likely contributes to
diastolic dysfunction.*? :
There are also important regional . ' : : : .
and global metabolic/energetic con- 60 20
sequences that develop from dyssyn- LV Volume (mL)
chrony. The prematurely activated
myocardium develops less overall
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Figure 1. (A) Stress-strain loops from early- and late-activated territory. In the early stimulated region, there is

work (loop area in Figure 1A), con- initial shortening at low stress levels (a), as this motion is principally converted to pre-stretch of the still inactive
suming less energy.ms The energy it muscle. Stress then develops, but the region is pushed on by the later-activated myocardium and can stretch

. toward the right heart (c). The net loop is thin (small area), indicative of reduced regional work. The later-activated
does consume, however, is largdy territory initiates stress development from a higher pre-stretch (b, increased preload), and the work loop is enlarged,
wasted with respect to eiection’ compared with normal. (B) Pressure-volume loops and relations in synchronous and acutely dyssynchronous

b . 1 I heart. With right ventricular (RV) pacing to induce delayed lateral contraction, there is a right shift of the pres-
€cause pressure remains low. In sure-volume loop, with reduced width (stroke volume) and area, and an increase in end-systolic pressure-volume
fact, recent data suggest that much point. The end-systolic pressure-volume relation shifts rightward. LV, left ventricular.
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Figure 2. (A) Tagged magnetic resonance imaging shortening maps of left ventricle with underlying left bundle-branch block (LBB) and cardiac failure (top panels) and the
same heart paced using a biventricular stimulator (lower panels). Color coding shows shortening (blue) and stretch (yellow); red is neutral. Reprinted with permission from
Leclercq and colleagues.”” (B) Acute hemodynamic response in human ventricle with LBB-conduction delay before and after cardiac resynchronization therapy (CRT) pacing.
There is an abrupt rise in pressure development and rate of development, and an increase in the arterial pulse pressure indicative of enhanced cardiac output. (C) Similar data
displayed as pressure—volume loops. CRT induces a left shift of the loop, increasing the width and area, and reducing end-systolic volumes. (D) Regional wall motion improved
by CRT. With pacing off, radial septal motion is initially inward but then shifts toward the right ventricle as the lateral wall contracts (so called paradoxic motion). CRT converts
this to a more consistent inward motion. In the lateral wall, there is initial stretch followed by delayed contraction. CRT influences the phase but not amplitude of motion,
stimulating contraction earlier. RAP, right aortic pressure; MV, mitral valve; BVP, biventricular pacing; dP/dt, rate of pressure rise; AOP, aortic pressure; LVP, left ventricular pressure;
ECG, electrocardiogram; LV, left ventricular; L, lateral; S, septum.

of the early septal motion in the
typical LBB-pattern conduction
delay occurs prior to closure of the
mitral valve (presystolic shortening)—
blurring the definitions of end-dias-
tole and early systole. The late-acti-
vated free wall, in contrast, operates
under a higher load (larger loop area,
Figure 1A), with higher metabolic
demand. It too wastes work in
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stretching the more compliant
early-activated territory rather than
contributing to ejection, so the net
effect is a reduction in chamber
efficiency.*

Increased loading in the lateral
wall is also accompanied by ampli-
fied molecular abnormalities. Using
a canine model of heart failure
with dyssynchronous contraction,
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we have found marked reductions in
expression of gap junction proteins
(connexin 43) and excitation-con-
traction coupling proteins (SERCA2a
and phospholamban), as well as
increased stress kinase expression/
activation in the late-activated (high-
load) lateral endocardium. This is
not observed in myocardium that is
failing but contracts synchronously.*
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Acute/Chronic Hemodynamic
Effects of Biventricular (or Left
Ventricular Free Wall) Pacing
Biventricular pacing or univentricular
pacing of the left ventricular lateral
free wall can re-coordinate contrac-
tion, and both are associated with
systolic improvement.** An example
of resynchronization from biventricu-
lar stimulation is shown in Figure 2A.
These panels display tagged magnetic
resonance reconstructions of a failing

ing CRT.** Figure 2D displays one
approach that provides radial dis-
placement tracings for the septal
and lateral wall, employing a con-
trast-echo method.* With pacing
suspended (native LBB delay), the
early inward septal motion fol-
lowed by rightward displacement is
observed. This is converted to more
consistent inward motion by biven-
tricular (or left ventricular—-only) pac-
ing. In the lateral wall, early stretch

Biventricular pacing or univentricular pacing of the left ventricular lat-
eral free wall can re-coordinate contraction, and both are associated with

systolic improvement.

heart with LBB block before (upper)
and after (lower) biventricular stim-
ulation. Early activation (blue) is on
the right, and slowly spreads leftward,
with evidence of reciprocal stretch
(vellow). With biventricular stimu-
lation, shortening is initiated on
both sides of the heart more simul-
taneously, and there is minimal
reciprocal stretch. Net ejection is
enhanced. Globally, the effect of
resynchronization is immediate, as
shown in Figure 2B. Hemodynamic
parameters, such as the maximal
rate of pressure rise (dP/dt,,) or
arterial pulse pressure, are improved
within one beat after initiating
pacing, the latter reflecting a rise in
cardiac output.* From a pressure-vol-
ume loop perspective, the effect is the
reverse of that shown in Figure 1B.
There is a leftward shift of the loop
with CRT, lowering the end-systolic
wall stress, increasing stroke work
and stroke volume and, thus,
enhancing systolic performance.
Diastolic properties appear little
altered, at least acutely.

Recent advances in echo-Doppler
imaging methods have provided
direct evidence of wall motion
resynchronization in persons receiv-

is followed by late lateral inward
motion under basal conditions.
When pacing is initiated, the major
effect is to shift the phase of lateral
contraction earlier but not to
enhance its magnitude.

Chronic noninvasive studies have
reported systolic responses of similar
magnitude.® For example, dP/dt,,,,
acutely increases from 600 mm Hg/s
to nearly 800 mm Hg/s. As shown
in Figure 3A, similar results are
observed 1-12 weeks after chronic
CRT. Although acute reduction in
end-systolic volume is also observed

there was no change in these vol-
umes, despite an acute reversal of
cardiac systolic benefit (ie, dP/dt,,
declined back toward baseline). This
supports a true remodeling effect.
When pacing was kept off for the
ensuing month, there was evidence
of further reversal of the systolic
benefits—but also re-initiation of
chronic chamber dilation/remodel-
ing. Larger chronic and, importantly,
blinded/controlled studies have also
reported significant, if not quite as
impressive, remodeling effects.'**
In addition to improving function
and reversing chamber remodeling,
CRT benefits chamber mechanoen-
ergetics. As first reported by Nelson
and colleagues,* increasing systolic
function by CRT is associated with a
net decline in myocardial oxygen
consumption. More recently, inves-
tigators have used positron emission
tomography scanning to assess
regional metabolism in septal and
lateral walls.*” Net oxidative metab-
olism was unaltered in this study,
although there was an increase in
metabolism in the septum consis-
tent with retiming effects that would
limit early unloaded shortening.
Importantly, when CRT is contrast-
ed with a traditional inotrope, such
as dobutamine, the disparity in

Recent advances in echo-Doppler imaging methods have provided direct
evidence of wall motion resynchronization in persons receiving CRT.

(ie, Figure 2C), more chronic thera-
py has been required to observe
what most would term reverse
remodeling. As demonstrated by Yu
and colleagues,® after 1 month or
more of pacing, both end-systolic
and end-diastolic chamber volumes
decline (Figure 3B). What was par-
ticularly notable in this study was
that, when pacing was transiently
suspended after 3 months of CRT,
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mechanoenergetics is even more
striking (Figure 3C). Whereas CRT
enhances systolic function while
lowering global myocardial energy
demand, the opposite is true of tra-
ditional agents that act to increase
calcium availability via a cyclic
adenosine monophosphate/protein
kinase A phosphorylation cascade.
Although the primary focus has
been on biventricular stimulation,

REVIEWS IN CARDIOVASCULAR MEDICINE  S7



Ventricular Resynchronization continued

laboratories have shown a similar
acute and chronic efficacy with sin-
gle-site left ventricular free wall pac-
ing alone.*** Careful assessment of
global function and regional wall
motion found similar benefits from
both pacing modes, despite large
disparities in electric activation
pattern and time delay.” This sug-
gests that electrical synchrony is
not tantamount to mechanical syn-
chrony and, importantly, that the
latter is more relevant to a hemody-
namic benefit from CRT. This is
addressed more fully in the subse-
quent discussion of how to identify

responders. Questions regarding the
chronic utility of left ventricular-
only pacing are likely to remain, as
the large-population clinical trial
data have all been based on biven-
tricular pacing.

The magnitude of systolic benefit
depends in part on the AV timing
delay selected.*** Clearly, when atri-
al and ventricular activation are
synchronous, there is a detrimental
effect on chamber filling and
increased atrial pressures. Increasing
the delay time enhances AV mass
transfer while still maintaining
pre-excitation of the portion of the

myocardium with delayed activation.
Too long a delay, however, reduces
the efficacy of pacing as pre-excita-
tion is lost. The net magnitude of
this effect, however, is not large.
This is shown in data from a study
by Auricchio and coworkers,* in
which AV delay was varied broadly
and in a highly controlled manner
(Figure 4A). Although the relation
between percent improved dP/dt,,,
and AV delay displays an optimum,
falling off at either extreme, there is
a broad mid-region (shaded) in
which the precise delay makes little
difference. Studies have found that

Figure 3. (A) Unlike volume changes that, once developed, do not acutely
A reverse when pacing is temporarily suspended, ventricular systolic function
can be abruptly diminished by stopping pacing. (B) Reverse remodeling with
1000 4 * chronic cardiac resynchronization therapy (CRT). See text for details. Data
from Yu and colleagues,* with permission. (C) Comparison of mechanoen-
ergetics of CRT (left ventricular [LV] pacing) versus dobutamine. Both stimuli
900 1 increased cardiac systolic function, but with CRT, myocardial oxygen con-
sumption (MVO_/h) declined, whereas it was increased by dobutamine.
'E From Nelson and colleagues.”” dP/dtmax, maximal rate of pressure rise.
:C:D 800 1 *Significant difference vs baseline; tsignificant difference vs biventricular
€ pacing for 3 months.
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Figure 4. (A) Influence of atrial-ventricular

dP/dt max

18 4

12

-6 -

12 AV delay
(0 to PR-30 ms)

(AV) interval optimization on systolic
response to cardiac resynchronization ther-
apy (CRT). The x-axis shows a normalized
AV delay, where 0 represents simultaneous
AV stimulation and 1 represents an individ-
ual patient’s PR interval shortened by 30 ms.
There is diminished efficacy at very short or
long AV delays, but also a fairly flat maxi-
mal response over a broad range of delays
in the middle (shaded area). This suggests
that AV delay is not a critical parameter, so
long as a reasonable (typically in the physi-
ologic range 110 to 140 ms) delay is used.
Reproduced with permission from Auricchio
et al.** (B) Example of mitral inflow Doppler
filling in patient with CRT off (left) and on

Courtesy of Ottawa Heart Institute

i 4

".I ]: |

Resynchronization OFF

Resynchronization ON

(right). At baseline there is only an early fill-
ing wave with fast E-wave deceleration. With
CRT, this is converted to an E and A wave.
dP/dtmax, maximal rate of pressure rise.

mechanical responses are similar
over a fairly broad range of AV tim-
ing intervals (typically ranging from
100 ms to 140 ms). In persons with
a very long basal AV delay, shorten-
ing the delay can improve the
dynamics of filling. This is shown in
the Doppler tracings in Figure 4B.
With CRT inactive (left), there is a
single filling wave (E wave), whereas
with CRT activated and shortening of
the AV delay (right), there are more
clear early (E) and late (A) waves, the
normal filling pattern.

Criteria for Identifying
Responders

Table 2 summarizes various factors
that influence the responsiveness of
patients to CRT and/or are used to
identify candidates. The most widely
used marker to identify patients
with cardiac dyssynchrony has been
a widened QRS complex on the sur-
face electrocardiogram. To date, all

clinical trials have entered subjects
based on the presence of systolic dys-
function with dilated cardiomyopa-
thy and a widened QRS duration. The
precise amount of QRS widening used
for entry has varied from > 120 ms
to > 150 ms. The notion that QRS
duration should index dyssynchrony
seemed logical, in that substantial
left ventricular conduction delay
should result in widening, in con-
cordance with experimental data.'
Indeed, many studies have shown
that the wider the basal QRS dura-
tion, the greater the systolic
improvement from biventricular or
left ventricular pacing. Figure S5A
shows data from two such popula-
tions.*** However, the dependence
of QRS duration to even this acute
mechanical response displays consid-
erable scatter, so that both responsive
patients with narrow complexes and
less responsive patients with wide
complexes exist.
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Table 2
Can We Predict Responders?

¢ QRS complex

e Interventricular dyssynchrony
e Intraventricular dyssynchrony
e Successful lead placement

¢ Adequate pre-excitation

e Physiologic atrial-ventricular delay

Figure 5B provides further evidence
for this correlative and indirect
nature of basal QRS width versus
response to resynchronization.
Despite substantial systolic improve-
ment with left ventricular or biven-
tricular pacing, QRS duration does
not consistently narrow, with many
subjects displaying no change or
even widening of the duration.*
This may reflect the fact that one is
still relying on intramyocardial con-
duction, and abnormal wall geometry
(dilation) as well as gap-junction
and ion channel abnormalities can
slow this process further. These data
highlight the notion that QRS dura-
tion is, at best, an indirect correlate
but not a direct reflection of
mechanical synchrony, which is the
real substrate that causes a decline
in chamber function.

Recent studies have begun exam-
ining the utility of QRS duration in
predicting the chronic response to
CRT. These data have generally con-
firmed acute results, showing a gen-
eral correlation between basal QRS
duration with efficacy,* but with a
poor predictive value for identifying
responders versus nonresponders.**
For example, baseline New York Heart
Association function class, age, sex,
QRS duration, and ejection fraction
were no different between respon-
sive and nonresponsive patients in
a recent study of 45 subjects.” In a
larger cohort of 102 consecutive
patients, both responders and non-
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Figure 5. Predicting respon-
ders to cardiac resynchro-
nization  therapy  (CRT).
(A) QRS duration correlates
with the acute mechanical
response, although there is
considerable scatter in these
data, raising questions as
to its predictive value. (B)
Correlation between QRS
duration change from biven-
tricular or left ventricular—
only pacing and mechanical
response. Although mechani-
cal changes are substantial,
there is no correlation between
them and QRS duration
change. (C) M-mode echo
assessment of intraventricu-
lar dyssynchrony (left panel).
The time of initial inward sep-
tal motion is identified, and
the delay between this time
and inferolateral motion
assessed. This delay (SPWMD)
is then plotted versus the
chronic change in ventricular
end-systolic volume (LVESVI)
(right panel). There is a sig-
nificant negative correlation,
suggesting predictive value of
SPWMD in identifying chron-
ic response. From Pitzalis and
colleagues,* with permission.
(D) Tissue Doppler strain—
rate analysis of dyssynchrony.
Regional relative longitudinal
velocities are determined in
the left ventricle (LV), and the
delay from septal to lateral
wall identified. The percent of
LV with delayed contraction
(DLC) is determined from
multiple samples, and corre-
lates with chronic improve-
ment in LV ejection fraction
(LVEF) after CRT therapy.
From Sogaard and col-
leagues,® with permission.
dP/dtmex, maximal rate of
pressure rise.
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responders had similar basal QRS
duration and displayed near identi-
cal shortening of complex duration,*
a finding mirrored by other recent
reports.* Patients with reduced
dP/dt,.. that display > 22% acute
improvement have been reported to
be consistent responders (with few
false negatives),”® concordant with
the acute observations of Nelson
and colleagues.*

Mechanical Dyssynchrony as
a Predictor

The use of QRS duration was gener-
ally recognized as a surrogate for
mechanical discoordination, whose
value resided in its clinical simplicity.
However, as electrical markers have
proved disappointing, recent studies
have begun to quantify mechanical
dyssynchrony directly and to test this
as a prognostic index. Dyssynchrony
was first comprehensively examined
by means of tagged magnetic reso-
nance imaging.* This approach pro-
vided full three-dimensional strain
measurements throughout the left
ventricle and allowed calculation of
a variety of synchrony indexes from

these maps. Recent animal studies
employing this approach have further
shown the dissociation that can
exist between electrical delay times
and mechanical dyssynchrony.”’
The latter appears increasingly to be
the primary target for identifying
responders and a good candidate
parameter for monitoring efficacy.
Magnetic resonance imaging
analysis is complex and has limited
clinical use; thus, simpler echo-based

the onset of pulmonary artery flow,
and T, the QRS to aortic flow time.
A delay of greater than 40 ms is con-
sidered compatible with significant
dyssynchrony. Recent studies have
raised questions as to the predictive
utility of such an interventricular
delay for defining responders and,
instead, support analysis of intra-
ventricular delay.**
Intraventricular delay is the
mechanical dispersion of motion

Recent studies have bequn to quantify mechanical dyssynchrony directly

and to test this as a prognostic index.

methods have been developed. The
simplest is M-mode imaging used
to assess timing delays. Both an
interventricular and intraventricular
delay time can be assessed. This can
be examined by plotting instanta-
neous right ventricular and left ven-
tricular pressure tracings, but this
requires collecting data invasively. It
can also be determined from the
delay between two time intervals: T,
— T,; with T; the time from QRS to

between septal and lateral walls.
This can be assessed in various ways.
Echocontrast imaging indexes
regional inward wall motion, from
which one can calculate a dissyn-
chrony index.* M-mode echo imag-
ing has been used to determine the
delay between initial septal inward
motion and inferolateral motion.*
An example is shown in Figure SC.
Intriguingly, Pitzalis and colleagues*
found that this delay time correlated

Main Points

e The normal cardiac conduction system modulates contraction rate, the mechanical efficacy of atrial systole, and contractile
coordination of ventricular chambers; disease of each of these components can lead to suboptimal cardiac performance.

e In addition to improving function and reversing chamber remodeling, CRT benefits chamber mechanoenergetics.

e Ventricular nodal disease delays atrial contraction relative to onset of systole, rendering atrial systole synchronous with
early passive filling and effectively removing its value as a booster pump. In persons with this type of conduction
abnormality, electronic stimulation with a shortened AV delay time can prove beneficial.

¢ Infranodal conduction abnormalities result in loss of normal coordinated contraction of the ventricles; this can have
protean effects on chamber function that worsen underlying systolic and diastolic performance and increase energy
requirements.

e Over the past decade, investigators have established that ventricular stimulation of both the right and left ventricle
(biventricular pacing) or even the left ventricular free wall alone can improve the mechanics and energetics of the
failing heart with discoordinate contraction.

¢ Optimal identification of cardiac resynchronization therapy (CRT) candidates remains a high priority. Although initially
focusing on electrical markers, recent data has highlighted the value of more direct assessment of mechanical disco-
ordination by means of tissue Doppler, echo Doppler, or magnetic resonance imaging. Other factors that could play
an important role in patient response to CRT are lead placement, atrial-ventricular delay time, and tissue viability.
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with chronic improvement in left
ventricular end-systolic volume
(reverse remodeling) in patients
receiving CRT. In contrast, there was
little to no significant correlation
with QRS duration. Other investiga-
tors have applied tissue Doppler
imaging to assess absolute or rela-
tive wall velocities (the latter termed
strain rate imaging) and thereby
determine timing delays between
opposing portions of the left ventri-
cle. This imaging is commonly
applied in long-axis views and thus
quantifies longitudinal motion. An
example of such analysis is shown in
Figure 5D (from Sogaard and col-
leagues®). As with other measures of
dyssynchrony, the delay lateral con-
traction parameter (DLC in figure)
has been shown to correlate with
chronic improvement in ejection
fraction (Figure 5D, right panel) as
well as with reduced cardiac vol-
umes. These and other investigators
are prospectively evaluating the
utility of dyssynchrony measures
for predicting responders to CRT.
All existing chronic controlled trial
data are based solely on QRS dura-
tion as an entry criterion and,
yet, have demonstrated substantial
improvements. However, the above-
cited and ongoing trials support
mechanical synchrony assessment,
and it is likely that such an
approach will be strongly recom-
mended in the near future to better
stratify patients and identify the
most likely responders.

Finally, a few other factors that
could play an important role in
patient response to CRT should be
noted. One is whether or not the
lead in the left ventricle has been
optimally positioned. The closer the
lead is to the already early-activated
septum/ anterior wall, the less the
mechanical effect on resynchroniza-
tion and hemodynamic benefit.
Pacing the anterior wall can actually

S12  VOL 4 SUPPL. 2 2003

worsen function in some patients, as
demonstrated in a study by Butter
and colleagues® in which anterior
wall placement yielded less than
50% of the systolic benefit of lateral
free wall placement. Another factor
is the AV delay time, which if too
long will not provide sufficient pre-
excitation of the lateral wall, and if
too short will compromise function
by adverse AV timing. Tissue viability
is also a factor, as the paced region
must be excitable and cannot be dif-
fusely infiltrated by scar tissue. These
latter factors should be particularly
considered when a candidate is unre-
sponsive to CRT despite evidence of
dyssynchrony and QRS widening.

Summary

CRT based on biventricular and/or
left ventricular pre-excitation to
resynchronize the discoordinate
heart has been recently established
as a novel method to enhance
systolic function in a subset of
patients with dilated cardiomyopa-
thy. Optimal identification of can-
didates remains a high priority.
Although initially focusing on elec-
trical markers, recent data have
highlighted the value of more direct
assessment of mechanical discoordi-
nation by means of tissue Doppler,
echo Doppler, or magnetic reso-
nance imaging. Ongoing efforts to
prospectively test the utility of these
measures to predict responders will
likely provide a major advance in
targeting this therapy to those most
likely to benefit. |

References

1. Xiao HB, Roy C, Fujimoto S, Gibson DG.
Natural history of abnormal conduction and
its relation to prognosis in patients with dilat-
ed cardiomyopathy. Int ] Cardiol. 1996;
53:163-170.

2. Murkofsky RL, Dangas G, Diamond JA, et al. A
prolonged QRS duration on surface electrocar-
diogram is a specific indicator of left ventricu-
lar dysfunction [see comment]. | Am Coll
Cardiol. 1998;32:476-482.

3. Hamby RI, Weissman RH, Prakash MN,
Hoffman I. Left bundle branch block: a pre-

REVIEWS IN CARDIOVASCULAR MEDICINE

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

dictor of poor left ventricular function in
coronary artery disease. Am Heart ].
1983;106:471-477.

Tuliano S, Fisher SG, Karasik PE, et al. QRS
duration and mortality in patients with con-
gestive  heart failure. Am  Heart ].
2002;143:1085-1091.

Baldasseroni S, Opasich C, Gorini M, et al. Left
bundle-branch block is associated with
increased 1-year sudden and total mortality
rate in 5517 outpatients with congestive heart
failure: a report from the Italian network on
congestive heart failure. Am Heart ].
2002;143:398-405.

Leclercq C, Kass DA. Retiming the failing
heart: principles and current clinical status of
cardiac resynchronization. ] Am Coll Cardiol.
2002;39:194-201.

Trautmann SI, Kloss M, Auricchio A. Cardiac
resynchronization therapy. Curr Cardiol Rep.
2002;4:371-378.

Abraham WT. Cardiac resynchronization ther-
apy for heart failure: biventricular pacing and
beyond. Curr Opin Cardiol. 2002;17:346-352.
Cazeau S, Leclercq C, Lavergne T, et al. Effects
of multisite biventricular pacing in patients
with heart failure and intraventricular con-
duction delay. N Engl ] Med. 2001;344:873-880.
Abraham WT, Fisher WG, Smith AL, et al.
Cardiac resynchronization in chronic heart
failure. N Engl ] Med. 2002;346:1845-1853.
Auricchio A, Stellbrink C, Sack S, et al. Long-
term clinical effect of hemodynamically opti-
mized cardiac resynchronization therapy in
patients with heart failure and ventricular
conduction delay. ] Am Coll Cardiol.
2002;39:2026-2033.

Stellbrink C, Breithardt OA, Franke A, et al.
Impact of cardiac resynchronization therapy
using hemodynamically optimized pacing on
left ventricular remodeling in patients with
congestive heart failure and ventricular con-
duction disturbances. | Am Coll Cardiol.
2001;38:1957-1965.

Meisner JS, McQueen DM, Ishida Y, et al.
Effects of timing of atrial systole on LV filling
and mitral valve closure: computer and dog
studies. Am ] Physiol. 1985;249:H604-H619.
Yellin EL, Nikolic S, Frater RWM. Left ventric-
ular filling dynamics and diastolic function.
Prog Cardiovasc Dis. 1990;32:247-271.

Brecker §J, Xiao HB, Sparrow ], Gibson DG.
Effects of dual-chamber pacing with short atri-
oventricular delay in dilated cardiomyopathy.
Lancet. 1992;340:1308-1312.

Prinzen FW, Hunter WC, Wyman BT, McVeigh
ER. Mapping of regional myocardial strain and
work during ventricular pacing: experimental
study using magnetic resonance imaging tag-
ging. ] Am Coll Cardiol. 1999;33:1735-1742.
Wyman BT, Hunter WC, Prinzen FW, McVeigh
ER. Mapping propagation of mechanical acti-
vation in the paced heart with MRI tagging.
Am ] Physiol. 1999;276:H881-H891.

Burkhoff D, Oikawa RY, Sagawa K. Influence of
pacing site on canine left ventricular contrac-
tion. Am ] Physiol. 1986;251:H428-H435.

Park RC, Little WC, O’Rourke RA. Effect of
alteration of the left ventricular activation
sequence on the left ventricular end-systolic
pressure-volume relation in closed-chest dogs.
Circ Res. 1985;57:706-717.

Liu L, Tockman B, Girouard S, et al. Left ven-



Ventricular Resynchronization

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

tricular resynchronization therapy in a canine
model of left bundle branch block. Am ] Physiol
Heart Circ Physiol. 2002;282:H2238-H2244.
Eckardt L, Kirchhof P, Breithardt G, Haverkamp
W. Load-induced changes in repolarization:
evidence from experimental and clinical data.
Basic Res Cardiol. 2001;96:369-380.

Taggart P, Sutton PM. Cardiac mechano-elec-
tric feedback in man: clinical relevance. Prog
Biophys Mol Biol. 1999;71:139-154.

Franz MR, Cima R, Wang D, et al
Electrophysiological effects of myocardial
stretch and mechanical determinants of
stretch-activated arrhythmias. Circulation.
1992;86:968-978.

Crozatier B. Stretch-induced modifications of
myocardial performance: from ventricular
function to cellular and molecular mecha-
nisms. Cardiovasc Res. 1996;32:25-37.

Su JB, Hittinger L, Laplace M, Crozatier B.
Loading determinants of isovolumic pressure
fall in closed chest dogs. Am ] Physiol.
1991;260:H690-H697.

Gillebert TC, Brutsaert DL. Regulation of left
ventricular pressure fall. Eur Heart ].
1990;11(suppl 1):124-132.

Gillebert TC, Sys SU, Brutsaert DL. Influence
of loading patterns on peak length-tension
relation and on relaxation in cardiac muscle.
J Am Coll Cardiol. 1989;13:483-490.

Prinzen FW, Augustijn CH, Arts T, et al.
Redistribution of myocardial fiber strain and
blood flow by asynchronous activation. Am |
Physiol. 1990;259:H300-H308.

Baller D, Wolpers HG, Zipfel J, et al. Comparison
of the effects of right atrial, right ventricular
apex and atrioventricular sequential pacing
on myocardial oxygen consumption and car-
diac efficiency: a laboratory investigation.
Pacing Clin Electrophysiol. 1988;11:394-403.
Owen CH, Esposito DJ, Davis JW, Glower DD.
The effects of ventricular pacing on left ven-
tricular geometry, function, myocardial oxy-
gen consumption, and efficiency of contraction
in conscious dogs. Pacing Clin Electrophysiol.
1998;21:1417-1429.

Leclercq C, Faris O, Halperin H, McVeigh E,
Kass DA. Regional disparity of calcium han-
dling and stress protein expression in failing
hearts with dyssynchronous contraction.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Circulation 2001;104(suppl II):1I-128.

Blanc JJ, Etienne Y, Gilard M, et al. Evaluation of
different ventricular pacing sites in patients with
severe heart failure: results of an acute hemody-
namic study. Circulation. 1997;96:3273-3277.
Leclercq C, Cazeau S, Le Breton H, et al. Acute
hemodynamic effects of biventricular DDD
pacing in patients with end-stage heart failure.
J Am Coll Cardiol. 1998;32:1825-1831.
Auricchio A, Stellbrink C, Block M, et al. Effect
of pacing chamber and atrioventricular delay on
acute systolic function of paced patients with
congestive heart failure. The Pacing Therapies
for Congestive Heart Failure Study Group. The
Guidant Congestive Heart Failure Research
Group. Circulation. 1999;99:2993-3001.

Kass DA, Chen CH, Curry C, et al. Improved
left ventricular mechanics from acute VDD
pacing in patients with dilated cardiomyopa-
thy and ventricular conduction delay.
Circulation. 1999;99:1567-1573.

Nelson GS, Curry CW, Wyman BT, et al.
Predictors of systolic augmentation from left
ventricular preexcitation in patients with dilat-
ed cardiomyopathy and intraventricular con-
duction delay. Circulation. 2000;101:2703-2709.
Leclercq C, Faris O, Tunin R, et al. Systolic
improvement and mechanical resynchroniza-
tion does not require electrical synchrony in
the dilated failing heart with left bundle-
branch block. Circulation. 2002;106:1760-1763.
Yu CM, Chau E, Sanderson JE, et al. Tissue
Doppler echocardiographic evidence of reverse
remodeling and improved synchronicity by
simultaneously delaying regional contraction
after biventricular pacing therapy in heart fail-
ure. Circulation. 2002;105:438-445.

Sogaard P, Egeblad H, Kim WY, et al. Tissue
Doppler imaging predicts improved systolic
performance and reversed left ventricular
remodeling during long-term cardiac resyn-
chronization therapy. ] Am Coll Cardiol.
2002;40:723-730.

Kawaguchi M, Murabayashi T, Fetics BJ, et al.
Quantitation of basal dyssynchrony and acute
resynchronization from left or biventricular
pacing by novel echo-contrast variability imag-
ing. ] Am Coll Cardiol. 2002;39:2052-2058.
Nelson GS, Berger RD, Fetics BJ, et al. Left ven-
tricular or biventricular pacing improves cardiac

42,

43.

44.

45.

46.

47.

48.

49.

50.

S1.

function at diminished energy cost in patients
with dilated cardiomyopathy and left bundle-
branch block. Circulation. 2000;102:3053-3059.
Ukkonen H, Beanlands RS, Burwash IG, et al.
Effect of cardiac resynchronization on
myocardial efficiency and regional oxidative
metabolism. Circulation. 2003;107:28-31.
Touiza A, Etienne Y, Gilard M, et al. Long-term
left ventricular pacing: assessment and com-
parison with biventricular pacing in patients
with severe congestive heart failure. ] Am Coll
Cardiol. 2001;38:1966-1970.

Oguz E, Dagdeviren B, Bilsel T, et al.
Echocardiographic prediction of long-term
response to biventricular pacemaker in severe
heart failure. Eur ] Heart Fail. 2002;4:83-90.
Pitzalis MV, lacoviello M, Romito R, et al.
Cardiac resynchronization therapy tailored by
echocardiographic evaluation of ventricular
asynchrony. ] Am Coll Cardiol. 2002;
40:1615-1622.

Fauchier L, Marie O, Casset-Senon D, et al.
Interventricular and intraventricular dyssyn-
chrony in idiopathic dilated cardiomyopathy.
A prognostic study with Fourier phase analysis
of radionuclide angioscintigraphy. ] Am Coll
Cardiol. 2002;40:2022-2030.

Krahn AD, Snell L, Yee R, et al. Biventricular
pacing improves quality of life and exercise
tolerance in patients with heart failure and
intraventricular conduction delay. Can ]|
Cardiol. 2002;18:380-387.

Reuter S, Garrigue S, Barold SS, et al.
Comparison of characteristics in responders
versus nonresponders with biventricular pac-
ing for drug-resistant congestive heart failure.
Am J Cardiol. 2002;89:346-350.

Lunati M, Paolucci M, Oliva F, et al. Patient
selection for biventricular pacing. J Cardiovasc
Electrophysiol. 2002;13:563-S67.

Sogaard P, Kim WY, Jensen HK, et al. Impact of
acute biventricular pacing on left ventricular
performance and volumes in patients with
severe heart failure. A tissue Doppler and
three-dimensional echocardiographic study.
Cardiology. 2001;95:173-182.

Butter C, Auricchio A, Stellbrink C, et al. Effect
of resynchronization therapy stimulation site
on the systolic function of heart failure
patients. Circulation. 2001;104:3026-3029.

VOL. 4 SUPPL. 2 2003 REVIEWS IN CARDIOVASCULAR MEDICINE S13



