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BACKGROUND Atrioventricular (AV) delay optimization can be an important determinant of the
response to cardiac resynchronization therapy (CRT) in patients with medically refractory heart failure
and a ventricular conduction delay.
OBJECTIVES The purpose of this study was to compare two Doppler echocardiographic methods of AV
delay optimization after CRT.
METHODS Forty consecutive patients (age 59 � 12 years) with severe heart failure, New York Heart
Association class 3.1 � 0.4, QRS duration 177 � 23 ms, and left ventricular ejection fraction 26% �
6% referred for CRT were studied using two-dimensional Doppler echocardiography. In each patient,
the acute improvement in stroke volume with CRT in response to two methods of AV delay optimi-
zation was compared. In the first method, the AV delay that produced the largest increase in the aortic
velocity time integral (VTI) derived from continuous-wave Doppler (aortic VTI method) was measured.
In the second method, the AV delay that optimized the timing of mitral valve closure to occur
simultaneously with the onset of left ventricular systole was calculated from pulsed Doppler mitral
waveforms at a short and long AV delay interval (mitral inflow method).
RESULTS The optimized AV delay determined by the aortic VTI method resulted in an increase in
aortic VTI of 19% � 13% compared with an increase of 12% � 12% by the mitral inflow method (P
�.001). The optimized AV delay by the aortic VTI method was significantly longer than the optimized
AV delay calculated from the mitral inflow method (119 � 34 ms vs 95 � 24 ms, P �.001). There was
no correlation in the AV delay determined by the two methods (r � 0.03).
CONCLUSION AV delay optimization by Doppler echocardiography for patients with severe heart
failure treated with a CRT device yields a greater systolic improvement when guided by the aortic VTI
method compared with the mitral inflow method.
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subset of patients with heart failure and left ventricular
LV) systolic dysfunction have a significant intraventricular
onduction delay and ventricular dyssynchrony.1–6 Cardiac
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esynchronization therapy (CRT) is an adjunct treatment of
eart failure in these patients.7–9 The improvement in LV
ystolic performance and the clinical response to CRT can
e influenced by atrioventricular (AV) delay optimiza-
ion.10–12 AV delay optimization protocols that utilize
oppler echocardiography are widely used. However,
hether AV delay optimization for CRT by Doppler echo-

ardiography is best determined by measurements of LV
iastolic filling time intervals or indices of LV systolic
unction has not been compared. We prospectively evalu-

ted patients who received a CRT device to determine each

. doi:10.1016/j.hrthm.2005.11.006
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149Kerlan et al AV Delay Optimization by Doppler Echocardiography
atient’s response to AV delay optimization using two
oppler echocardiographic methods: (1) measurement of

he continuous-wave Doppler-derived aortic velocity time
ntegral (VTI) as an estimate of stroke volume (aortic VTI
ethod), and (2) calculation of the AV delay interval from

ulsed Doppler measurement of the timing of mitral valve
losure at a short and long AV delay setting (mitral inflow
ethod).13–15 The primary outcome measurement was im-

rovement in the Doppler-derived aortic VTI.

ethods

atient characteristics

atients referred for CRT implantation were asked to par-
icipate in the study, and informed consent was obtained
rom all patients. The protocol was approved by the Wash-
ngton University Human Studies Committee. All partici-
ants underwent CRT device implantation between January
, 2002 and January 1, 2003. Inclusion criteria were a
istory of stable, medically refractory heart failure symp-
oms despite an optimized medical regimen for heart failure
or at least 1 month, sinus rhythm, QRS duration �.15
econds, LV enlargement determined by a two-dimensional
chocardiographic end-diastolic diameter �6.0 cm, and LV
jection fraction �35%. Exclusion criteria were symptom-
tic bradyarrhythmias, or medically refractory atrial ar-
hythmias.

RT device implantation

RT device implantation was performed by a single oper-
tor via a transvenous approach. In all cases, the LV stim-
lation site was targeted to the mid-lateral wall if an appro-
riate coronary sinus branch was present. Alternative LV
timulation sites in the anterolateral or posterolateral venous
ranches were used when a mid-lateral branch was either
bsent or unacceptable because of phrenic nerve stimulation
r high stimulation threshold. All devices were programmed
o “inactive” ventricular demand pacing (VVI, 40 ppm) at
he time of device implantation. CRT was not initiated until
fter the baseline echocardiographic study.

wo-dimensional Doppler echocardiography

wo-dimensional and Doppler echocardiography were per-
ormed within 24 hours after CRT device implantation. LV
jection fraction was determined by the biplane method of
iscs according to American Society of Echocardiography
uidelines.16 Continuous-wave Doppler was performed in
he apical five-chamber view for measurements of aortic
TI. Pulsed wave–derived transmitral velocities were ob-

ained at the mitral leaflet tips. Diastolic filling time was

etermined as the time interval from onset of transmitral e
alve flow to mitral valve closure. Doppler-derived aortic
nd transmitral indices were measured by an experienced
chocardiographer in at least four consecutive cardiac cy-
les and averaged.

ortic VTI method for AV delay optimization

mmediately after the baseline echocardiographic study,
ontinuous-wave Doppler was performed to record the aor-
ic flow velocity envelope. The CRT device was pro-
rammed to atrial synchronous ventricular pacing (VDD)
ode at an initial AV delay of 200 ms or the longest AV

elay that resulted in biventricular excitation. The AV delay
as decreased in 20-ms increments after 20 cardiac cycles

o a minimum AV delay of 60 ms. Aortic VTI was measured
fter 10 cardiac cycles at each of the programmed AV delay
ntervals. The optimized AV delay was determined as the
V delay that resulted in the greatest increase in aortic VTI

rom baseline (Figure 1). The average time for acquiring the
oppler aortic velocities and performing measurements was

pproximately 10 minutes.

itral inflow method for AV delay optimization

fter AV delay optimization by the aortic VTI method, an
ptimized AV delay was calculated by the mitral inflow
ethod in each patient. With this method, the AV delay that

ynchronizes the termination of late diastolic transmitral
ow velocity to the onset of isovolumic LV contraction is
alculated to optimize LV filling. The mitral inflow method
equires measurements derived from recordings of the
ulsed Doppler mitral inflow velocity at long and short AV
elay intervals.14,15 AV delay intervals used in this study
ere 160 ms (long AV delay) and 60 ms (short AV delay).
ll patients were biventricular paced at both intervals. The
ptimized AV delay by the mitral inflow method is deter-
ined by the time difference between ventricular activation

nd the termination of the mitral A wave at a long AV delay
interval “a” measured in Figure 2A). Measurement of LV
lectromechanical delay is defined by the measured time
ifference between LV stimulation and closure of the mitral
alve at a short AV delay (time interval “b” shown in Figure
B). In the theoretical case of no LV electromechanical
elay, a long AV delay would have to be shortened by
nterval “a” to achieve an optimized AV delay. In the
resence of an LV electromechanical delay, the long AV
elay is further adjusted by interval “b” to yield an opti-
ized AV delay determined by the calculation: 160 � (b �

). The time to acquire the mitral inflow velocities at the two
V delays and perform the measurements was approxi-
ately 5 minutes.

tatistical analysis

ontinuous variables are presented as mean � SD. Differ-

nces between the two Doppler methods were compared
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150 Heart Rhythm, Vol 3, No 2, February 2006
sing a paired or unpaired two-tailed Student’s t-test, as
ppropriate. Linear regression analysis was performed to
ompare the results of the two methods of AV delay opti-
ization.

igure 1 Aortic velocity time integral (VTI) method for atriov
rogrammed to a series of values from 200 to 60 ms in 20-ms dec
nd VTI calculated (A) after 10 cardiac cycles. A plot of the averag
TI (140 ms in this example).

igure 2 Mitral inflow method for AV delay optimization. A: A
ong AV delay (AVLong) program results in premature mitral
alve closure, prior to the paced QRS. The time interval “a” is
easured from the termination of the mitral A wave to the onset of

he paced QRS. B: A short AV delay results in closure of the mitral
alve due to the onset of left ventricular systolic contraction. The
lectromechanical delay, time interval “b,” is measured from the
nset of the paced QRS to the termination of the mitral A wave.
he optimal AV delay is calculated by the equation AVLong �
b � a).
esults

he clinical characteristics of the study population (n � 40)
re given in Table 1. The majority of patients were male
65%). The etiology of heart failure was primarily nonisch-
mic (63%), and nearly all patients had heart failure symp-
oms consistent with New York Heart Association (NYHA)
lass III or IV at the time of CRT device implantation
95%). All patients had successful implantation of the LV
ead, and no lead dislodgments occurred prior to echocar-
iographic evaluation. LV lead placement was mid-lateral
n 21 patients (53%), mid-posterolateral in 12 (30%), mid-
nterolateral in 6 (15%), and anterior in 1 (2%).

V delay optimization and Doppler methods

he beat-to-beat variability of the Doppler-derived aortic
TI at each of the programmed AV delay intervals was �3

lar delay (AVD) optimization. In this patient, the AV delay was
ts. At each AV delay, the aortic Doppler waveform was recorded
values (B) demonstrated the AV delay associated with the greatest

able 1 Baseline characteristics

Variable Study group (n � 40)

ge (yr) 59 � 12
ale gender (%) 65

schemia (%) 38
ew York Heart Association class 3.1 � 0.4
R interval (ms) 203 � 31
RS interval (ms) 177 � 23
eft ventricular ejection fraction (%) 25.7 � 5.6
entricu
remen
e VTI
Values are given as mean � SD or percentage.
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m. This corresponded to a standard error of the mean �1
m for average VTI measurements used in this analysis. The
ntraobserver reproducibility of aortic VTI measurement,
etermined in 8 of 40 randomly selected patients, was ex-
ellent (r � 0.99, Figure 3). With a criterion for significance
f a change in VTI compared with baseline greater than the
tandard error of the mean, AV delay optimization with the
ortic VTI method resulted in a significant increase in the
ontinuous-wave Doppler-derived aortic VTI in 39 of 40
atients after CRT, with an average improvement relative to
he baseline aortic VTI of 19.4% � 13.4% (P �.001 vs
aseline). The optimized AV delay was 119 � 34 ms, with
wide variability of optimized AV delay intervals (60–180
s) among the patient cohort. A value �120 ms was de-

ermined in 24 (60%) of 40 patients.
The mitral inflow method of AV delay optimization

ignificantly increased the aortic VTI in 37of 40 patients
12.3% � 12.2%, P �.001 vs baseline). The optimal AV
elay determined by the mitral inflow method (95 � 24 ms)
as significantly shorter compared with the aortic method

P �.001). There was a wide range of optimized AV delay
ntervals among the patient cohort (43–143 ms), and 11
28%) of 40 were �120 ms. The variability of mitral valve
losure time intervals at either long and short programmed
V delay interval was �20 ms. Intraobserver reproducibil-

ty determined in 10 of 40 randomly selected patients was
xcellent (r � 0.95 and 0.99 at long and short AV delay
nterval, respectively, Figure 4).

The aortic VTI method produced a greater improvement
n LV stroke volume, estimated by the relative change in the
ortic VTI, compared with the mitral inflow method in 36 of
0 patients. In the remaining four patients, there was an
quivalent change in the relative stroke volume, with CRT

igure 3 Intraobserver variation in measurement by the aortic
elocity time integral (VTI) method. The reliability of measure-
ent of aortic VTI was estimated by one observer in eight ran-

omly selected patients by measurement of the average aortic VTI
or each programmed AV delay on two occasions. The results of
ach measurement are plotted in coordinate pairs in the figure.
here was an excellent correlation of the measurements between

rials.
chieved using either method of AV delay optimization p
Figure 5). There was no correlation of the AV delay values
redicted by the two methods of AV delay optimization (r

0.03). The difference in optimal AV delay predicted by
he two methods was �40 ms in nearly half (19/40) of the
atient cohort. LV diastolic filling time significantly in-
reased by 17% � 16% and 15% � 10% with AV delay

igure 4 Intraobserver variation in measurement by the mitral
nflow method. The reliability of measurements used to calculate
he optimal AV delay in the mitral inflow method was estimated by
ne observer for two separate measurements of interval “b” mea-
ured at the short AV delay (part A) and interval “a” measured at
he long AV delay (part B) in eight patients. Both measurements
emonstrated an excellent correlation between trials.

igure 5 Individual responses to AV delay optimization by the
ortic velocity time integral (VTI) and mitral inflow methods. The
ercent change in aortic VTI after cardiac resynchronization ther-
py, compared with baseline, at the optimal AV delay determined
y the aortic VTI method and the mitral inflow method is plotted
or each patient. The aortic VTI method produced a larger im-
rovement than the mitral inflow method (19% � 13% vs 12% �
2%, P �.0001). The percent increases by each method are con-
ected by lines among individual patients. The aortic VTI method
roduced a larger increase in relative stroke volume in 36 of 40

atients compared with that achieved by the mitral inflow method.
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ptimized CRT by either the aortic VTI or mitral inflow
ethod, respectively (both P �.001 vs pre-CRT). There
as no significant difference in the magnitude of the change

n diastolic filling time achieved with either method.

iscussion

his study demonstrates that in patients with severe heart
ailure who receive CRT, optimization of AV delay by the
ontinuous-wave Doppler aortic VTI method yields a
reater increase in LV stroke volume compared with that
chieved by a mitral inflow method that optimized diastolic
lling time. Our findings differ form prior observations in
atients with complete heart block treated with dual-cham-
er pacing.14 In that report, AV delay optimization by either
n aortic VTI method or the mitral inflow method yielded
qual improvement in the echocardiographic-determined
troke volume with similar optimized AV delay intervals. A
econd study, also performed in patients with heart block
reated with dual-chamber pacing, reported that AV delay
ptimization with the mitral inflow method improved stroke
olume compared with a fixed AV delay interval.17 Based
pon these reports, the mitral inflow method has been
idely applied in clinical trials of CRT.7,8 The present study
as performed to directly compare the results of AV delay
ptimization in individual heart failure patients treated with
RT to determine if noninvasive measurement of stroke
olume (i.e., aortic VTI) is a better guide for AV delay
ptimization compared with the mitral inflow method. Our
esults demonstrate that the aortic VTI method is superior to
he mitral inflow method, with a 58% larger relative im-
rovement in LV stroke volume with initiation of CRT
ompared with the mitral inflow method.

There are important differences between the present in-
estigation and prior studies that included patients with
omplete heart block who received dual-chamber right ven-
ricular pacing.14,15 This study included patients with intact
V nodal conduction and simultaneous right and left ven-

ricular pacing. Therefore, the pattern of LV electrical ex-
itation is very different in our study. Second, the prior
tudies did not comment on the degree of LV systolic
ysfunction and likely included patients with preserved LV
unction. All of the patients in this investigation had severe
V systolic dysfunction, and many had concomitant LV
iastolic dysfunction. As a result, the impact of pro-
rammed AV delay on LV filling and stroke volume could
e fundamentally different.

The mitral inflow method of AV delay optimization has
een proposed to optimize diastolic filling of the LV and
liminate premature closure of the mitral valve that often
ccurs when the PR interval is prolonged. Diastolic filling
ubsequently improves, and diastolic mitral regurgitation, if
resent, can be abolished. This investigation revealed that
he increases in diastolic filling time were not significantly
ifferent whether the AV delay was optimized by the aortic

TI method or the mitral inflow method. c
The larger improvement in stroke volume observed in
his study with the aortic VTI method, compared with the
itral inflow method, likely is explained by the direct as-

essment of systolic performance provided by measurement
f relative changes in LV stroke volume. Although the
aximal improvement in LV systolic performance with
RT has been reported to be steeply dependent on optimal

iming of LV mechanical systole to occur at the peak of the
V pressure pulse due to left atrial contraction, this rela-

ionship is independent of changes in LV end-diastolic pres-
ure.11 Therefore, the benefits due to CRT do not result from
ptimization of LV preload alone. Our data support the prior
nding11 that the timing of LV systolic contraction is an

mportant determinant of the clinical benefit of CRT inde-
endent of preload optimization. There are several possible
echanistic explanations for this observation. For example,

otential energy stored in the elastic recoil of the LV in
esponse to atrial systole may be converted back to kinetic
nergy for ejection. If true, the efficiency of this conversion
ould be critically dependent on the timing of systolic

ontraction to match the oscillation of the LV “spring.” A
econd possibility is that the contraction sequence of the LV
n the presence of native conduction is critically affected by
V delay timing. In other words, the degree of fusion of

ctivation wavefronts from native AV conduction through
he AV node–His–right bundle branch and activation by the
ight and left ventricular leads may vary significantly with
V delay timing. The optimal contraction sequence then
ould be independent of preload but critically dependent on
V timing. A third possibility in patients with mitral regur-
itation is that the mitral regurgitant volume is affected by
V delay timing with a reciprocal relationship to stroke
olume. The superiority of the aortic VTI method for AV
elay optimization may result from its sensitivity to these
otential systolic mechanisms as well as preload optimiza-
ion.

The effects of CRT on stroke volume and the optimal
rogrammed AV delay vary among heart failure patients as
hown in this study. In addition, clinical benefits from CRT
re primarily linked to improvement in systolic perfor-
ance, whereas the effects on diastolic function are vari-

ble.5,6,8 Therefore, an AV delay optimization method that
irectly measures improvements in LV systolic perfor-
ance (i.e., aortic VTI) is predictably preferable to AV

elay optimization methods that optimize LV filling param-
ters to maximize the benefit of CRT.

tudy limitations

nvasive measurements of stroke volume and cardiac out-
ut, or LV pressures to determine dP/dt, pulse pressure,
nd/or LV end-diastolic pressure, were not performed in this
tudy. Instead, a noninvasive approach to estimate relative
hanges in LV stroke volume was used based upon mea-
urement of the continuous-wave Doppler-derived aortic
TI. Variations in the aortic VTI from cardiac cycle to
ycle may have influenced this method for estimating
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153Kerlan et al AV Delay Optimization by Doppler Echocardiography
hanges in the stroke volume during AV delay optimization.
owever, the VTI measurements were averaged over four

onsecutive cardiac cycles and had excellent intraobserver
eproducibility.

Several potential limitations of the mitral inflow
ethod for AV delay optimization may have compro-
ised the performance of this method. For example, the

nfluence of loading conditions may significantly alter
V filling patterns.18 In addition, the mitral inflow
ethod is critically dependent on visualizing mitral A-
ave truncation as a result of premature mitral valve

losure with a very short AV delay. In patients with LV
iastolic dysfunction, a common occurrence in heart fail-
re patients, the mitral A wave may be severely attenu-
ted or abbreviated by early mitral valve closure. There-
ore, performance of the mitral inflow method may be
ompromised in these patients. A different method for
ptimizing the AV delay has been reported in patients
ith significant mitral regurgitation.19 The onset of the
itral regurgitation Doppler signal can be used to deter-
ine the onset of LV contraction and calculate LV elec-

romechanical delay. However, mitral regurgitation may
ot be detected in all patients with heart failure and was
resent in only 70% of our study patients.

The similar increase in LV diastolic filling time with
ither AV delay optimization method evaluated in this in-
estigation suggests that optimizing LV filling was not
irectly related to maximal improvement in stroke volume.
n fact, a study from our laboratory has demonstrated that
iastolic function determined by the pre-CRT mitral inflow
attern may potentially impact the acute effects of CRT.20

hether the observed difference in improvements of LV
troke volume between the two methods may have influ-
nced functional and/or clinical outcomes was not ad-
ressed in the study design. In addition, the utility of aortic
TI or mitral inflow methods for AV delay optimization in
RT patients with QRS intervals of 120 to 150ms was not
valuated in the present study.

onclusion

oppler echocardiographic methods for optimizing AV de-
ay in patients who receive a CRT device vary substantially
n performance. The presence of variability of AV delay that
aximizes stroke volume suggests an empiric programmed
V delay interval for CRT devices is not optimal in many
atients. Our results demonstrate that the continuous-wave
oppler-derived aortic VTI method for AV delay optimi-

ation is associated with a larger systolic enhancement from
RT, as determined by increases in stroke volume, than the
itral inflow method in heart failure patients treated with

RT.
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