
D
r

B
G
S
M

F

I

C
n
w
t

T

D
9

1

ispersion of repolarization in cardiac
esynchronization therapy

art Hooft van Huysduynen, MD, Cees A. Swenne, PhD, Jeroen J. Bax, MD,
abe B. Bleeker, MD, Harmen H.M. Draisma, MSc, Lieselot van Erven, MD,
ander G. Molhoek, MD, Hedde van de Vooren, MSc, Ernst E. van der Wall, MD,
artin J. Schalij, MD
rom the Department of Cardiology, Leiden University Medical Center, Leiden, The Netherlands.
BACKGROUND Proarrhythmic effects of cardiac resynchronization therapy (CRT) as a result of in-
creased transmural dispersion of repolarization (TDR) induced by left ventricular (LV) epicardial
pacing in a subset of vulnerable patients have been reported. The possibility of identifying these patients
by ECG repolarization indices has been suggested.
OBJECTIVES The purpose of this study was to test whether repolarization indices on the ECG can be
used to measure dispersion of repolarization during pacing.
METHODS CRT devices of 28 heart failure patients were switched among biventricular, LV, and right
ventricular (RV) pacing. ECG indices proposed to measure dispersion of repolarization were calculated.
The effects of CRT on repolarization were simulated in ECGSIM, a mathematical model of electro-
cardiogram genesis. TDR was calculated as the difference in repolarization time between the epicardial
and endocardial nodes of the heart model.
RESULTS Patients: The interval from the apex to the end of the T wave was shorter during biventricular
pacing (102 � 18 ms) and LV pacing (106 � 21 ms) than during RV pacing (117 � 22 ms, P �.005).
T-wave amplitude and area were low during biventricular pacing (287 � 125 �V and 56 � 22 �V · s,
respectively, P � .0006 vs RV pacing). T-wave complexity was high during biventricular pacing (0.42
� 0.26, P � .004 vs RV pacing). Simulations: Repolarization patterns were highly similar to the
preceding depolarization patterns. The repolarization patterns of different pacing modes explained the
observed magnitudes of the ECG repolarization indices. Average and local TDR were not different
between pacing modes.
CONCLUSION In patients treated with CRT, ECG repolarization indices are related to pacing-induced
activation sequences rather than transmural dispersion. TDR during biventricular and LV pacing is not
larger than TDR during conventional RV endocardial pacing.

KEYWORDS Dispersion of repolarization; Resynchronization therapy; Arrhythmogenesis; Electrocardi-
ography; Computer modeling

(Heart Rhythm 2005;2:1286–1293) © 2005 Heart Rhythm Society. All rights reserved.
a
m
t
(
e
t
t
l
a
s
a

ntroduction

ardiac resynchronization therapy (CRT) restores coordi-
ated mechanical contraction in most heart failure patients
ith compromised intraventricular conduction.1,2 Applica-

ion of CRT reduces the occurrence of heart failure3 and
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ll-cause mortality.4 However, CRT may have proarrhyth-
ic effects as a result of increased dispersion of repolariza-

ion in a subset of vulnerable patients.5,6 Left ventricular
LV) epicardial pacing reverses the natural activation from
ndocardium to epicardium. This advances the repolariza-
ion time of the already short epicardial action potentials,
hereby increasing repolarization time differences with the
onger underlying action potentials of the midmyocardial
nd endocardial layers. Thus, increased transmural disper-
ion of repolarization (TDR) may enhance susceptibility to
rrhythmias. The ability to identify vulnerable patients us-

ng a noninvasive repolarization measure on the ECG, such

. doi:10.1016/j.hrthm.2005.08.031
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s the interval from T-wave apex to T-wave end (Tapex–
nd), would be of great clinical value.7

The Tapex–end interval as a measure of dispersion of
epolarization was proposed based on experiments in a
edge preparation of the LV wall.8 Although the wedge
reparation is a valuable research tool, it represents only
art of the heart, and the pseudo-ECG derived from the
reparation probably is not representative of clinical ECGs.
ther proposed ECG indices of dispersion of repolarization

re difficult to verify in vivo, because in most studies either
picardial or endocardial repolarization is recorded from a
imited number of electrodes on the heart.9,10

In the current study, we used ECGSIM,11 a whole-heart
odel of ECG simulation, to study whether epicardial pac-

ng in CRT increases TDR. Moreover, we sought to clarify
ow the repolarization process during CRT is reflected in
CG indices proposed to measure dispersion of repolariza-

ion.

ethods

atients

wenty-eight heart failure patients were studied 2 days after
hey underwent implantation of a biventricular pacemaker at
he Leiden University Medical Center. Patient characteris-
ics are listed in Table 1. After the patients had rested supine
or 5 minutes, standard 12-lead ECGs were recorded con-
inuously while the pacemaker was programmed in random
rder to biventricular pacing, LV pacing, right ventricular
RV) pacing and no pacing mode. All modes were kept for

minutes. The last minute of the ECG recordings in any
ode was analyzed.
ECG analysis was performed by LEADS (Leiden ECG

nalysis and Decomposition Software), our MATLAB
The MathWorks, Natick, MA, USA) program for research-
riented ECG analysis. LEADS first computed an averaged
eat in order to minimize noise. In this averaged beat, the
eginning and end of the QRS complex were automatically
etected. An observer, who was blinded to the patient data,
orrected this interval if necessary. LEADS identified the
pex and end of the T wave in each ECG lead. The end of
he T wave was set at the point where the tangent to the
teepest portion of the terminal part of the T wave crossed

able 1 Patient characteristics

ender (male/female) 22/6
ge (yr) 68.5 � 8.1
tiology (ischemic/nonischemic) 17/11
ew York Heart Association functional class 3.0 � 0.5
innesota Quality of Life Score 43 � 13
ix-minute walking distance (m) 254 � 119
jection fraction (%) 21 � 7
he isoelectric line. Subsequently, LEADS searched back- d
ard for the apex of the T wave, defined as the point of the
wave with the highest amplitude. Finally, LEADS calcu-

ated a number of ECG indices proposed to assess disper-
ion of repolarization: Tapex–end interval,8 QT interval,12

-wave amplitude,13 T-wave surface area,14 and T-wave
omplexity.15 QT and Tapex–end intervals were corrected
or heart rate using the Bazett formula.16 T-wave complex-
ty was calculated by singular value decomposition of the T
ave.15,17 The higher, more complex, singular values 2 to 8
ere divided by the first, most simple component to quan-

ify T-wave complexity. In addition, LEADS constructed
he vectorcardiogram by using the inverse Dower ma-
rix18,19 and calculated the spatial angle between the QRS
nd T axes.

imulations

CGSIM is an ECG simulation program that consists of a
athematical whole heart model placed in a human tho-

ax.11 The model geometry is based on magnetic resonance
mages of heart and thorax, containing conduction inhomo-
eneities such as the lungs. Surfaces of the LV and RV
onsist of 257 epicardial and endocardial nodes. A trans-
embrane action potential in each node represents local

lectrical activity.13 The naturally present TDR is incorpo-
ated in the model. The epicardium has shorter action po-
ential durations than the endocardium, so the epicardium
epolarizes earlier despite earlier endocardial activation.
he specific electrophysiologic properties of all 257 nodes
an be found after downloading the model from www.
cgsim.org (free of charge). With default parameter settings,
CGSIM generates an ECG that closely resembles the ECG
f a healthy subject.

For the current study, the activation sequences associated
ith pacing were based on previously published depolar-

zation maps.20–24 Left posterolateral node no. 79 was se-
ected as the LV epicardial pacing site. The averaged QRS
uration measured in the heart failure patients was adopted
s the total time of ventricular depolarization. The moment
f activation of each node was calculated by multiplying the
otal time of depolarization by the ratio of the distance of
ach node from the pacing site to the total distance the
ctivation front needed to travel to activate the entire heart.
he action potential durations of all nodes were left unal-

ered. The repolarization times of all nodes were calculated
y addition of the action potential durations to the moments
f activation.

RV pacing was simulated in a similar manner. The heart
as activated from RV apical endocardial node no. 249.
iventricular pacing was simulated by simultaneous pacing

rom nodes no. 79 and 249, thus combining the ventricular
epolarization and repolarization times of LV and RV pac-
ng. Thereafter, ECGSIM constructed isochrone maps of
epolarization and repolarization times of the heart. The
imulated ECGs were analyzed with the LEADS program as

escribed earlier.

http://www.ecgsim.org
http://www.ecgsim.org
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For comparison with normal ventricular activation with
n intact conduction system, we used the default settings of
epolarization and repolarization times of ECGSIM, which
enerates a normal ECG.

We calculated TDR for the different pacing modes and
uring normal activation. Each endocardial node was paired
ith an opposing epicardial node, and TDR was calculated

s the difference in repolarization time between the endo-
ardial and epicardial node.25 Because there are more epi-
ardial nodes than endocardial nodes, several endocardial
odes had two opposing epicardial nodes. In these cases, the
ifference was calculated between the repolarization time of
he endocardial node and the mean repolarization time of
he two opposing epicardial nodes. Similarly, each LV sep-
al node was paired with one or two RV septal nodes.
ubsequently, all paired repolarization time differences
ere averaged to calculate TDR. In addition, we measured

ocal TDR directly under the LV epicardial pacing site
uring LV pacing and during normal ventricular activation.
imilarly, local TDR in the septum directly under the RV
ndocardial pacing site was calculated.

tatistical analysis

epeated measures ANOVA was performed before post hoc
-testing. Two-sided paired t-tests were used to compare
ata between different pacing modes. P values were Bon-
erroni corrected for multiple testing. P �.05 was consid-
red significant.

esults

atients

our ECGs recorded during sinus rhythm, RV pacing, LV
acing, and biventricular pacing are shown in Figure 1. All
CGs were highly discordant: QRS- and T-wave polarities
ere opposite in almost all leads of every rhythm. Conse-

igure 1 Sample ECGs (average beat) during sinus rhythm, righ
ubject 08 in sinus rhythm. B: Subject 26 during right ventricular p
iventricular pacing.
uently, the spatial angles between the QRS and T axes (a e
ross qualifier of concordance / discordance) were close to
80° (Table 2A). The largest average spatial QRS-T angle was
ttained during RV pacing. Correlation coefficients of the spa-
ial orientation of the QRS and T vectors were 0.96 for RV
acing, 0.79 for LV pacing, and 0.85 for biventricular pacing.

Table 2A lists average heart rate, QRS duration, and the
alues of ECG indices of dispersion of repolarization. QRS
uration was longest during RV pacing and shortest during
iventricular pacing. LV pacing had intermediate values
see Table 2B for P values). QTc and Tapex–endc intervals
ollowed the same pattern, with decreasing values from RV
o LV and biventricular pacing. The same applies to T-wave
mplitude and area. The pattern present in the ECG indices
uring different rhythms is shown in Figure 2. T-wave
omplexity was large during biventricular pacing and small
uring RV pacing.

imulations

epolarization and repolarization maps are shown in Figure 3.
he maps of the normal situation with intact conduction sys-

em are shown in panel A, in which depolarization and repo-
arization patterns differ significantly. During RV and LV
acing (panels B and C), depolarization spreads from the RV
pex and the LV lateral wall, respectively. Here, repolarization
oughly follows the depolarization pattern. During biventricu-
ar pacing (panel D), the heart is activated simultaneously from
hese two sites. Here the repolarization map also resembles the
epolarization map.

The corresponding simulated ECGs are shown in Figure 4.
uring normal ventricular activation (panel A), the ECG is
ormal and highly concordant: the QRS complex and the T
ave had similar polarity in most leads. In all pacing modes,

he ECGs were highly discordant: the QRS complex and the T
ave had opposite polarities in most leads. The spatial angle
etween the QRS and T axes was small during normal ven-
ricular activation and close to 180° during pacing.

Table 3 lists the main characteristics of the simulated ECGs.
he values of all ECG repolarization indices were smallest
uring normal ventricular activation. QRS duration was long-

icular pacing, left ventricular pacing, and biventricular pacing. A:
C: Subject 19 during left ventricular pacing. D: Subject 07 during
t ventr
acing.
st for RV pacing, smaller for LV pacing, smallest for biven-
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1289Hooft van Huysduynen et al Dispersion of Repolarization in CRT
ricular pacing. QTc was longest for RV pacing and smaller
uring LV and biventricular pacing. Tapex–endc interval was
ongest for RV pacing and smaller for LV and biventricular
acing. T-wave amplitude and area decreased from RV to LV
o biventricular pacing. T-wave complexity was largest during
iventricular pacing. QRS-T angle was largest during RV
acing and decreased from LV to biventricular pacing but
emained relatively large.

In ECGSIM, TDR in the whole heart and in the LV free
all was larger during pacing than during normal ventricular

ctivation with intact conduction system, but differences be-
ween pacing modes were small. TDR in the whole heart was
argest for RV pacing (29 ms) and slightly smaller for LV
acing (26 ms) and biventricular pacing (27 ms). TDR was 18
s during normal conduction. TDR in the LV free wall

howed the same pattern with slightly higher values: 36 ms for
V pacing, 31 ms for LV pacing, and 32 ms for biventricular
acing, with a TDR of 19 ms for a normally conducted beat.

Local TDR directly under the LV pacing site increased
rom 18 ms during normal ventricular activation to 39 ms
uring LV epicardial pacing, as a result of the reversal of the
aturally existing endocardial to epicardial activation order.
n the septum directly under the RV pacing site, local TDR
ncreased from 20 to 75 ms during RV endocardial pacing.

iscussion

ur simulations indicate that TDR during LV and biven-
ricular pacing was not larger than TDR during conventional

able 2A ECG characteristics of heart failure patients during di

CG characteristic Sinus rhythm
Right ve
pacing

eart rate (bpm) 73 � 11 72 �
RS duration (ms) 175 � 31 191 �
Tc (ms) 503 � 47 512 �
apex–endc (ms) 108 � 27 117 �
amplitude (�V) 362 � 219 478 �
area (�V · s) 66 � 31 94 �
complexity 0.30 � 0.13 0.25 �
RS-T angle (°) 162 � 20 167 �

Data are given as average � SD.

able 2B P values for all ECG differences between different
acing modes

CG characteristics
RV vs LV
pacing

LV vs BIV
pacing

BIV vs RV
pacing

eart rate (bpm) 1 1 1
RS duration (ms) .002 .004 �.0001
Tc (ms) .005 1 .003
apex–endc (ms) .0009 1 .005
amplitude (�V) .0006 .6 �.0001
area (�V · s) .0006 1 �.0001
complexity .048 1 .004
RS-T angle (°) .02 1 .008
RBIV � biventricular; LV � left ventricular; RV � right ventricular.
V endocardial pacing, neither in the whole heart nor di-
ectly under the pacing sites. In patients treated with CRT,
CG indices of dispersion of repolarization were measured
uring different pacing modes. The observed magnitudes of
hese ECG indices can be explained by interpretation of our
imulations.

rinciples of repolarization during pacing

n the virtual situation where all myocardial cells depolarize
t the same instant, only intrinsic differences in action
otential duration would determine the repolarization se-
uence. During normal ventricular activation, there is a mix
f conduction system-mediated rapid depolarization and
lower cell-to-cell conduction. In such cases, the repolar-
zation order is partly determined by the order in which the
ells depolarize and partly by intrinsic action potential du-
ation differences. In the paced heart, slow cell-to-cell con-
uction prevails,20–24 and the repolarization order starts to
losely resemble the depolarization order, a condition asso-
iated with secondary T-wave changes.26

In our patients, as well as in the paced simulations, the
RS complex and the T wave had opposite polarities, and

igure 2 Values of ECG indices during right ventricular (RV),
eft ventricular (LV), and biventricular (BIV) pacing relative to
inus rhythm. Values of ECG indices decreased in magnitude from

rhythms

lar Left ventricular
pacing Biventricular pacing

72 � 12 73 � 11
167 � 36 146 � 17
487 � 31 477 � 44
106 � 21 102 � 18
335 � 143 287 � 125
62 � 26 56 � 22

0.36 � 0.19 0.42 � 0.26
149 � 28 154 � 21
fferent

ntricu

14
31
45
22
174
35
0.10
9

V to LV to BIV pacing.
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he spatial angle between QRS and T axes approximated
80°. Such discordant ECGs emerge when the repolariza-
ion sequence roughly equals the depolarization sequence.
he opposite polarity is caused by the opposite direction of

epolarizing and depolarizing currents. This view is sup-
orted by the simulated ECGs (Figure 4) that strikingly
esemble the ECGs recorded in patients (Figure 1). These
CGs could be generated only by changing the ventricular
epolarization sequence while leaving the action potential
urations unaffected.

The discordance between QRS complex and T wave
uring pacing is in contrast to the concordance found in the
imulated ECGs during normal activation (Figure 4A). Dur-

igure 3 Simulated depolarization/repolarization maps. Hearts
re depicted from the anterosuperior view with the left anterior
escending artery as the landmark. Red indicates the earliest de-
olarization/repolarization, and blue indicates the latest depolar-
zation/repolarization. A: Normal ventricular activation, intact
onduction system. B: Right ventricular endocardial pacing. Ap-
arently, the repolarization pattern is now very similar to the
epolarization pattern. C: Left ventricular epicardial pacing. The
epolarization pattern closely resembles the depolarization pattern.
: Biventricular pacing.
ng normal activation, the epicardium depolarizes last but f
epolarizes first because of the relatively short epicardial
ction potential durations. In combination with the opposite
irection of depolarizing and repolarizing currents, concor-
ant QRS complex and T wave emerge.

ransmural dispersion of repolarization

n accordance with the findings of Medina-Ravell et al,6

CGSIM showed an increased transmural repolarization
radient directly under the LV pacing site during LV pac-
ng. However, TDR in the septum directly under the RV
pical pacing site during RV pacing also was increased.
his finding is not entirely unexpected because, like the
picardial LV lead, the endocardial RV lead is located
utside the LV.

Average TDR in the whole-heart model was approxi-
ately the same during all pacing modes and slightly in-

reased compared with normal activation (29, 26, 27, and 18
s during RV pacing, LV pacing, biventricular pacing and

ormal activation, respectively). This can be explained by
he repolarization maps (Figure 3). During pacing (panels
–D), the depolarization sequence is followed by a simi-

arly shaped repolarization pattern that spreads from the
acing site through the ventricles. With increasing distance
rom the pacing site, the epicardial to endocardial activation
rder, which accentuates local TDR, is lost. For example,
bserve the depolarization wavefront at the basal surface of
he LV during LV pacing (panel C). The major part of the
V base is depolarized by a wavefront that progresses in a
irection approximately parallel to the ventricular walls.
uch a depolarization order does not introduce a large TDR
ecause it does not advance the depolarization time of the
picardium compared with the endocardium. Both LV epi-
ardial and RV endocardial pacing create such transven-
ricular depolarization and repolarization patterns. Other
han their opposite direction, these patterns are not essen-
ially different from another. Although biventricular pacing
s performed from two pacing sites, similar transventricular
epolarization patterns are induced in the greater part of the
entricles (panel D). Hence, TDR is similar during all pac-
ng modes. However, the efficiency of an intact conduction
ystem with well-synchronized endocardial to epicardial
ctivation throughout the heart is not attained by any pacing
ode. Therefore, TDR is moderately larger during all pac-

ng modes than during sinus rhythm.

apex–end interval

he Tapex–end interval is a measure of TDR in the wedge
reparation of the LV free wall.8 The apex of the T wave
merges when the transmural voltage gradients are maxi-
al, that is, when epicardial action potentials have their

teepest decline in amplitude. This was elegantly shown by
ntzelevitch et al.8 In a recent publication it was reported

hat the Tapex–end interval was increased in ECGs of heart

ailure patients during LV pacing. Based on the assumption
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hat the laboratory situation (wedge) and the clinical situa-
ion (whole heart) are analogous, LV pacing was concluded
o increase TDR.6

Our simulations suggest that other factors determine the
apex–end interval during pacing of a whole heart. The
ccurrence of the apex of the T vector can be understood
rom the repolarization maps in Figure 3. During RV pacing
panel B), the repolarization wavefront increases in size
hen progressing from apex to base. The wavefront extends

o its maximal area when it reaches the RV base of the heart
t � 342 ms, green isochrone). At that moment, the apex of
he T vector emerges. During LV pacing (panel C), the
epolarization wavefront has the largest area at 320 ms
green isochrone). However, at that moment, repolarization
as already progressed to the RV before the repolarization
f the septum is completed, which implies a certain amount
f cancellation. This effect causes a relatively early occur-
ence (t � 300 ms, yellow isochrone) of the maximal T
ector during LV pacing.

The end of the T vector occurs when the repolarization
avefronts have traveled to the most distant areas of the
eart. In RV pacing, the final repolarization occurs at the
V base. In the case of LV pacing, the epicardium of the
V free wall is the last area to repolarize. Final repolariza-

ion in both RV and LV pacing occurs in parts of the heart
hat are relatively distant from the area that generates the
aximal repolarization vector. Therefore, neither the
apex–end interval during RV pacing nor the Tapex–end

nterval during LV pacing expresses TDR. Thus, during
acing, the Tapex–end interval contains information on the
lobal transventricular repolarization process, whereas local
epolarization differences in adjacent regions, like TDR, are
onsidered more arrhythmogenic.27,28

-wave amplitude

tudies in biologic and mathematical models relate in-
reased T-wave amplitude to increased dispersion of repo-
arization. Increased TDR induced by hyperkalemia29 or
xperimental long QT1 conditions30 increases T-wave am-
litude. In ECGSIM experiments, the T-wave amplitude

igure 4 ECGs generated by ECGSIM. A: Normal ventricular a
entricular pacing. D: Biventricular pacing.
ncreased with enhanced dispersion of repolarization.13,25 t
Hence, increased dispersion of repolarization during reg-
lar, conduction-system mediated ventricular activation
ay cause high-amplitude T waves. However, in the present

tudy, high-amplitude T waves occurred during abnormal,
ell-to-cell activation as a result of pacing. During pacing,
DR is relatively normal. The higher T-wave amplitude is
aused by less cancellation because of the asymmetric de-
olarization and repolarization sequence.

Of the different pacing modes, biventricular pacing
aused the lowest T-wave amplitude in our simulations and
atients, as this pacing mode involves more cancellation
ecause of the opposite directions of the two simultaneously
tarted wavefronts (Figure 3D).

-wave area

everal studies relate T-wave area to dispersion of repolar-
zation. In rabbit hearts, dispersion of epicardial monopha-
ic action potential duration was accompanied by increased
-wave area on a simultaneously recorded surface ECG.14

n dogs, T-wave31 and QRST32 surface area were related to
ispersion of repolarization and a lowered threshold for
entricular fibrillation.33 We measured the smallest T-wave
rea during biventricular pacing compared with other pac-
ng modes in patients and in our simulations. The low
-wave area during biventricular pacing resulted from can-
ellation because of the opposite directions of the two si-
ultaneously started wavefronts and not because of in-

reased TDR.

-wave complexity

ncreased T-wave complexity in patients with arrhythmo-
enic RV dysplasia is associated with arrhythmias.34

atients with long QT syndrome can be distinguished
rom healthy subjects by an increased T-wave complex-
ty.15 In US veterans with cardiovascular disease, repo-
arization complexity calculated with singular value de-
omposition conferred independent prognostic
nformation.35 Van Oosterom36 showed mathematically

on, intact conduction system. B: Right ventricular pacing. C: Left
ctivati
hat T-wave complexity was related to dispersion of
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epolarization induced by accentuated action potential
uration differences. In our study, the largest T-wave
omplexity was found during biventricular pacing in
eart failure patients and in the simulations. This is
aused by the more complex repolarization pattern as a
esult of two colliding activation wavefronts instead of
ne. However, as stated earlier, the transventricular re-
olarization patterns and TDR are not essentially differ-
nt from single-sided LV or RV pacing. Therefore, in-
reased T-wave complexity in biventricular paced
atients cannot be interpreted as an indication of in-
reased arrhythmogeneity.

tudy limitations

ike every modeling study, the simulations with ECG-
IM are a simplification of reality. The model used is not
pecifically designed as a heart failure model. On the
eart failure model and lacks complex alterations in anat-
my and electrophysiology present in varying degrees in
eart failure patients recent mapping studies in heart
ailure patients during pacing and sinus rhythm show
ndividually variable areas of slow conduction37 and lines
f functional block38 resulting in complex depolarization
atterns. However, also in these studies, the largest areas
ere chiefly activated by slowly progressing wavefronts,

uggesting myocardial cell-to-cell conduction, as we
sed in our simulations. We were able to simulate real-
stic ECGs in a model that was not primarily designed for
he current study. ECGSIM has been extensively evalu-
ted and is sufficiently realistic to show the principles of
epolarization and its effects on the ECG.13,39

onclusion

n patients treated with CRT, ECG repolarization indices are
elated to pacing-induced activation sequences rather than
ransmural dispersion of the repolarization. TDR during
iventricular and LV pacing is not larger than TDR during

able 3 Characteristics of simulated ECGs

Normal conduction Right ventri

eart rate (bpm) 60 60
RS duration (ms) 100 184
Tc (ms) 376 450
apex–endc (ms) 79 104
amplitude (�V) 294 820
area (�V · s) 36 115
complexity 0.13 0.23
RS-T angle (°) 69 168
onventional RV endocardial pacing.
cknowledgments
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