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Sequence and dispersion of ventricular repolarization

ABSTRACT

Objective: To validate the noninvasive parameters, QT interval, QT
dispersion, Tpea-Tena iNterval, and the activation recovery time (ART) from the
unipolar electrograms for estimation of global dispersion of ventricular
repolarization (DVR). Also to investigate the changes of repolarization sequence
and DVR by altered ventricular pacing sites.

Methods: The material consisted of one series of 12 patients (Study 1) and
two series with 10 healthy pigs in each (Studies 11 and I11; Studies IV and V).

Endocardial MAPs and unipolar electrograms were simultaneously recorded
using the CARTO system from left (LV) and/or right ventricles (RV) in 12
patients. End of repolarization (EOR) times from the MAPs and ART from the
unipolar electrograms were acquired and 3-dimensional maps of global EOR and
ART were reconstructed (Study 1).

Using the CARTO system, MAP mapping was performed over both the
endocardium and the epicardium of the LV and RV in 10 open-chest pigs, from
which the EOR times over the epicardium (EORg), endocardium (EOR¢ng,) and
over both (EORy,) were obtained. The minimum and maximum EOR, and the
global dispersion of EOR times were calculated and compared to the QTpex and
QTeng intervals, QTpeax and QTeng dispersions, and Tpea-Teng interval measured
from simultaneously recorded 12-lead ECG (Studies Il and I11).

Global MAPs were also recorded from the LV and RV endocardium during
right atrial (RA) pacing, RV apex endocardial (RVgqq) pacing and LV laterobasal
epicardial (LVgyi) pacing in 10 close-chest pigs. Three-dimensional maps of the
activation time (AT) and EOR were constructed, and global sequence and
dispersion of ventricular repolarization were evaluated under the above mentioned
pacing protocols, and also the QT interval, QT dispersion and Tpea-Tena interval
from the simultaneously recorded 12-lead ECG (Studies IV and V).

Results:

ART mapping for evaluation of global repolarization sequence

In the 12 patients, MAPs were obtained from 34+12 left (n = 6) or right (n =
9) ventricular sites, and 15 sets of 3-dimensional maps of global EOR and ART
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sequences were reconstructed. The ART sequence was consistent with the EOR
sequence in 14 of 15 maps. In the total 473-paired measurements, the differences
between the ART and the EOR time were 2+22 ms (NS). A significant, positive
correlation between the ART and the EOR time was found in all maps (r =
0.58+0.22). Agreement analysis showed that the differences between these two
measurements were almost all within the range of mean difference + 2 standard
deviations for each individual map, and for all the 473 recordings. The global
dispersion of ART was 79+35 ms, and that of EOR time 78£35 ms (NS) (Study 1).

Coincidence of the QTpea and QTeng With the global EOR times

MAPs were recorded from 5110 epi- and 64+9 endocardial sites of the LV
in the 10 open-chest pigs, and from 41+4 epicardial and 53+2 endocardial sites of
the RV in 2 of the 10 pigs, from which the EORgyi, EORengo and EORyora Were
obtained, and dispersions of EOR-epi, EOR-endo and EOR-total calculated. The
minimal EOR, Was on the epicardium in 5 pigs, and the maximal EORy, Was
on the endocardium in 9 pigs. The minimal, mean and maximal QT e intervals
were all significantly smaller than the maximal EORgp;i (32223 ms, p < 0.01). No
significant difference was found between the maximal QT,,q interval (338+30 ms)
and the maximal EOR¢ng (339124 ms, difference = 1+£19 ms, p = 0.92), between
the maximal QTg,y interval and the maximal EORy (341124 ms, difference =
2+18 ms, p = 0.69) nor between the minimal QT ek interval (283+28 ms) and the
minimal EORy (282120 ms, difference = 015 ms, p = 0.95) (Study I1).

Global dispersion of EOR times and Tpeak-Teng INterval

In the 10 open-chest pigs, the maximal Tyea-Tena intervals (57+7 ms) were
consistent with the dispersion of EOR-total (58+11 ms, p > 0.05), and significantly
correlated with the dispersion of EOR-total (r = 0.64, p < 0.05). However, the
mean Tpeak-Tend INtervals (44+5 ms), and Tpeak-Teng iNtervals from lead 11 (41+6 ms)
and Vs (435 ms) were all significantly smaller than and poorly correlated with
the dispersion of EOR-total, as were the QT peax and QTeng dispersions (15+2 ms vs.
2114 ms) (Study I11).

Global repolarization sequence under altered ventricular pacing protocols

In the 10 close-chest pigs, MAPs were recorded from 112+16 endocardial
sites of both ventricles during RA pacing in 5 pigs (Group 1), from 122123 sites
during RVEeng pacing in 10 pigs (Groups I and Il1), and from 126+26 sites during
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LVepi pacing in 5 pigs (Group Il), based on which 20 sets of 3-dimensional maps
of AT and EOR over the endocardium of both ventricles were reconstructed.
During RA pacing, the EOR sequence followed the AT sequence in both
ventricles. Strikingly, the EOR sequence was also consistent with the AT sequence
in both ventricles during RVeng, and LVg,; pacing, even though the mapping was
performed after an abrupt change of the pacing site. In all maps, there was a
negative correlation between the MAP duration and the AT and a positive
correlation between the EOR time and the AT under each pacing protocol (p <
0.05-0.001) (Study IV).

Global DVR under different ventricular pacing protocols

In the 10 close-chest pigs, the global dispersion of AT increased from 5512
ms during RA pacing to 69+15 ms during RVgng, pacing, and to 87+15 ms during
L Vepi pacing. The global dispersion of EOR times during LVg,i pacing (94+17 ms)
was significantly greater than those during RA (63£12 ms, p < 0.05) and RVgng
pacing (72£18 ms, p < 0.05), whereas no significant difference was found between
those during RA and RVgy4 pacing (p > 0.05). In addition, the QT intervals, QT
dispersion and Tpea-Teng intervals during LVey pacing were all significantly
greater than those during RA and RVgng, pacing (p < 0.05) (Study V).

Conclusions:

1. The ART from unipolar electrograms is a good estimate of EOR time
measured from MAPs, suggesting the usefulness of the former in evaluation of
global sequence and dispersion of ventricular repolarization.

2. In in vivo pig models, the Ty does not coincide with the full
repolarization of the epicardium, but coincides well with the earliest EOR, while
the Teng corresponds with the latest EOR. These findings suggest that not only the
transmural gradients, but also the apico-basal repolarization gradients contribute to
the genesis of the T wave.

3. The maximal Tpea-Teng interval may be used as a noninvasive estimate of
the global DVR, but not the QT peak and QTeng dispersions, nor the mean Tpeax-Tend
interval and that from a single lead.

4. The ventricular repolarization sequence followed the activation sequence
not only during RA pacing, but also during RVgq.g pacing and LV, pacing,
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suggesting the importance of activation sequence in governing repolarization
patterns. Significant changes in repolarization from an altered activation sequence
may happen within a few hours in vivo, implying that electrical remodeling of the
ventricles may be rapidly induced by altered activation sequence.

5. Compared to RA and RVgng pacing, LVei pacing increases QT interval,
QT dispersion, Tpea-Teng interval and the global DVR. These findings provide in
vivo evidence supporting the involvement of increased DVR in the incidence of
malignant ventricular arrhythmias in a subgroup of patients with biventricular
pacing.

Key words: Ventricular repolarization, dispersion, monophasic action potential,

electroanatomical mapping, T wave, epicardial pacing.
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AP
CRT
DVR
ECG
EOR
LV
LVe,P
MAP
MAPd
RA
RAP
RV
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VF

VT

Abbreviations

ABBREVIATIONS

activation recovery time

activation time

action potential

cardiac resynchronization therapy
dispersion of ventricular repolarization
electrocardiogram

end of repolarization time

left ventricle or left ventricular

left ventricular epicardial pacing
monophasic action potential
monophasic action potential duration
right atrium or right atrial

right atrial pacing

right ventricle or right ventricular
right ventricular endocardial pacing
ventricular fibrillation

ventricular tachycardia
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Background

BACKGROUND

Cardiovascular disease remains the leading cause of death in the
industrialized world, and sudden cardiac death is the main cause of death in
patients with cardiovascular disease. Sudden cardiac death refers to a sudden loss
of consciousness caused by cardiac arrest and cessation of cardiac function. It can
result in death within 1 hour of the onset of symptoms, and claims at least 300,000
lives annually in the United States (1-3). Ventricular tachycardia (VT) and
ventricular fibrillation (VF) are the most common causes of out-of-hospital
cardiac arrest, accounting for approximately three quarters of cases (4). The
diagnosis and management of ventricular tachyarrhythmias remains one of the
most formidable tasks faced by the medical community. The importance of
recognizing ventricular tachyarrhythmias, identifying patients at risk, establishing
an appropriate work-up, and determining therapy is a challenging task and
continues to evolve as data from clinical studies alter the management of VT and
VF.

Intensive research during the last few decades has provided us with detailed
information about the cell membrane and the ionic channels and currents that form
the molecular basis of the membrane potential and the AP, and thereby the changes
by the interventions (5-12). However, this knowledge has been gained mainly
from experimental studies on single cells or isolated slices of heart muscle, mostly
using sophisticated methods that can only be performed in experimental settings.
There is very limited information on characteristics of ventricular repolarization in
the intact heart and its relationship with clinical ventricular arrhythmias. Thus,
development of new methods in this field and further experimental studies are
certainly warranted.

To give a better understanding of the various features of ventricular
repolarization, several aspects of cardiac repolarization are reviewed below,
ranging from ion channels to the inscription of the T wave on the body surface
electrogram (ECG), their related methodological aspects, and their relation to
arrhythmogenesis.

1. Cell membrane potential and currents
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During the resting phase myocardial cells have a negative transmembrane
potential of 60-90 mV inside the cell, which is derived from an unequal
distribution of sodium ions (Na"), with a greater concentration outside the cell, and
potassium ions (K*), with a greater concentration inside the cell, across the
semipermeable membrane (5, 13).

Cardiac excitation and repolarization are based on the consecutive activation
of many membrane currents, which have different roles during different phases of
the action potential (AP) (phases 0-4) (Fig. 1). Differences in current densities
result in variability in AP configuration in the different cardiac tissues.

Depolarization is a robust and relatively simple process that is universal for
almost all excitable tissues. It is mainly produced by sodium influx through a
single channel, giving rise to the upstroke of the AP, and the inward L-type
calcium current, underlying the plateau phase (Fig. 1). After repolarization, the
sodium channel normally recovers rapidly from inactivation (within 10 ms) and is
ready to open again (14).

In contrast, repolarization is a very complex process involving fluxes of
several different ions through numerous different ionic channels with complex
interactions even in a single cell (13) (Fig. 1). Three main repolarizing currents are
the transient outward current Iy, and the rapid (lx;) and the slow components (lxs)
of the delayed rectifier current. The transient outward current I, is responsible for
the fast early repolarization phase 1 of the AP, giving the AP a “spike and dome”
appearance. Activation of Iy, is very fast, 2-10 ms, but inactivation and recovery
show differing rates, and two subpopulations of channels (fast and slow) encoded
by different genes are recognizable (6). Iy, and l,s are characterized by delayed
activations kinetics, and they are the major contributors to repolarization phases 2
and 3. In particular, the slow deactivation of Ik, and Ixs allows potassium currents
to contribute to the late phase of phase 3 repolarization (15, 16). There are
important differences in Kkinetics between I, and lys. lx, normally results from
rapid activation and very rapid inactivation. At positive membrane potentials,
inactivation proceeds at a rate faster than channel activation. However, at
membrane potentials below 0 mV, the channel recovers from inactivation and
reopens. Consequently, Ik, has a relatively low conductance during the AP plateau
(phase 2) but increases during phase 3 repolarization (16), which gives it relatively
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strong rectification properties. In contrast, lxs increases gradually during the
plateau phase of the AP because of its slow activation kinetics, but remains
activated during phase 3 of repolarization as a result of slow deactivation (15).

The inward calcium lc,q) current channels are worth mentioning here,
because they are essential contributor to the electrophysiological properties of the
heart, and they also act as critical initiator of cardiac excitation-contraction
coupling. Cardiac lca) is rapidly activated by depolarization, reaching a peak in
2-7 ms, and triggers Ca”" release via the type-2-ryanodine receptor (RyR2) from
the sarcoplasmic reticulum to generate the calcium transient, which, in turn,
carries the contraction message to the contractile elements of the cell (17-19) . Itis
the lcay together with residual Iy, that maintains the AP plateau (phase 2).
Compared to Iy, however, the early Ic,) spike contributes very little to
depolarization of the normal AP upstroke in myocardium. It slowly declines as
L-type calcium channel inactivation is time-, voltage-, and Ca**-dependent.

The balance between these depolarizing and repolarizing currents and their

current gene

P

Na' ——F— SCNSA (hHI)
Lotype Co't = g — al

T-type Ca®* ' wlG, alH
Na'Ca™*excha nge _——v—v Na*/Ca™* exchanger
Iy L_ .
To1 Kvl.2. 14, 1.5.2.1.
Loz —— ord.2,43
Ixs NN e KCNQI + KCNEI
I, KCNH2 + KCNE2
a— . Kv1.5(7)
Loy e .. CFTR. TWIK/ORK1?
aor g,

Lo 1 I T - Kir2 x, Kir3.1/3 4, K6 x/SUR
KI* "K-ACh* "K-ATP
Quick Time™ and a
TIFF (LZW) decompressor

Ir are neaded to see this picture hCNG

Fig. 1. The relative contribution in time of ionic currents, and the genes and/or channels
underlying these currents, to the cardiac action potential. Downward deflections represent
inward currents, and upward deflections represent outward currents. Reproduced with
permission from Rosen MR, et al. (13).
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time and voltage characteristics, determine the duration and shape of the AP.
Various pathological situations and changes to the hormonal and/or paracrine
systems changes can modulate the expression and magnitude of different channels,
which could be proarrhythmogenic. Mutations in the gene encoding the sodium
channel (SCN5A) (20), in the genes encoding KCNQ1 (responsible for Is) (21)
and the KCNH2 (HERG gene, responsible for lx;) (22), as well as mutations in the
b-subunits of the genes for KCNQL1 (23) and KCNH2 (24), are related to the
Brugada and/or long QT syndrome.

The ventricular AP duration is extremely long compared to that of skeletal
muscle or neural tissue. The AP duration is more or less equal to the duration of
the mechanic systole, and is also adapted to cycle length over a long physiological
range, which serves three important functions (25). Firstly, the long ventricular AP
duration leads to a long refractory period, preventing a physiological status like
tetanus in skeletal muscle. Secondly, whenever the ventricular working
myocardium is activated, these cells in the wake of the activation front are
refractory, which prevents possible reentry from happening. Thirdly, the AP
duration is important for the amplitude and duration of the calcium transient,
which can trigger the massive release of Ca** from the sarcoplasmic reticulum,
and thereby provides modulation of contractility (25).

2. Heterogeneity in action potential in different ventricular cells

Heterogeneity in repolarization moment may be found at a regional level, i.e.
between base and apex or between the anterior and posterior sides of the ventricles,
between the two ventricles, or transmurally as known to occur among epicardium,
M cells and endocardium (26-37).

Heterogeneity of AP duration in different ventricular areas

The heterogeneity of AP duration is due to the variation in current over
different regions of the heart. There are very few data on current distribution in the
human heart. In the rabbit, the sum of both delayed rectifier currents is larger at
the base of the ventricle than at the apex. Actually, Ik at the base is larger than I,
at base and apex, and also larger than Ixs at the apex, whereas lxs at the apex is
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smaller than Ik, at the base and apex (38). Thus, in the rabbit ventricle apical APs
are significantly longer than those of the basal area. In canine hearts, apical APs
appeared to be shorter than basal ones (27). Obviously, species differences are
important in the AP heterogeneity. In human ventricle, the molecular data on Ixs
are in agreement with the functional data in the dog (27). Iks current was found to
be about twice as large in the right ventricle than in the left ventricle. In the in vivo
situation, transventricular or global gradients have also been demonstrated - in
which different activation times (AT), AP durations and repolarization times over
the epicardium and/or endocardium could be observed in both swine and humans
(37, 39).

Transmural Heterogeneity of AP in the ventricular wall

Until the early 1990s, the cellular composition of the ventricular wall was
thought to be largely homogeneous. Recently, studies using isolated tissues, cells,
and ventricular wedge preparations have revealed three distinct myocardial cell
types: epicardial, M, and endocardial cells. Differences in the electrophysiological
characteristics and pharmacological profiles of the three myocardial cell types
have been described in dog, guinea pig, rabbit, pig, and human ventricles (9-11, 28,
29, 40-51). The principal feature of the M cell is the ability of its AP to prolong
more than that of epicardium or endocardium, with slowing of rate (Fig. 2) (41, 46,
50). Tissue isolated from the M region shows an AP duration that is more than 100
ms longer than those from the epicardium or endocardium at basic cycle lengths of
no less than 2,000 ms.

The distribution of M cells in the ventricular wall has, however, only been
investigated in detail in the canine left ventricle. M cells with the longest AP
duration are typically found in the deep subepicardium to midmyocardium of the
lateral wall, the deep subendocardium to midmyocardium of the anterior wall, and
throughout the wall in the region of the outflow tracts. M cells are also present in
the deep layers of papillary muscles, trabeculae, and interventricular septum (47,
52). The different distribution of M cells over the ventricles might also contribute
to the spatial dispersion of AP, as mentioned above.
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Fig. 2. Transmembrane action potentials recorded from epicardial (upper), M cell
(middle), and endocardial (lower) tissue slices isolated from the canine right (A) or left
(B) ventricle. The basic cycle length (BCL) used at the time of recording is indicated
next to each trace. M cells display a greater prolongation of action potential duration
with slowing of rate. This feature is more pronounced in the left than in the right
ventricle. The epicardial and M cells display an l,,-mediated phase-1 notch, resulting in
the classic ‘spike and dome’ morphology that is more pronounced in the right than in
the left ventricle. Reproduced with permission from Yan GX, et al. (50).

The ionic basis of the prolonged AP duration of M cells includes a smaller Ixs
and a larger late Iy, (53, 54), and sodium-calcium exchange current (Ins.ca) (55)
compared to epicardial and endocardial cells, whereas other currents are similar in
these three cell types in the canine heart (53). The net result is a decrease in
repolarizing current during phases 2 and 3 of the M cell AP. These ionic
distinctions sensitize the M cells to a variety of pharmacological agents. For
example, agents that block Ik, such as d-sotalol, erythromycin, almokalant, and
quinidine produce much greater prolongation of M cell AP duration, but have a
relatively small effect on the other ventricular cell types (56). Preferential
prolongation of the M cell AP duration leads to exaggeration of transmural
dispersion of repolarization, consequently, creating the substrate for development

24



Background

of ventricular arrhythmias such as Torsades de Pointes, as seen in the long QT
syndrome.

Besides the differences during AP phase 3, the three cell types also differ with
respect to currents contributing to phase 1. The APs of epicardial and M cells
display a prominent l,,-mediated phase 1 that is absent in endocardial cells (57).
The early repolarization phase gives the epicardial AP a notched appearance. In
the canine heart, I, and the AP notch are much larger in right than in left
ventricular epicardial (58) and M (44) cells. Under pathophysiological conditions,
the repolarizing currents at the end of phase 1 can overwhelm the depolarizing
currents, causing an all-or-none repolarization at the end of phase 1 of the
epicardial AP, which leads to a markedly abbreviated epicardial AP duration and a
pronounced transmural dispersion of repolarization, providing the substrate for the
development of ventricular tachyarrhythmia.

Conflicting findings on transmural dispersion of repolarization recorded in
VIiVO

Although these three different cell types with distinct AP features have been
clearly described in ventricular wedge preparations of slowing rate, several in vivo
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Fig. 3. Activation recovery intervals recorded transmurally between epicardium (epi) and
endocardium (endo) in canine ventricle in vivo. No differences in transmural ARI was detected
over a range of basic cycle lengths between 300 and 2,000 ms. Reproduced with permission from
Anyukhovsky EP, et al. (41).
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studies have failed to demonstrate the significant transmural dispersion of
repolarization, which has caused the transmural dispersion of AP duration to be a
controversial issue. Several studies have assessed repolarization transmurally in
animal hearts in vivo using plunge electrodes and measuring refractory periods
(59-62). However, none of the studies in which refractory periods were measured
transmurally demonstrated any prolongation in the midmyocardium. Moreover,
also in the dog, relevant dispersion in AP duration has been shown to be absent - at
least at physiological cycle length (41, 63). Fig. 3 shows data from Anyukhovsky
et al. (41) showing activation recovery intervals recorded transmurally from the
canine ventricular wall in vivo for a range of cycle lengths. No significant
transmural difference in activation recovery intervals was detectable at any cycle
length. In particular, even at the longest cycle lengths, at which differences
between midmyocardium and the more superficial layers are most pronounced in
cell preparations, no transmural gradients were detectable. On the other hand,
El-Sherif et al. also recorded transmural ARIs in canine ventricles in vivo and
found longer activation recovery intervals in midmyocardium compared to
endocardial and epicardial regions. However, the differences in activation
recovery intervals were relatively small being in the order of 25 ms and only
occurring at longer cycle lengths (43). Thus, these in vivo studies in animals show
either no transmural repolarization gradient or only a small gradient. Importantly,
in the in vivo human heart, mid-mural zeniths in repolarization moments have not
been observed and a functional role of M-cells in transmural dispersion cannot be
established at this time (Fig. 4) (25, 31, 36, 64).

Electrotonus on action potential as an explanation of the conflict

The reason for the disparity in AP duration being less pronounced in the intact
ventricular wall might be explained by electrotonic coupling of cells (64). AP
duration is an intrinsic feature of ventricular myocytes, but also depends on the
electrotonic effect of neighboring myocardium. It is well known that local
electrotonic current flow via gap junctions between cells will have a tendency to
equalize any potential difference (65-68). Thus, when cells with different AP
duration are juxtaposed, the longer AP duration will tend to lengthen the shorter
and the shorter AP duration will tend to shorten the longer.
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The presence of a transmural repolarization gradient in the arterially perfused
ventricular wedge preparation has sometimes been interpreted as evidence for the
presence of transmural repolarization gradients in whole hearts in vivo. However,
these transmural gradients are only about 30-40 ms, which is significantly less
than the value of about 100 ms observed in isolated cells and tissues at comparable
cycle lengths (9, 31, 69). If the large repolarization gradients seen in isolated cells
and tissues are due to the absence of cell coupling and electrotonic current flow,
the smaller repolarization gradients seen in ventricular wedge could be explained
by the partially uncoupled nature of the ventricular wedge. In the ventricular
wedge AP duration is measured from the transected surface, which is at least
partially uncoupled. Recent computer simulation studies based on
electrophysiological characteristics of the guinea pig (the Luo-Rudy model) or
humans (Priebe-Beuckelmann model) has further demonstrated a prominent
reduction in AP duration of M-cells at stronger intercellular coupling (36). Thus,
there has been substantial evidence to suggest that in well-coupled normal
myocardium significant repolarization gradients over short distances are minimal
or absent.

3. Dynamics of action potential

Electrical restitution (70)
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Fig. 4. Activation recovery intervals (ARI) recorded transmurally from the left ventricle in patients
during cardiac surgery: during ventricular pacing (A) and during atrial pacing (B). No significant
ARI gradients were seen either during ventricular pacing over a range of cycle lengths between 300
and 1,500 ms, or during atrial pacing over a range of cycle lengths between 700 and 1,500 ms.
Reproduced with permission from Taggart P, et al. (31).
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The dynamics of AP duration can be expressed by a so-called electrical
restitution curve.

The electrical restitution curve (71, 72) describes the time course of recovery
of AP duration as a function of the diastolic interval or cycle length between a
steady-state response and an extrastimulus response — from the most premature
response past the steady-state response to a postmature response. An important
link between electrical restitution kinetics and arrhythmogenesis can be seen in
electrical alternans and non-linear dynamics. Electrical alternans, either measured
as AP duration alternans (73) or T wave alternans (74), has been shown to be a
predictor of VF or sudden cardiac death. The rationale is that a slope of the
electrical restitution curve of > 1 amplifies AP duration alternans and can lead to

Simplified Three-Component Model of ERC

** ERC

K (Iks, Ikr)

-I.'

Fig. 5: Electrical restitution curve depicted as a function of the three most important ion channels
governing action potential duration (APD). Upsloping solid line at left: the earliest part of APD
recovery relies mainly on the fast sodium current that needs to recover sufficiently to allow for
activation of Ic,.. Downsloping solid middle line: Due to minimal negative feedback on lc,.,
lca-L IS maximal during early responses and declines in negative exponential fashion with
increasing intervals. Maximal phase 2 APD is reached when the Na* and Ca?" lines intersect.
Upsloping solid line at right: Potassium outward currents. Increase in these currents increases
APD at more terminal repolarization levels, not at the plateau. Dotted line: Composite curve
reflecting the electrical restitution curve (at an approximate repolarization level of 70%) based on
the three major currents. Curves are not based on actual experimental or modeling data but are
hand drawn. The diagram, while going beyond a single entity of the electrical restitution curve, is
still extremely simplified. Reproduced with permission from Franz MR, et al. (70).
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wavebreak, an imminent precursor of fibrillatory rhythms, whereas a slope of < 1
reduces alternans (75). However, in contrast to this traditional theory, recent
studies have suggested that it would be advantageous to lower the slope of the
electrical restitution curve by drug intervention, as this might reduce the potential
for electrical alternans and ventricular fibrillation. Actually, the slope of the
electrical restitution curve is a complex and multifactorial function of ion channel
recovery that cannot be described by a simple or mono-exponential curve. The
normal ventricular electrical restitution curve can be at best be simplified as being
triphasic, starting with a steep initial recovery at the shortest diastolic intervals, a
transient decline, and a final asymptotic rise to a plateau phase reached at long
diastolic intervals (Fig. 5) (70).

As mentioned above, the AP duration is the net result of a number of
electrogenic ion channels, each of which has individual onset and offset recovery
kinetics. Consequently, restitution of AP duration is governed by a multitude of
different ion channel kinetics. As seen in Fig. 5, the electrical restitution curve can
be better described as a triphasic time course. The earliest premature responses
have a slowed upstroke, a lower amplitude, and a shorter plateau phase - all of
which can be attributed to a diminished sodium inward currents (76, 77).
Premature responses that occur at a diastolic interval of approximately 50-100 ms
have full upstroke velocities and reach higher phase 2 amplitudes due to the
blocked L-type calcium inward current, which during premature beats faces
minimal sinus rhythm feedback inhibition (18, 78). This gives those premature
APs an almost rectangular appearance. As the diastolic interval lengthens further,
the Ca®* inward current diminishes further and leads to further phase 2 shortening
while potassium channels begin to delay the final repolarization. This gives
delayed APs a more triangular shape.

For the initial electrical restitution curve, a steep slope may be beneficial
because it allows shortening of AP duration and subsequently lengthening of
diastolic interval to move AP restitution more rapidly outside the ventricular
vulnerable window. In addition, a shortening of AP duration, leading to shorter
electrical and hemodynamic systole, can save time for diastolic filling. Immediate
shortening of AP duration after an increase in heart rate is therefore a
physiological prerequisite. Furthermore, an important effect of such a triphasic
electrical restitution curve is the physiological rate-adaptive shortening of AP
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duration, which allows the subsequent AP duration to move more quickly from the
steep initial electrical restitution phase onto the flat phase. Flattening of this phase
of the electrical restitution curve may reduce AP duration alternans following
immediately after a sudden increase in rate (70).

Cardiac Memory and remodeling

The term remodeling is frequently used to describe adaptational and
mal-adaptational processes by which the heart responds to disease or external
stimuli. Cardiac memory refers to a specialized form of remodeling, which is
characterized by an altered T wave on ECG recorded during sinus rhythm (or any
rhythm with normal ventricular activation) and induced by a preceding period of
altered electrical activation (Fig. 6) (79, 80).

The electrophysiological changes of cardiac memory have been studied in

Control Ventricular pacing 7 days 21 days Rec. 3days

Fig. 6: Evolution of cardiac memory in the canine model. Upper panels: Leads | and
aVF before ventricular pacing (control), during pacing, and 1 hour after cessation of
pacing on days 7 and 21, and after 3 days of recovery after pacing was permanently
discontinued. Bottom panel: frontal plane vectorcardiogram from the same animal.
Cross-hairs, 0.5£0.5 mm. The T wave vector during sinus rhythm is indicated by the
arrow. Reproduced with permission from Patberg KW, et al. (80).
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intact animal models, isolated hearts, isolated tissues, and single cells (79, 81, 82).
Altered activation sequence, rather than altered heart rate, has been demonstrated
to be substantially responsible for ventricular remodeling (83-85). A classic
example of the altered relationship between repolarization and activation was
provided by Costard-Jackle et al. (86). They transiently changed the ventricular
activation pattern in Langendorff-perfused rabbit hearts and induced changes in
repolarization that outlasted the pacing period. Resumption of atrial pacing after
the heart had been paced from the right ventricle resulted in loss of the normal
inverse relationship between activation time and AP duration. The duration of loss
of this relationship increased with the duration of ventricular pacing, and this was
considered to be a manifestation of cardiac memory.

Changes in ion currents are associated with the occurrence of cardiac memory.
In the studies on the mechanisms of AP changes of long-term cardiac memory, the
decreased phase 1 notch and altered repolarization of epicardial myocytes were
found to be in part due to a reduced Iy, density, as well as more positive activation
and delayed recovery from inactivation of |, (87). Reductions are also seen in
MRNA levels for Kv4.3 and in protein and mRNA levels for KChIP2, the
pore-forming unit and an accessory protein for the I, channel, respectively (87,
88). Apart from the I, changes, the L-type calcium current I, ., which contributes
to the maintenance of the AP plateau, activates at more positive membrane
potentials and remains open for a longer period of time in epicardial myocytes
from dogs with long-term cardiac memory than in corresponding controls (89).
This change in Ic, . may contribute to the heightened and prolonged epicardial AP
plateau associated with cardiac memory. In addition, the rapidly activating delayed
rectifier potassium current I, shows a reversal of its transmural gradient (90). In
contrast, no significant change can be seen in the slowly activating component of
the delayed rectifier Ik (90).

Transmembrane ion currents are only one important determinant of AP contour.
Gap junctions, which facilitate cell-to-cell communication via low-resistance
intercellular connections, also contribute significantly. In long-term cardiac
memory, there is reduced expression of the gap junctional protein connexin43 (91).
In addition, connexin 43, which is normally localized at the ends of adult
ventricular myocytes, is redistributed to the lateral margins of the cell membrane
when long-term cardiac memory is induced (91).
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Thus, the molecular changes characterizing long-term cardiac memory occur
mainly as consequences of cardiac pacing in the clinical setting. In other words,
ventricular pacing, long thought to be a “neutral” intervention with regard to
cellular and subcellular function, is actually a potent modulator of cellular
processes. The extent to which and the mechanisms by which these changes
influence the possible ventricular tachyarrhythmia are not yet completely clear.

Potential proarrhythmic effects of epicardial pacing (92) (93)

Cardiac resynchronization therapy (CRT), involving right ventricular
endocardial pacing and left ventricular epicardial pacing, has recently become an
established therapy for patients with systolic heart failure of New York Heart
Association class I11/1V and prolonged QRS duration (94). Although a great deal
of attention has been directed at showing the mechanical benefits and in
improvement the CRT configuration and protocol, little attention has been paid to
the consequences of reversing the direction of activation of the left ventricular
wall. Although a delayed or halted progression of cardiac dysfunction may be
sufficient to prevent malignant ventricular tachyarrhythmias, there is still
experimental evidence (95, 96) and also some clinical evidence (97) that left

ventricular pacing may have proarrhythmic potential (98-102).

Medina-Ravell et al. were the first to point out that the common design for
resynchronization therapy, involving LV epicardial pacing, is associated with a
nonphysiological ventricular activation sequence (95). In the ventricular wedge
preparation, switching from endocardial to epicardial pacing resulted in a change
of activation sequence between epicardium and endocardium, which was
associated with an increase in transmural dispersion and QT interval without a
parallel increase in endocardial and epicardial transmembrane AP duration.
Another study examined the cellular basis of QT prolongation after reversal of the
direction of activation of the LV wall (96). Based on previous investigations

documenting the contribution of M cells to transmural dispersion, this study

32



Background

postulated that delayed activation and repolarization of M cells, coupled with
earlier activation and repolarization of epicardial cells, may result in QT
prolongation, development of transmural heterogeneity, and Torsades de Pointes
after a shift from endocardial to epicardial activation of the LV wall in the absence
and presence of rapidly activating delayed rectifier potassium current Ik, blockade.
This hypothesis was confirmed in a one-dimensional mathematical model of
transmural conduction, and also in the perfused canine LV wedge preparation (96).
Epicardial activation augments transmural dispersion because the epicardial AP
activates and repolarizes earlier and the M cells with the longest AP duration
located in the deep subendocardium activate and repolarize later compared to
endocardial activation of the ventricular wall (Fig. 7). The additional conduction
delay encountered between epicardial and M regions during epicardial stimulation
may further amplify of the transmural dispersion of repolarization, which could

create the substrate for the development of reentry.

A potential proarrhythmic effect of CRT in a subgroup of patients is an issue of
considerable importance in view of the current controversy regarding the need of
ICD backup in the patients receiving CRT (103, 104). The controversy is fueled in
part by some of the limitations associated with interpretation of the results of the
two famous CRT trials, the COMPANION Trial (105) and CARE-HF Trial (106).
Although the COMPANION trial included both a CRT-pacemaker group and a
CRT-defibrillator group, the two groups were compared against a control group
and not against each other. This left the unanswered question of whether a
CRT-defibrillator is superior to a CRT-pacemaker in all candidates for CRT, in the
majority of CRT candidates, or only in a specific subgroup of CRT patients. The
CARE-HF trial showed significant long-term benefits of CRT alone with respect
to survival as a single endpoint. Whether or not inclusion of defibrillation therapy
in the study would have resulted in better survival in this group of patients is not
clear. Obviously, further in vivo studies for evaluation of the proarrhythmic effect
of CRT may help us settle this controversy (107, 108).
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Fig. 7: Effect of reversal of transmural sequence of activation in canine LV wedge
preparation. Epicardial (Epi), endocardial (Endo), and M-cell action potentials and a
transmural electrocardiogram were simultaneously recorded during endocardial (A) and
epicardial (B) pacing at a basic cycle length of 2,000 ms. All numbers are in milliseconds.
Reproduced with permission from Fish JM, et al. (96).

4. Sequence of ventricular replorization

Controversial findings on sequence of ventricular repolarization

The ECG finding that the polarities of the T wave are concordant with those of
the QRS complex has been interpreted using the conventional concept that the
repolarization sequence is in a direction opposite to that of the activation sequence
(109). The main experimental findings used to support this concept were the
existence of transmural gradients, with the inner wall being more negative than the
outer wall (35), or as reported recently, two opposite gradients between the
endocardium and the M region and between the epicardium and the M region (9,
50). Repolarization gradients in the global dimension, i.e. from the apex to the
base (apico-basal gradients) and from the anterior to the posterior aspects of the
ventricles (ventricular gradients) are relatively unclear (110-112). Findings that

MAP duration was longer at the apex than at the base and longer in the anterior
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than in the posterior aspects were interpreted as evidence of a reversed

repolarization sequence (39, 111, 113).

Much of the data available in the literature does not, however, support the
concept of reverse ventricular repolarization sequence. Toyoshima et al. recorded
epicardial MAPs from 32-43 sites in open-chest dogs and found that the
repolarization sequences were similar to the activation sequences across the
anterior epicardium of the canine ventricles (114). Lux et al. recorded
high-resolution arrays of unipolar electrograms from the canine right ventricular
epicardium and measured the activation-repolarization interval for assessment of
the repolarization sequence (110). They found that the repolarization ‘waves’
propagated away from the pacing site, regardless of its location, and replicated
‘collision” when multiple sites were simultaneously paced, which clearly indicated
that repolarization followed the same sequence as activation. Gepstein et al.
recorded unipolar electrograms from 50-70 sites in the left ventricular
endocardium in pigs using the CARTO electroanatomic mapping system
(Biosense Webster, Waterloo, Belgium) (115). By measuring the activation
recovery intervals and reconstructing three-dimensional maps of activation and
repolarization, they also found that the repolarization sequence resembles that of

activation in most of the maps.

On the other hand, Efimov et al. recorded optical action potentials from
epicardium in Langendorff-perfused guinea pig hearts and studied the propagating
feature of the repolarization process (116). When their pacing electrode was
progressively from epicardium to endocardium, the epicardial repolarization
sequence remained being from the apex to the base. Based on these findings, the
authors concluded that the repolarization was independent of the activation
sequence (117, 118) and was mainly guided by the spatial differences in the AP

duration between apex and base.
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Thus, the available data suggest that a repolarization sequence may exist over
the canine, swine, and guinea pig ventricular epi- and endocardium. Whether the

sequence of repolarization follows that of activation is still controversial.

Ventricular repolarization sequence by MAP mapping

Recently, a MAP mapping technique that combines the MAP recording and the
CARTO mapping techniques has been developed in Lund and used for global
mapping of the repolarization sequence over the ventricular endocardium in

healthy pigs and in humans (37). MAPs were recorded from around 50 left and/or

Fig. 8: Left ventricular maps from a pig during sinus rhythm: right anterior oblique (upper panel) and
left anterior oblique views (lower panel). (Left) Activation started from the upper midseptum (red
area), proceeded eccentrically towards the superior septum, antero- and posteroparaseptal and apical
areas, and then passed through the free walls (yellow and green areas) to end in the posterolateral
basal (blue and purple) area. (Middle) The end of repolarization sequence is similar to the activation
sequence. (Right) The longest monophasic action potentials (MAPS) (red area) were recorded in the
area activated earliest, and the shortest (blue and purple) near the area activated latest. Note that the
MAP duration map was reconstructed using the negative values of the MAP durations in this figure,
so that the red area represents the longest MAPs and the purple one the shortest. Reproduced with
permission from Yuan S, et al. (37).
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right ventricular sites in healthy pigs and in patients, using the CARTO system.
Local AT, EOR time, and MAP duration were calculated and 3-dimensional global
maps of AT and EOR were constructed. It was found that an EOR sequence was
recognizable, and it followed the activation sequence in the majority of pigs and
patients (Fig. 8). These findings do not support the existence of reverse
repolarization gradients across the ventricular endocardium (39, 113), but are in
accordance with the aforementioned experimental data in dogs (110, 114) and pigs
(115). The concordant sequences of EOR and activation in this study were not
only observed in maps during sinus rhythm and normal ventricular activation, but
also in maps associated with secondary ST-T changes due to bundle branch block

or ectopic activities, where the activation sequence was apparently abnormal.

In addition, the correlation and regression analyses in this study provide
further evidence that the sequence of repolarization is dictated by that of activation
(110) and by the spatial distribution of MAP duration (116). The magnitude of the
progressive shortening of MAP duration with progressive later activation, relative
to the magnitude of local AT, is a critical factor governing the direction and pattern
of repolarization. That is, repolarization follows the same sequence as activation
when the shortening of the MAP duration is globally less than the local AT, while
a reverse sequence of repolarization may result when the shortening is globally

greater than the local AT.

Due to the fact that the data in this study were from the endocardium alone,
and the number of observations made was limited, further studies are warranted to

validate this novel finding.

5. Dispersion of ventricular repolarization and its relationship with

ventricular tachyarrhythmias

DVR has been widely used to describe nonhomogeneous recovery of
excitability or heterogeneity of ventricular repolarization. Increased DVR was
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found to be highly associated with the development of ventricular
tachyarrhythmias as has been suggested by previous experimental studies (12, 25,
27, 32, 34, 63, 119-134), and is therefore considered to be an important
arrhythmogenic mechanism. DVR is usually defined as the maximum difference
In repolarization time in the area concerned, e.g. DVR in the left ventricle, DVR
on the epicardium, etc. (63, 127). An increased DVR can be a consequence of
disturbances in conduction, heterogeneity of AP duration, or a combination of both.
These disturbances may exist between the right and left ventricle, between the
endocardium, midmyocardium and epicardium, and/or between the apex and base,
and are influenced by a variety of physiological, pharmacological and pathologic
factors such as temperature, drugs, electrolyte imbalance, and ischemia etc (26-37,
43, 56, 63, 123, 124, 133, 135).

During the past two decades, transmural dispersion of repolarization has been
highlighted by studies using ventricular wedge preparations (9, 44, 63, 85, 95, 123,
136). In these studies, the transmural dispersion of ventricular repolarization, the
differences in AP duration between the epicardial, endocardial and M cells, have
been addressed in great detail - exploring molecular mechanisms behind the
development of ventricular arrhythmias, and providing a unique model for the
study of diseases associated with repolarization disturbances such as the Long QT
syndrome and the Brugada syndrome (7, 10, 63). However, arrhythmias resulting
primarily from conduction disturbances such as VT postmyocardial infarction or
different types of cardiomyopathies, where reentry confined to an anatomical
substrate often constitutes the mechanism of arrhythmias, account for a large
proportion of clinically important arrhythmias. In these cases, trans-epicardial or
trans-endocardial DVR may be more relevant to the underlying mechanism (119,
120, 129, 137, 138), where delay in conduction is the dominant factor for
increased DVR (91, 115, 137).
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Many studies on trans-epicardial and trans-endocardial DVR have adopted the
MAP recording technique. About a decade ago, Yuan et al. recorded MAPs
simultaneously from the right ventricular apex and outflow tract and found that
DVR between these 2 sites was more pronounced in patients with polymorphic
ventricular tachycardia/fibrillation than in patients with monomorphic ventricular
tachycardia (121, 122), which suggested that different magnitudes of the DVR are
even associated with different types of ventricular tachyarrhythmias. In addition,
DVR measurements between 2 contiguous sites have also been used and
correlated to ventricular arrhythmias in patients with cardiomyopathies (128, 139,
140). Besides measurements from simultaneous MAP recordings, DVR was also
measured from sequential MAP recordings at 8-10 epicardial sites (113) or 5-11
endocardial sites (39) in patients, and increased DVR was consistently found to be
correlated with ventricular tachyarrhythmias. In most of these studies, however,
DVR has been estimated from MAP recordings at a limited number of epicardial
or endocardial sites due to the difficulties in extensive MAP mapping (39, 113,
121, 122, 128, 139, 140).

Using the CARTO mapping system, Kongstad et al. recorded MAPs from
61+18 left or right ventricular sites in 10 pigs and 44+16 left, or right ventricular
sites in 8 patients and compared the global DVR with the DVR at adjacent sites
(120). They found that in both pigs and humans DVR values at 3-7 adjacent sites
were significantly smaller than the global DVRs, as was the DVR between 2
remote sites. These findings suggested that global DVR is poorly estimated from
MAP recordings at a few adjacent or remote sites, and they emphasize the

importance of obtaining global information on repolarization.

To further explore the global DVR in great detail, we recently recorded MAPs
from 211+54 left and right ventricular epi- and endocardial sites in healthy pigs
using the CARTO system and found that the DVR on the epicardium of both the

right and left ventricles were significantly greater than that of each ventricle alone
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and the total DVVR on both the epi- and endocardium was significantly greater than
that on the epi- and endocardium alone (119). Thus, the DVR was significantly
greater in biventricular maps than in single ones, and greater in a global context
than in local areas. At sites with longer differences in conduction time, DVR
tended to be greater in both pigs and humans. These findings suggest that the
magnitude of DVR may be related to the size of the area involved, i.e. relatively
greater DVR would be expected in relatively larger areas, while a limited number

of recordings would tend to underestimate the DVR.

In summary, there is evidence that increased DVR may be proarrhythmic,
since it facilitates reentry. However, the global DVR from in vivo models - and
especially from patients with arrhythmias - are far from clear. Further
experimentation in these areas is certainly warranted. It is worth mentioning that a
markedly increased DVR is not always followed by proarrhythmic consequences,
when it is due to gradual repolarization gradients between distant sites. On the
other hand, a relatively smaller increase in DVR can be highly proarrhythmic

when reentry can occur (34, 127, 128).

6. Electrocardiological index for ventricular repolarization

Although abnormalities in DVR are influential in determining the
susceptibility to ventricular tachyarrhythmia and sudden cardiac death, few
reliable clinical tools exist to identify such presence of ventricular repolarization
abnormalities. In clinical and epidemiological practice, the temporal aspect of
ventricular repolarization is measured by several interval-based indices. The QT
interval is the most widely used index, despite the controversies regarding the
appropriate corrections for its dependence on heart rate (141-153). Attempts have
been made to capture the spatial aspect of repolarization by means of QT
dispersion (30, 149, 154-160), and the transmural aspect by means of Tpyea-Tend

interval (95, 107, 108, 161, 162). However, as currently defined and measured on
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the 12-lead ECG, these parameters have lacked in vivo validation and still have
conceptual limitations that raise concerns about its validity as a measure of

ventricular repolarization.

Genesis of T wave and Tpea-Teng interval

Deflections in the ECG result from voltage differences in the heart, which can
be recorded on the body surface. The QRS complex reflects the electrical
activation of the ventricles whereas the T wave reflects the process of
repolarization. The duration of the T wave is much longer than the duration of the
QRS complex. The short duration of the QRS complex is the result of the fast
upstroke of the ventricular AP, and also of its fast conduction over the specialized
conduction system with a velocity of around 60 cm/s in the longitudinal direction
and about 20 cm/s in the transverse direction (163). The duration of the T-wave is
much longer than that of the QRS, because the repolarization process is much
slower, and it is not propagated along any existing pathway. Thus, the
repolarization process is not a matter of propagation, but of synchronization with
the tendency to a progressively shorter AP in later activated sites, as mentioned

above in the section of “ventricular repolarization sequence’.

The genesis of the T wave has been a matter of debate for several decades (9,
13, 30, 61, 65, 132, 164-169). In the early days, it was hypothesized that the T
wave vector is generated by different levels of local repolarization in the heart
(164, 167), so that the T wave emerges from inhomogeneous recovery throughout
the heart. Based on this theory, the width of the T wave represents the time interval
during which the repolarization process occurs in the heart, and is postulated to be
highly correlated with the DVR. Thus, the Tpeak-Teng interval was chosen as a
measurement of half the T wave width due to difficulties in determining the onset
of the T wave, and was shown to be highly correlated with dispersion of AP

duration and recovery time in isolated rabbit heart model (30).
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In recent years, studies using the arterially perfused canine ventricular wedge
preparation have sought to define the transmural voltage gradients responsible for
the T wave patterns under normal conditions, as well as in patients with a variety
of arrhythmogenic cardiomyopathies (9, 165). Transmural differences in the time
course of repolarization of the three predominant myocardial cell types, epicardial,
endocardial and M cells, have been shown to be largely responsible for the

inscription of the T wave (Fig. 9).

\oltage gradients developing as a result of the different time courses of
repolarization of phases 2 and 3 in the three cell types give rise to opposing
voltage gradients on either side of the M region, which are in large part
responsible for the inscription of the T wave (Fig. 9) (9). When the T wave is
upright, the epicardial AP is the earliest to repolarize and the M cell AP is the last.
Full repolarization of the epicardium coincides with the peak of the T wave and

repolarization of the M region is coincident with the end of the T wave. In this

. - 50
Ep|h Epi | Nty
M Cell \—\ M Cell

ECG

(A) 200 msec (B) 200 msec

Fig. 9: Simultaneous transmembrane potentials and transmural pseudo-ECG recorded in a canine
transmural wedge preparation. “Epi” denotes subepicardial, “M-cell” midmyocardial and “Endo”
subendocardial action potential recording. Panel A shows that the peak of the T-wave on the
pseudo-ECG coincides with epicardial repolarization. M cell repolarization coincides with the
end of the T-wave in this registration. Panel B shows that the repolarization moment in Purkinje
fibers occurs after inscription of the T-wave and is not reflected in the transmural ECG.
Reproduced with permission Yan GX, et al. (9)
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model the AP duration of the M cells determines the QT interval, whereas the AP
duration of the epicardium determines the QTpex interval. Thus, the Tpea—Tend
interval was suggested to be an index of transmural DVR under baseline and long
QT conditions (9) (Fig. 10). Based on these findings, they suggested that the
transmural gradients were largely responsible for the inscription of the T wave,
whereas the apico-basal voltage gradient contributes little to the genesis of the T
wave (9) (Fig. 11). Several clinical studies have been attempted and have
suggested that the Tpek-Teng Interval may be a useful index of transmural
dispersion. They may thus be prognostic of arrhythmic risk under a variety of
conditions (95, 107, 108, 162).

However, it is questionable that to which extent the transmural voltage
differences in such a preparation may explain the genesis of the T-wave in vivo. In

addition, the functional relevance of M-cells under in vivo conditions is under

Control ATX-II (20 nM)

A bD
Epi m\f Epi ‘ :.?.r
M Cell m M Cell : | 5
H m
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Unipolar M1

Epi
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Fig. 10: Tpeak-Tend interval provides a measure of transmural DVR and correspondence among
transmembrane, unipolar, and ECG in the absence (left) and the presence (right) of ATX-Il (20
nmol/L). A: Transmembrane APs recorded from and epicardial sites of a canine ventricular wedge
preparation together with a transmural ECG recorded across the bath (BCL of 2000 ms); B Eight
intramural unipolar electrograms recorded from endocardial (Endo), M (6 sites) and epicardial (Epi)
regions. Dashed vertical lines in the unipolar electrograms denote the time maximum of the first
derivative of the T wave. Close correspondence between the repolarization time of the cells deep
within the wedge and those at the cut surface indicate a high level of uniformity of electrical activity

in the respective transmural layers. Reproduced with permission from Shimizu W, et al.(10).
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debate (31, 36, 64, 170) - even in dogs (135), as mentioned above. In a study on
the dispersion of repolarization in the normal human heart, a comparison of the
mean of the latest repolarization time in seven patients with endocardial MAP
measurements and three with epicardial MAP measurements showed that the
earliest repolarization on the epicardium was similar to the latest repolarization on
the endocardium (39). Further in vivo studies are required to clarify whether it is
transmural or global (apical-basal) DVR that mainly contributes to the genesis of

the T wave.

& Fig. 11. Contribution of transmural
gradients (as compared to apico-basal
and anterior-posterior gradients) to the
—— Tl registration of the T wave. The 4 ECG
"D traces were simultaneously recorded at
0°, 45°, 245°, and 90° angles relative to

LJJ /\r | the transmural axis. Inscription of the T
\ — wave is largely the result of voltage

gradients along the transmural axis.
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Reproduced with permission from Yan
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"WJ”“"\ -------- N GX, etal. (9).
|
@l N
E]__{\J\/'%""‘“‘w-—.__
200 msec

QT interval and QTc

The QT interval is a summation of the ventricular depolarization and
repolarization recordable on the surface. The QT interval was first measured in the
frog heart by Burdo-Sanderson and Page in 1880 (144), and Einthoven first
introduced the term “QT interval” (171). Rate-dependence of the QT interval was
recognized over 80 years ago by Bazett (141), with subsequent development of the
commonly adopted heart rate correction (QTc) (143, 146, 172, 173). In the past 15
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years, a resurgence of application of the QTc for risk stratification has been seen,
in part fueled by an evolving understanding of the genetic bases of the congenital
long QT syndromes. Also, prolongation of the QTc interval has been associated
with an increased risk of sudden death in the congenital long QT syndromes (174)
and with an increased risk of cardiovascular and all-cause mortality in a broad
range of clinical populations (142, 149, 153, 173). However, the clinical
usefulness of the QT interval remained clouded by questions regarding the
accuracy of QT interval measurement (156, 175, 176) and the validity of the
Bazett formula for correcting the QT over a wide-range of RR intervals (143, 151,
152, 177, 178).

The best way of measuring the QT interval has long been a major issue, with
questions of how to identify the T wave offset, which leads to measurement of the
QT interval, and whether to use manual or computer-based measurements.
Accurate manual identification of the T wave offset is sometimes difficult,
particularly in the presence of low-amplitude T waves, T-U fusion, and at high
heart rates when the P wave may become superimposed on the T wave (156, 175,
176). As a consequence, both intra- and interobserver variability in manual QT
interval measurements have been high, limiting the applicability of this approach
(178). On the other hand, the accuracy and reproducibility of computerized
identification of T wave offset has also been an issue (150, 179), though some
computerized approaches to QT interval measurement have been shown to have
superior reproducibility (151). Computer determination of the QT interval
frequently involves measurement from the earliest onset of the QRS in any of the
12 leads to the latest offset in any of the 12 leads (152), which will result in longer
QT intervals than when manual measurements of the longest QT interval in any
ECG lead are used. Recent studies, comparing careful manual measurements made
in 3 leads with computerized measurements in all 12 leads, have found a high
degree of correlation between manual and computer-measured QT intervals (173).
Importantly, they have found only minor differences in the predictive value of
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careful manual measurements and computer QT measurements, and that these
differences were negated by further adjustment for heart rate - which suggests that
with careful QT measurement and adjustment of normal limits for the method
used, either manual or computer-based QT interval measurements may be used for
risk stratification (173).

The most commonly used formula for heart rate correction of the QT interval
is that of Bazett (QT. = QT/ v RR) (141). This nonlinear power correction has
been widely examined and found to undercorrect the QT interval at low heart rates
and to overcorrect at high rates. As a consequence, numerous QT rate-correction
formulae have been developed using linear regression and other nonlinear power
functions (143, 151, 173, 177). However, many of these methods are
computationally more complex, also have residual correlations with heart rate, and
have not been adequately tested for clinical use. Thus, despite the limitations, the
Bazett equation remains in widespread clinical use today. In a recent study, Dekker
et al. examined three different equations for rate correction of the QT interval:
Bazett, Hodges linear-regression equation, and the nonlinear QT. They found high
degrees of correlation between the three methods and, importantly, there were only
minor differences in the risk stratification provided by all three, with the Bazett
correction appearing to provide slightly better separation - thus supporting the

continued clinical use of this imperfect approach (173).

QT dispersion

The measurement of QT dispersion has been proposed as a simple noninvasive
measurement of DVR available from 12 lead surface ECG since the 1990s (154,
159). An increased QT dispersion on the ECG is related to propensity for

arrhythmias during treatment for the long QT syndrome, for example (159).

Several factors may contribute to an increased QT dispersion, however. Firstly,
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the determination of the end of the T wave is often difficult, as mentioned above in
the section of QT interval. Secondly, at each time instant, the vector of
repolarization has different spatial coefficients and a different voltage. During the
time period of repolarization, these vectors constitute a loop, which is projected on
the body surface. The T wave, observed in any precordial lead, is a registration of
the projection of this T loop at that particular site on the body surface.
Abnormalities in repolarization will affect the projection of this T loop. An
increased dispersion at the end of the T wave is related to a more complex T loop
(155). Regional dispersion in repolarization time may lead to QT dispersion
through a more complex T loop, and an unusual projection of this loop (157, 158).
The opposite, however, does not necessarily hold true. QT dispersion resulting
from a more complex T loop does not necessarily reflect either a large local (157)
or a huge global DVR (160). Despite the limitations mentioned above, QT
dispersion can discriminate groups, and if not a direct measure of dispersion in

repolarization, it is at least a measure of T wave abnormalities.

Late potentials on the signal-averaged ECG

Signal-averaged ECG is a noninvasive means of determining the presence of
electrical late potentials in the ventricle. Signal averaging uses filtering and
noise-reduction techniques to detect low-amplitude electrical potentials (180).
Signal-averaged ECG records myocardial activation that occurs after the QRS
complex. These very low-amplitude delayed signals are not detected by a routine
ECG and correspond to delayed and fragmented areas of slow conduction in the
ventricle, which predispose to the reentry and development of VT (181, 182).
Signal-averaged ECG has an excellent negative predictive value of around 95% of
future arrhythmic events; however, the positive predictive value is 14% to 29%.
Thus, a positive signal-averaged ECG is not helpful in indicating which therapy is

required. Consequently, the signal-averaged ECG alone has not been established
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as an accurate predictor of ventricular tachyarrhythmias, but has been used as an
adjunct to other invasive or noninvasive diagnostic modalities in the evaluation of

mortality of ventricular tachyarrhythmias (180).

Microvolt T wave alternans

Microvolt T wave alternans is a beat-to-beat measurement of the amplitude
and morphology of the ECG measurement of repolarization in the ST segment and
T wave (183). ECG leads are placed in the standard positions with 3 leads placed
in an orthogonal position to perform a T wave alternans testing. Patients are asked
to exercise to a target heart rate ranging from 105 to 115 beats per minute for
approximately 5 minutes. The amplitude of QRS alterations is measured in
microvolts using spectral analysis. Compared to invasive electrical programmed
stimulation, recent studies have estimated the sensitivity and specificity of the T
wave alternans to be 77-86% and 72-75%, respectively, and the negative and
positive predictive powers to be 92% and 42%, respectively, for prediction of the

risk of ventricular tachyarrhythmias (183, 184).

Currently, the hypothesis regarding the arrhythmogenic mechanisms associated
with T wave alternans is based on the concept that increased dispersion of
repolarization produces reentrant ventricular tachyarrhythmias (133, 138,
185-187). The heterogeneity in dispersion of repolarization results in a 2:1
appearance on the surface ECG and provides a conduction block in the areas with
prolongation of repolarization, which fractionates the wavefront and facilitates
reentry. Shimizu et al. studied an experimental model of long QT syndrome using
an arterially perfused wedge of canine left ventricular wall (7). When the
preparation was paced at a critical fast rate, there was a pronounced alternation in
AP duration of M cells, resulting in a reversal of the transmural repolarization
sequence and leading to T wave alternans in the unipolar ECG. The alternation in

AP duration for M cells observed under long QT conditions may exaggerate

48



Background

transmural dispersion of repolarization and develop Torsades de Pointes. The
changes in ionic currents during T wave alternans are not so clear. There is some
evidence that the T wave alternans is linked to alternations in calcium
homeostasis, which can significantly influence the AP duration (188). In addition,
potassium channels may also play an important role in ischemia-induced T wave
alternans. The different sensitivity of Karp channel activation during ischemia
between epicardium and endocardium has been shown to be linked to T wave

alternans at the cellular level (189-191).

Compared with signal-averaged ECG, T wave alternans had a higher
sensitivity and more accurate negative and positive predictive values when both
tests were compared with electrical programmed stimulation alone in determining
which patients would have inducible or spontaneous ventricular arrhythmias
(183). Most importantly, T wave alternans has been established as an independent
predictor of VT, VF, and sudden death. On the other hand, the combination of T
wave alternans and signal-averaged ECG is superior to either modality alone in
predicting the risk of sudden cardiac death from VT/VF (184).

7. Methods used for assessment of ventricular repolarization

Transmembrane action potential

In evaluation of repolarization, transmembrane recordings of the AP are the
reference method to which all other methods are compared. The system consists of
a glass micropipette with a sharpened tip of a few microns, filled with a
high-impedance KCI solution. The micropipette is coupled to one of the inputs of
a high-impedance input amplifier, and a reference electrode is coupled to the other
input channel. With the use of a micromanipulator, the tip is advanced through the

cell membrane. This method can usually only be used in cell preparations or

myocardial slices.
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Sequential measurement of the effective refractory period

Sequential measurement of the myocardial effective refractory period from
several myocardial sites is another way of evaluating the dispersion of cardiac
repolarization, and has been widely used. Studies measuring effective refractory
periods from one or several atrial sites have demonstrated more dispersion in
patients with paroxysmal or chronic atrial fibrillation (shortly after cardioversion)
than in patients without spontaneous atrial fibrillation (192). Similarly, the
dispersion of the effective refractory period was found to be significantly different
in patients with different kinds of ventricular arrhythmias (193). However, this
method is very time consuming and therefore global data from sufficient number
of sites were difficult to obtain. Besides, the refractoriness is not always parallel to

the repolarization (194).

Optical mapping

A high-resolution optical mapping technique with use of imaging techniques
based on voltage-sensitive dyes could accurately determine the local repolarization
times and evaluate the sequence and dispersion of cardiac repolarization among
hundreds of simultaneously recorded APs in the same cardiac cycle (8). Thus,
optical mapping was considered to be the only technique capable of recording
high-resolution maps of cardiac repolarization, and the only method to allow
uninterrupted and artifact-free recordings of the transmembrane potentials during
pacing (195) and defibrillation shocks (196, 197). This technique has been used
for investigation of the time course and spread of endo- and/or epicardial

repolarization, mainly in in vitro studies.

A major limitation of the optical mapping technique is the lack of absolute

calibration (198). Unlike many ratio-metric fluorescent probes for calcium
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Imaging, voltage-sensitive dyes can only provide relative information about
changes in transmembrane voltage. In addition, whether or not this system can be
used to study myocardial electrophysiology in vivo remains to be determined.
Furthermore, optical mapping is only applicable to visible areas, i.e., exposure of
the heart is a prerequisite and the lateral aspects - and more especially the

posterior aspects - of the heart are not accessible using this method.

Activation recovery interval from unipoar recordings

The activation recovery intervals, or “QT” intervals, on the intracardiac
unipolar electrogram have also been used to evaluate the dispersion of ventricular
repolarization (110, 115, 199). Gepstein et al recorded unipolar electrograms from
50-70 left ventricular endocardial sites in pigs using the CARTO system, and
evaluated the dispersion of the activation recovery intervals (115). Our previous
studies also suggested the usefulness of the activation recovery time measurement
in evaluation of ventricular repolarization. Similar to the measurement of QT
dispersion, however, the accuracy of this unipolar electrogram technique was
found to be limited by the low-amplitude, multiphasic, and/or distorted pattern of
the local “T waves” (195, 200).

8. Monophasic action potential recording and its global mapping

Monophasic action potential

Since the 1990s there has been a surge in the use of MAP recordings, in both
clinical and experimental settings. This is because MAPs reproduce not only the
local time course of myocardial repolarization with high accuracy, but also provide
an accurate measure of the local activation (201-204). Several studies have
examined the accuracy of MAP by simultaneously recording the MAP and

transmembrane AP in close proximity. The MAP faithfully reflects both the
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duration and the configuration of repolarization phases 1 through 3 of the
transmembrane AP (Fig. 12) (201-203). Even during interventions that influence
the AP configuration and duration, changes in the shape and duration were found
to be almost identical in the transmembrane AP and MAP recordings (201). Thus,
MAP recording has become an integral part of electrophysiological studies that are
concerned with our understanding of basic electrophysiology and arrhythmia

mechanisms in the intact heart.

Compared with the gold standard, transmembrane AP, the main advantage of
MAP recordings is their in vivo applicability. Transmembrane AP recordings
require the impalement of an individual cardiac cell by a glass-microelectrode and
are therefore limited to in vitro preparations, while MAPs can be recorded from
the endo- and epicardium of the beating heart in situ, including the human heart.
With this advantage, the MAP recording technique is now considered the method

of choice for studying characteristics of local myocardial repolarization both in
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Fig. 12. Comparison of MAP and TAP recorded simultaneously from closely adjacent sites in
a rabbit isolated perfused interventricular septum preparation. After being rescaled to match in
amplitude, the MAP signal was superimposed onto the TAP signal. MAP = monophasic action
potential; TAP = transmembrane action potential. Reproduced with permission from Franz
MR, et al. (201).
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experimental (205-208) and in clinical (30, 37, 39, 119-122, 128, 209) settings.

However, the MAP recording technique also has its limitations. The main
limitation is its inability to provide information on absolute voltage of resting
potential and AP amplitudes, or on absolute upstroke velocity. Another limitation
is the decline of MAP amplitude during long-term recording. Although long-term
recording of MAPs for up to 3 hours from the same endocardial site without
further manipulation of the catheter has been reported (210), a decrease in the
MAP amplitude is often seen in practice when the recording time at the same site

is longer than 30 minutes.

Genesis of MAP

MAPs reflect the local time course of transmembrane potentials of a group of
cells underlying the catheter tip during normal rhythms and during arrhythmias.
The exact reason why this extracellular electrode in contact with myocardium
closely reflects the time course of the transmembrane AP of the cells underlying
the electrode is still not clearly known. The classic explanation is that, the MAP is
generated underneath the distal electrode of the contact catheter: the catheter tip
partially depolarizes the tissue subjacent to the tip. Thus, ionic current is flowing
periodically at the interface between the depolarized tissue and the adjacent
normal myocardium. As the depolarized tissue is electrically inactive, this sink
current and its driving voltage gradient are proportional to the changes in
membrane potential on the myocardium in the interface area, as demonstrated by a

computer simulation model (202, 211).

However, there have been findings challenged this concept, claiming that the
indifferent electrode should be the exploring electrode, i.e. that the recorded signal
Is not from the cells immediately beneath the tip electrode but rather from cells
surrounding the tip at a distance of 2-3 mm (212, 213). Contrast to these findings,
Knollmann et al. found that similar MAPs could be recorded between the tip and
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the proximal electrode of the MAP catheter as well as between the tip and a
remote indifferent electrode, but not between the proximal electrode on the MAP
catheter and the remote indifferent electrode in isolated, perfused mouse hearts
(214, 215), which is in agreement with the classic understanding. In a very recent
study, Coronel et al. further demonstrated that MAPs are recorded from the

depolarizing electrode (216).

The most available data support the classic concept of MAP genesis, and MAP
recordings using close bipolar electrodes in larger hearts, as in humans and pigs, in
the present PhD project reflect local activation and repolarization of the
myocardium (204, 214-218). Consequently, detailed MAP mapping of the heart in

situ will nevertheless yield global information about repolarization.

MAP recordings using an ablation catheter

Traditionally, silver-silver chloride (Ag-AgCl) electrodes have been used for
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Fig. 13. Monophasic action potentials (MAPs) recorded using platinum-electrode ablation
catheters from the right atrium (a), left atrium (b), right ventricle (c) and left ventricle (d) had
characteristics consistent with those recorded using Ag-AgCl electrode catheters. Reproduced
with permission from Yuan S, et al. (219).
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MAP recordings. Recently, it has been verified that an ordinary ablation catheter
with electrodes of platinum-iridium can be used for MAP recordings (Fig. 13). Ina
study of 40 patients undergoing electrical programmed stimulation and/or catheter
ablation (219), 142 MAP recordings were obtained from the endocardium using
the ordinary ablation catheter. During sinus rhythm and pacing, 90% of the
ventricular MAPs and 100% of the atrial MAPs had a stable baseline. During
these MAP recordings, an additional MAP was simultaneously recorded via an
Ag-AgCl electrode catheter in the immediate vicinity of the ablation catheter. The
MAPs via the ablation catheter were of somewhat lower amplitude, but otherwise
had characteristics consistent with those via the Ag-AgCl catheter and revealed the
same measurements regarding MAP duration, which verified that a platinum
electrode catheter can be used for prompt recording of MAPs of acceptable quality
(219). To further improve the quality of the MAP signals obtained with
conventional ablation catheters, we developed a modified tip-electrode, i.e. by
adding a contact ball 1.0 mm in diameter and 0.5 mm in length to the end surface
of the tip-electrode (Fig. 14) in order to reduce the contact area of the Navi-Star
mapping/ablation catheter. This modified-tip catheter was evaluated in another
study and we found that MAPSs
recorded using this catheter were
associated with more stable
baselines and higher amplitudes
than those recorded using the
ordinary Navi-Star catheter (220).
The method was both safe and
feasible for in vivo MAP mapping,
and provided us with the
Ordinary Navi-Star possibility of using the CARTO

Fig. 14: Schematic comparison of the modified-tip mapping system to perform

electrode (upper) and the normal-tip electrode . .
(lower) of the Navi-Star catheter. Reproduced with detailed MAP  mapping of

permission Liu S, et al. (220) myocardial repolarization.

Modified-tip Navi-Star

Electroanatomic CARTO mapping system

In order to evaluate global sequence and dispersion of repolarization, one
needs 1) sufficient number of recordings reflecting local repolarization time and
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AP/MAPd, and 2) accurate correlation of the recordings with the anatomical
locations of the recording sites. The MAP recordings can meet the former
requirement, and the electroanatomical mapping (CARTO) system can meet the
latter.

The CARTO system is a sequential mapping system with a sophisticated
display (221). During mapping, the torso of the subject is covered by three
magnetic fields of different frequencies. A location reference (Ref-Star) is fixed on
the back of the subject, while a mapping catheter (Navi-Star) navigates within the
cardiac chambers or on the surface of the heart. The magnetic sensors equipped in
the tip of the mapping catheter and the location reference continuously compare
the intensities of the three magnetic fields, ensuring that the location of the
mapping catheter can be accurately determined and displayed in real-time.
Three-dimensional maps of endocardial or epicardial activation can be constructed
from accurately localized electrograms recorded using the mapping catheter. The
accuracy of spatial localization has been verified to be 0.7 mm in vivo (221).

The introduction of the CARTO system provided the possibility of rapid
cardiac activation assessment with high spatial accuracy. It is not necessary to
follow any anatomical scheme since the system accurately memorizes the
recording sites and the acquired signals. However, the CARTO system is designed
for evaluation of cardiac activation. Information of cardiac repolarization is not
available by using this system in previous studies. A prerequisite for use of the
CARTO system to evaluate repolarization is that the MAP recording catheter must
be locatable by the system. We first validated the possibility of recording MAPs
using a conventional platinum electrode ablation catheter (219) and then verified
the feasibility of recording MAPs using a CARTO sensor equipped catheter. Using
the special Navi-star catheter with a modified tip as mentioned above, the MAP
recording technique has been successfully integrated with the CARTO
electroanatomical mapping technique, and a series of experimental and clinical
studies have verified the feasibility of this novel technique (37). In this Ph.D.
project, the MAP mapping technique is used as a key technique in all 5 papers.

The quality of MAP recordings
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The criteria for quality of MAP recording have not been well established, due
to difficulties in getting MAPs from large series of healthy subjects. Generally
speaking, the MAP should have a stable baseline so that the MAP duration could
be correctly measured and reach an amplitude so that it faithfully reproduce the
time course of intracellular AP. Olsson et al.(203) proposed that the atrial MAP
should exceed 3 mV, the ventricular MAP should exceed 15 mV and baseline
disturbance should not exceed 10% of the MAP amplitude. The ventricular MAPS
recorded using the suction electrode (222) or the Ag-AgCl electrode (223) are at
about 20 to 40 mV, while those recorded using conventional electrode catheters
are of lower amplitude, at an average amplitude of 13.8 mV (219). Importantly,
the repolarization times measured from the MAPs recorded using the conventional
electrode are well consistent with those from the simultaneously recorded MAPs
in close vicinity using an AG-AgCl electrode (219)

MAP measurements

The MAP analysis can be performed off-line using the feature of double
annotations of the CARTO system. The first annotation line is set at the onset of
the MAP upstroke, representing the local activation, the second at the intersection
between the baseline and the tangent to the steepest slope on phase 3 of the MAP,
representing the local EOR (37, 119, 120). The two annotation lines are both
manually set and can be carefully checked under a time scale of 200 mm/s and 100
mml/s, respectively.

During analysis, the AT is defined as the time interval between the earliest
recorded ventricular activation and the local activation, the MAP duration as the
time interval between local activation and the local EOR, and the EOR time as the
interval between the earliest ventricular activation and the local EOR. Taking the
peak of the QRS complex on the upright ECG lead as the time reference, the AT,
MAP duration, and EOR time can be calculated. Based on these values,
three-dimensional maps of the activation sequence, EOR sequence and the spatial
distribution of MAP durations are reconstructed (Fig. 8). The maximal differences
in the AT, EOR time, and MAP duration, i.e. the total ranges of the scales of these
maps, represent the total magnitude of the disparity between the measurement
values, and are called the maximal dispersion of these parameters.
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9. Some issues warranting further study

In summary, ventricular repolarization and its disturbances are of theoretical
and clinical importance since they are linked to the occurrence of life-threatening
ventricular tachyarrhythmias. However, our understanding of the mystic process is
far from clear. The development of the MAP mapping technique provides us with
the possibility of evaluation of the global sequence and dispersion of ventricular
repolarization in healthy animals and in patients with and without ventricular
arrhythmias. The MAP mapping technique is therefore a unique tool, and the data
obtained by this method are a reliable standard for validation of the wide-spreadly
adopted noninvasive methods. Consequently, the following issues form the basis
of the current PhD project.

Recording of MAPs using the modified-tip catheter and the CARTO system
provides the possibility of detailed global mapping of ventricular repolarization.
On the other hand, the activation recovery interval from unipolar electrograms is a
good estimate of local repolarization, and is much easier to obtain compared to
MAP recording and optical mapping, etc. It is therefore of interest to test whether
global activation recovery interval from unipolar electrogram and CARTO system
could be used for evaluation of global sequence and dispersion of ventricular
repolarization.

In arterially perfused ventricular wedge preparations, the full repolarization
of the epicardium coincides with the peak of the T wave (Tpeax), and that of the M
cells coincides with the end of the T wave (Te,q) on the pseudo-ECG. The
apico-basal voltage gradient was suggested to contribute little to the genesis of the
T wave. However, many in vivo studies have failed to verify the existence of
marked transmural DVR. The coincidence of the T and full repolarization of
the epicardium, and Te,q and full repolarization of endocardium has never been
validated in vivo. In addition, the relationship between the QT interval/QT
dispersion, Tpea-Teng interval, and the global ventricular repolarization needs to be
clarified.

Ventricular pacing has been widely used in patients with bradycardia, and
recent studies have highlighted the benefits of resynchronization therapy of
biventricular pacing in patients with congestive heart failure. In contrast to the
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extensive in vivo explorations of ventricular repolarization during sinus rhythm,
however, the characteristics of repolarization during ventricular pacing are poorly
understood. Our recent studies have suggested that, contrary to the conventional
concept that the repolarization sequence is in the direction opposite to that of the
activation, the global sequence of repolarization follows that of activation during
sinus rhythm. Moreover, previous data from in vitro ventricular preparations have
suggested that the altered activation sequence could lead to changes in ventricular
repolarization. How the global ventricular repolarization sequence is changed by
altered ventricular activation sequence, however, has never been evaluated in vivo.

Importantly, recent experimental studies have shown that the altered
ventricular activation sequence during epicardial pacing may increase transmural
heterogeneity of repolarization of the ventricular myocardium, which may be
linked to the development of Torsades de Pointes in patients with biventricular
pacing. Thus, assessment of the global DVR under epicardial pacing is of
important clinical applications.
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AIMS

1. To validate whether the global sequence and dispersion of ventricular
repolarization measured from MAP recordings can be estimated by the ART
measurements on unipolar electrograms using the CARTO mapping system in
patients with arrhythmias (Study 1).

2. To determine whether the full repolarization of the epicardium is
consistent with the Tpea, and that of the endocardium is consistent with the Teng,
by simultaneous recordings of MAPs from both the epicardium and endocardium
and 12-lead ECG using the CARTO mapping system in swine (Study II).

3. To verify the Tpea-Tena Interval and QT dispersions as an index of global
DVR using MAP mapping over both the epicardium and endocardium and
simultaneously recorded 12-lead ECG in swine, and to validate the measurement
methods for the Tpea-Teng interval (Study I11).

4. To explore the global sequence of ventricular repolarization in vivo under
ventricular pacing at two of the most commonly used pacing sites, endocardial
pacing at the RV apex, and epicardial pacing at the lateral LV, and to examine
whether altered activation sequence governs the ventricular repolarization
sequence under these pacing protocols (Study V).

5. To evaluate the global DVR in vivo during altered activation sequences
under endocardial pacing at the RV apex and epicardial pacing at the lateral of the
LV, and to determine whether LV epicardial pacing could lead to augmentation of
the global DVR (Study V).
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SUBJECTS AND ANESTHESIA

1. Patients (Study I)

Twelve patients (10 men and 2 women, mean age 57.6+£13.7 years) referred for
electrophysiological study and/or radiofrequency catheter ablation were recruited:
7 patients were diagnosed with ventricular tachycardia, 2 patients with ventricular
fibrillation, and 3 patients with supraventricular tachycardias. None of the patients
had had amiodarone treatment within the previous 3 months. All other
antiarrhythmic drugs had been withdrawn for a period equivalent to at least 5
half-lives before the study. The patients received local anesthesia and sedation
with Valium, but were conscious during the whole procedure. The local ethics
committee approved the study, and informed consent was obtained from all
patients. The electrophysiological procedures were performed in accordance with
the guidelines of the local institution.

2. Animals (Studies 11 - V)

Twenty healthy pigs weighing 46-53 kg were included in this project. The pigs
were raised on a special low-fat diet and on a regular exercise program for medical
experiments in accordance with the “Guide for the Care and Use of Laboratory
Animals” by the National Institutes of Health (NIH Publication 85-23, revised
1985). The local ethics committee of Lund University, Sweden, approved the
animal studies.

All 20 pigs were premedicated with pancuronium bromide (0.1mg/kg),
thiopental (5mg/kg) and atropine (0.015mg/kg). Anesthesia was maintained with
an infusion of 10 mL/hour of a mixture of 1 mg fentanyl and 20 mg pancuronium
bromide. Intubation and artificial ventilation of the pigs were performed during
the study. Volume-controlled ventilation of 8L/min, 20 breaths/min, positive
end-expiration pressure of 5cm H,0 and FiO, of 0.5 was used. In the first series of
the 10 pigs, thoracotomy and pericardectomy were performed to expose the heart
for the purpose of epicardial MAP mapping (the 10 open-chest pigs). In the
second series of 10 pigs, only endocardial MAP mapping was performed and
therefore no thoractomy was performed (the 10 close-chest pigs).
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METHODS

1. MAP recording using the CARTO system (Studies 1-V)

Recording procedure

The magnetic pad of the CARTO system (Biosense \Webster, Waterloo,
Belgium) was fixed under the examination bed, in relation to the position of the
heart. A Navi-Star catheter with (in pigs) or without (in patients) a modified tip
(Biosense Webster) was introduced and navigated over the endocardium and/or
epicardium of the left and/or right ventricles to record MAP signals.

The MAPs were recorded sequentially at a filter band of 0.05-400 Hz. In the
real-time monitor window of the CARTO system, one lead ECG, the MAP (Fig.
15), and a unipolar electrogram from the indifferent electrode were displayed.
Caution was taken to place the mapping catheter perpendicularly against the
endocardium with gentle contact pressure to obtain satisfactory MAP recording.
When the amplitude and morphology of the MAP appeared satisfactory (204), the
signals were captured into a sampling window for further inspection. In order to
estimate global information accurately, effort was made to record at least one
MAP in an area of 2 cm?(Fig. 16). To avoid the influence of variations in heart
rate, the cycle length stability monitor function of the CARTO system was used
and MAP sampling was performed when the cycle length was within = 5% of the

Fig. 15: Ventricular monophasic action
potential (MAP) recorded during right
atrial pacing in the sampling window of
the CARTO system. On the ECG (upper
tracing), the time reference line is set on
the maximum slope of the QRS complex
(second line). On the MAP (lower tracing),
MAP duration is measured as the interval
between the two annotation lines, the 3™
and 4™ lines. The second line in the lower
tracing denotes the earliest activation time;
thus, the interval between this 2" line and
the 4™ line represents the local end of
repolarization time.
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baseline cycle length in Study I, whereas in Studies 11-V the MAP mapping was
performed under stable atrial or ventricular pacing in the pigs. Accepted MAP
signals, together with 12-lead ECG, were stored on the hard disc using a sampling
frequency of 1 kHz for off-line measurement.

Definitions of MAP measurements

AT: activation time, the time interval from the earliest recorded ventricular
activation to the local activation.

MAPd: MAP duration, the time interval from the local activation to the local
end of repolarization (EOR) time.

EOR: end of repolarization time, the time interval from the earliest
ventricular activation to the local repolarization point, which is equal to the sum of
AT and MAPd at that recording site. EORg; refers to the EOR times calculated
over the epicardium, EORg,q, OVer the endocardium, and EOR. OVer both.

Dispersion of AT and EOR: the greatest differences in the parameters among
all the recordings of the area concerned.

“Global” was added to the parameter to represent that obtained from all the
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Fig. 16: Selected monophasic action potential recordings from the 2-dimentional views of all
the MAPs from the epicardium (left) and endocardium (right) in an open-chest pig. Recording
sites over both epicardium (n = 57) and endocardium (n = 70) are displayed, with at least one
MAP in an area of 2 cm?.
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recordings of the whole ventricle.

Off-line MAP analysis using the CARTO system

MAP analysis was performed off-line using the double-annotation feature of
the CARTO system. The first annotation was defined as the onset of the rapid
phase of the MAP upstroke, representing local activation. The second was defined
as the intersection between the baseline and the tangent to the maximal slope on
phase 3 of the MAP, representing the local EOR (Fig. 15). When there was a
baseline disturbance and/or distortion of MAP morphology, the MAP signal of the
previous beat was also measured for necessary corrections. The two annotation
lines were both manually set and carefully checked with display time scales of 200
mm/s and 100 mm/s, respectively. Taking the maximum/minimum value, or
maximum slope of an QRS complex on the simultaneously recorded ECG as the
time reference, the relative values of AT and EOR were obtained according to the
above-mentioned definitions (Fig. 15). Based on these values, 3-dimensional maps
of the sequences of activation and repolarization over the endocardium and/or the
epicardium in the left and/or right ventricles were constructed using the CARTO
system.

2. Recording of unipolar electrograms and measurement of ART using the
CARTO system (Study I)

Recording procedure

In Study I, unipolar electrograms were recorded simultaneously using the same
tip-electrode as that for MAP recording at a filter bandwidth of 0.1-120Hz.
Unipolar electrograms with low amplitude and distorted pattern, where the end of
“T” wave was difficult to define, were excluded along with the MAP from the
same site. Thus, unipolar electrogram was also recorded, with at least one
recording in an area of 2 cm®.

Definitions of ART, and its analysis
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On the unipolar electrograms, the ART was defined as the time interval from
the earliest recorded ventricular activation to the intersection between the baseline
and the tangent to the maximal slope on the terminal phase of the “T” wave in
each individual recording. Taking the same time reference as that for the MAP
analysis from the surface ECG, the relative values of ART were obtained at each
site (Fig. 17; Study ).

I | CL@ms)= 539

Fig. 17: Recordings of MAP and unipolar
electrogram from the left ventricle during
ventricular tachycardia in the sampling
window of the CARTO system. On the ECG
(upper tracing), the time reference line is set
on the peak of the QRS complex (2™ line). On
the MAP (middle tracing), MAPd is measured
as the interval between the two annotation
lines, the 3" and 5" lines. The 2™ line denotes
the earliest recorded activation and thus the
interval between this 2" line and the 5™ line
represents the local end of repolarization time.
On the unipolar electrogram (lower tracing),
the 2" line represents the earliest recorded
activation and the 5™ line is on the intersection
between the baseline and the tangent to the
maximal slope on the terminal phase of the
“T” wave. Between the 2" and 5" lines is the
activation recovery time. Time scale: 100
mm/s.

Two investigators measured the EOR times and ARTs independently and the
means of their measurements were used for data analysis. Based on these values,
three-dimensional maps of the EOR and ART were constructed. The global
dispersion in ART was calculated as the maximum difference in ART over the left
or right ventricular endocardium.

3. Pacing protocols (Studies Il - V)

In the 10 open-chest pigs, to avoid the influence of variations in heart rate, the
MAP mapping was performed during constant pacing at the high lateral right
atrium at 130 beats/min, with the temporal pacing 6F leads introduced through the
right femoral vein.
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In the 10 close-chest pigs for studies IV and V, three kinds of pacing protocols
were performed, which was right atrial (RA) pacing, endocardial pacing at the RV
apex (RVendo), and epicardial pacing at the LV lateral-basal wall (LVpi). For RA
and RVengo pacing, a temporary myocardial active fixation pacing lead (Model 646,
Medtronic) was introduced through the right jugular vein and attached to the
endocardium of the high lateral RA or the RV apex. For LV, pacing, a 4F pacing
electrode was used. The electrode was relatively difficult to deliver due to the
anatomy of the porcine coronary venous system, in which the great cardiac vein
joins with a prominent left azygous vein at the posterolateral atrioventricular
groove - where it becomes the coronary sinus (10) (Fig. 18). During the studies, a
6F lumen catheter was introduced into the coronary sinus, through which the 4F
pacing lead was delivered, avoiding going up to the left azygous vein, into the
great cardiac vein, as far as possible until it stopped to allow a stable LV
epicardial pacing. Thus, the pacing leads were located on the epicardial side at the
laterobasal part of the LV (Fig. 18). The pacing leads were connected to an
external pacemaker (Model 30-77; St. Jude Medical) with the output at twice
diastolic threshold and 0.4 ms pulse width.

These 10 close-chest pigs were divided into two groups. In 5 pigs (Group 1),

Fig. 18: The anatomy of the coronary sinus in pigs. Left: photo of coronary sinus. A:
coronary sinus; B: left azygous vein; C: great cardiac vein. Right: left ventricular epicardial
pacing lead located at the lateral free wall of left ventricle in anterio-posterior view under
X-ray (white arrow).
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endocardial MAPs were recorded from both the right and left ventricles during RA
pacing, and then during RVEgn pacing. In the remaining 5 pigs (Group 1),
endocardial MAPs were recorded from both ventricles during LVg, pacing, and
then during RVeng pacing. A period of sinus rhythm for more than 30 min was
kept between the two pacing protocols. MAPs were always recorded after 30 min
of atrial/ventricular pacing to reach the steady state. To avoid potential
time-dependent changes, the mapping procedure of each pacing protocol was
limited to 3 hours or less. In addition, to avoid the influence of variations in heart
rate and thereby the capture of sinus beats, the pacing rate was set at 130
beats/min, - i.e. 20-30 beats/min faster than the baseline rate - during the mapping.

4. Endocardial and/or epicardial mapping and MAP analysis

Endocardial mapping in patients (Study 1)

MAP recording was performed wusing a 7F Navi-Star catheter
(Biosense-Webster, Waterloo, Belgium) before or after clinical electrophysiology
and/or radiofrequency catheter ablation procedure. The catheter was introduced
into the left ventricle via the femoral artery (n = 3) or into the right ventricle via
the femoral vein (n = 9), depending on the location of the arrhythmogenic
substrate. Care was taken to place the mapping catheter perpendicularly against
the endocardium with gentle contact pressure to obtain satisfactory MAP
recording. Unipolar electrograms were recorded simultaneously using the same
tip-electrode as that for MAP recordings.

Endocardial mapping and epicardial mapping in 10 open-chest pigs (Studies 11
and 111)

In the series of 10 open-chest pigs, both endocardial and epicardial mapping
were performed after thoracotomy and pericardectomy. In 2 pigs both of the right
and left ventricles were mapped, and in the remaining 8 pigs only the left ventricle
was mapped. A modified-tip, 7F Navi-Star catheter (Biosense Webster) was used,
which has a contact ball 0.5 mm in length and 1 mm in diameter at the end of the
tip-electrode (220).
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For endocardial mapping, the catheter was introduced into the left ventricle via
the right femoral artery, and/or into the right ventricle via the right femoral vein.
For epicardial mapping, the epicardial surface was first exposed by way of a
medial sternotomy with the pericardium opened along the median line from apex
to aortic arch. The mapping catheter was mounted on an elastic handle of an
epicardial-mapping probe (EP Technologies, Sunnyvale, CA). The probe was held
with the electrode tip perpendicular to the myocardial surface with a gentle
pressure. Two saline lines were hung over the left and right ventricles, with warm
saline drip to keep the myocardial temperature constant and thus to facilitate
electrical contact of the electrodes with the epicardium. A thermometer
(myocardial needle temperature probe) was inserted into the myocardium of the
right ventricular outflow tract for monitoring of myocardial temperature during the
whole experiment (Fig. 19). If necessary, the temperature and speed of the saline
drop were adjusted.

Fig. 19: Epicardial mapping
with a modified-tip
NaviStar catheter mounted
on an elastic handle (A).
Myocardial temperature
was kept constant by drips
of warm saline (B)
controlled by a temperature
monitor (C).

Endocardial mapping under ventricular pacing in 10 close-chest pigs (studies
IV and V)

A modified-tip Navi-Star catheter (7F, Biosense Webster) was used in this
series of 10 close-chest pigs (220). For left ventricular mapping, the catheter was
introduced into the left ventricle via the right carotid artery and/or the right
femoral artery. For right ventricular mapping, the catheter was introduced via the
right jugular vein and/or the right femoral vein. A 7F long sheath (St. Jude
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Medical) was used to facilitate catheterization in some areas of the right or left
ventricle whenever required.

In Group I, endocardial MAPs were recorded from both right and left ventricles
during RA pacing, and then during RVgng pacing. In Group 11, endocardial MAPSs
were recorded from both ventricles during LV, pacing, and then during RVengo
pacing (Fig. 20).

5. Recording and analysis of the 12-lead ECG (studies Il - V)

In all the pigs, twelve-lead ECG was recorded simultaneously with the MAP
recordings at a filter setting of 0.5-120 Hz using the CARTO system, with the
recording electrodes being placed referencing to the electrode placement in
humans.

Measurement of the QT pea and QTeng intervals

QTpeak and QTeng intervals were measured as the time intervals from the earliest
QRS onset to the peak and end of the T wave, respectively, in each of the 12 leads.
Tpeax Was defined as the time point at which the T wave had the maximum
amplitude. Te,q was defined using the slope method, i.e. the intersection of the
tangent to the point of maximum slope of the terminal T wave with the isoelectric

Fig. 20: Ventricular MAP recorded during RVengo pacing (left) and LV pacing (right). On the
ECG (upper tracing), the time reference line is set on the minimum value of the QRS complex
(2" line). On the MAP (lower tracing), the measurements of AT, MAPd and EOR are the same
as shown in Fig. 15.
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level defined by the T-P segment. The measurement was conducted on-screen at a
sweep speed of 50 mm/s. Leads with high noise levels were discarded from
analysis, as were flat or distorted T waves that made the identification of Tpeax
and/or Teng iImpossible (Fig. 21).

In the 10 open-chest pigs (Studies Il and I11), the ECGs were recorded after the
thoractomy. The QT pea and QTeng intervals in each of the 12 leads were measured
manually three times at the beginning, middle, and end of the MAP mapping
procedure using an on-screen electronic caliper.
Each time, the above parameters were measured
from 2 consecutive beats and the mean was
obtained. The mean values of the above-
mentioned 3 measurements were again averaged
and the mean was used for final analysis. Due to
the variations of the Tpek and Teng time points
between the 12 leads, the maximal, mean, and
minimal QT and QTeng intervals were

m' calculated for each pig.
L In the 10 close-chest pigs (Studies IV and V),

aVR

the ECG parameters were measured 30 min after
the onset of the pacing under each pacing
protocol. QT intervals were calculated as the time
intervals from the earliest QRS onset to the latest
end of the T wave in the 12 leads. The terms of
Tpeak and Teng Were defined in the same way as

i | described above in the open-chest pigs.
Vs 'in

Measurement of QT dispersions and Tpeak-Tend

Fig. 21: ECG measurements from intervals

an open-chest pig. In each ECG . . i
lead, the first vertical line denotes In the 10 0pen'CheSt pIgs, QTpeak dlspersmn

the earliest activation time, and the was defined as the difference between the

second vertical line denotes the end . .. .
of the T wave. The short white line  maximum and minimum QT intervals, and

marks the peak of the T wave. The QTeng dispersion was defined as that between the

values on the second line in each  mpavimum and minimum QT intervals. Due to
lead are QTeng intervals.
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the variation in the peaks and ends of the T wave, Tpex-Tena intervals were
calculated as maximal, minimal and mean values in the 12 leads, which was from
the earliest Tpea t0 the latest Teyg, from the latest Tpeqa to the earliest Teng, and the
average of all the Tpea-Teng intervals of the 12 leads, respectively.

In the 10 close-chest pigs under ventricular pacing, only QT dispersion, and
average and maximum Tpeak-Tena interval were calculated. QT dispersion was
defined as the difference between the maximal and minimal QT intervals in the 12
leads. The Tpea-Teng interval was also measured in each lead and the average
Tpeak-Teng INterval and the maximum Tea-Teng interval, the difference between the
earliest recorded Tpeax to the latest recorded Te,g, Were obtained

6. Statistical analysis

All data are presented as mean = 1 SD. A p value < 0.05 was considered
statistically significant.

In Study I, the ART on the unipolar electrograms was compared with the EOR
time on simultaneously recorded MAP recordings. The difference between EOR
time and ART at each site was calculated and the summarized data in each map
and in all the 473 recordings were acquired. Student’s t-test was performed to
analyze these differences and their dispersions. Correlation analyses were used to
study the relations between the EOR time and ART. Agreement analyses were
also performed to test whether the ART measurements agreed with the EOR times;
the limits of agreement were set as the mean difference £ 2 standard deviations
(SD) (224, 225). The difference between the ART and EOR time at each site was
plotted against the average of these two measurements. If the differences between
these two measurements fall in the range of the mean difference + 2 SD of the
mean, this suggests that the two measurement methods agree well with each other.
The 95% confidence intervals for the lower and upper limits were also calculated.

In the series of 10 open-chest pigs, paired, two-tail Student’s t-test was used to
study the differences between QT pea/QTeng intervals and the EOR times (Study I1),
and between the dispersion of EOR-epi/endo and dispersion of EOR-total (Study
[11). In addition, the QTpeak dispersion, QTeng dispersion and Tpeak-Tend iNtervals
were compared with the dispersion of EOR-total, respectively (Study IIlI).
Moreover, correlation analyses was also used to study the relationships between
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the ECG parameters and EOR times (Study I1), and between the DVR parameters
and the relevant ECG repolarization variables (Study I1l).

In the series of 10 close-chest pigs, differences of AT, MAPd, EOR time, and
the relative dispersion parameters between the two groups and among the 3 pacing
protocols were all analyzed using Mann-Whitney test (Studies IV and V). Linear
correlation and regression analyses were used to study the relationship between
the MAPd and AT and between the EOR time and AT. Thus, all MAPds and the

EOR times in a map were plotted against AT, regardless of recording sites (Study
V).
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MAIN RESULTS

1. General data on MAP recordings in patients (Study 1)

Right ventricular mapping was performed during sinus rhythm in 8 patients
and during sustained ventricular tachycardia in 1 patient. In the remaining 3
patients, the left ventricle was mapped twice: in patient #1 during ventricular
premature beat and during sustained ventricular tachycardia, in patient #2 during
sustained ventricular tachycardia and during sinus rhythm, and in patient #6 before
and after radiofrequency catheter ablation of left-sided accessory pathway. In total,
MAPSs were recorded at 473 sites in the 12 patients with 9 sets of right ventricular
and 6 sets of left ventricular maps constructed. During the mapping procedure,
cycle length variation was < 5% during sinus rhythm and < 1% during
ventricular premature beat or sustained ventricular tachycardia.

In these patients, the MAP plateau amplitude was 10.2+4.0 mV for the left
ventricular MAPs and 10.4+5.8 mV for the right ventricular MAPs during sinus
rhythm. During ventricular tachycardia or ventricular premature beat, the
amplitude of the left ventricular MAPs was 9.1+£5.0 mV, and that of right
ventricular MAPs was 8.8+4.9 mV. The baseline disturbance was less than 10% of
the plateau amplitude in 80% of the recordings and less than 15% of the plateau
amplitude in all of the 473 recordings.

2. General data on unipolar elecrtrogram in patients (Study I)

In these patients, the unipolar electrocardiograms were somewhat different in
morphology from the patterns of conventional recording methods (Fig. 18). Slight
“ST” elevation was observed in most of the recordings, probably due to the
contact pressure applied for simultaneous recording of the MAPSs using the same
electrode. However, the elevation of “ST” segment did not affect the
determination of the end of ART. The local “T” wave could be classified as having
a positive, negative, or biphasic morphology. In about 20% of the unipolar
electrograms, the end of “T” wave was difficult to define and they were discarded
along with the MAP from the same site, even if the MAPs were of acceptable in
quality. In the remaining recordings, the intersection between the baseline and the
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tangent to the steepest slope on the terminal phase of the “T” wave could be
clearly defined.

3. General data on MAP recordings in pigs (Studies 11 - V)

Epi- and Endocardial MAP recordings in the 10 open-chest pigs (Studies Il
and I11)

In the 10 open-chest pigs, MAPs were recorded from 51+10 epicardial sites
and 64%9 endocardial sites of the left ventricle in all 10 pigs, and from 41+4
epicardial sites and 532 endocardial sites of the right ventricle in 2 of the 10 pigs.
Based on these data, 12 sets of endo- and epicardial maps were constructed. The
MAP plateau amplitude was 13.6+5.0 mV for the epicardial MAPs and 13.6+5.6
mV for the endocardial MAPs from the left ventricles, and 12.8£4.6 mV for the
epicardial MAPs and 13.0+5.0 mV for the endocardial MAPs from the right
ventricles. The baseline disturbance was less than 10% of the plateau amplitude in
80%, and less than 15% of the plateau amplitude in all the 591 epi- and 746
endocardial MAP recordings.

Twelve-lead ECG was recorded before and after the thoracotomy. No motion
artefact from heartbeat was observed on the ECG during the MAP recording
procedure. The baseline appeared stable without 50-Hz disturbances. During the
QT interval analysis, 1+1 leads were discarded because of flat or distorted T
waves. No U wave was documented in any of the 10 pigs. The minimal, mean and
maximal QT pea/ QTeng intervals are presented in Table 1.

For EOR time and QT interval measurement, the onset of the earliest QRS was
used as the earliest recorded ventricular activation in the MAP analysis in all 10
pigs. Thus, the QT intervals and the EOR times were calculated from the same
starting point. In addition, the local activation times measured from the MAP
recordings were found to cover the whole duration of the QRS complex in all the

pigs.
Thus, 3-dimensional maps of the repolarization sequences of EOR time over
both the epi- and endocardium were constructed in the 10 open-chest pigs.
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Endocardial MAP recordings in the 10 close-chest pigs (Studies IV and V)

In the 10 close-chest pigs, MAPs were recorded from 112+16 endocardial sites
of both ventricles during RA pacing in 5 pigs (Group I), from 122+23 sites during
RVengo pacing in all 10 pigs (Groups I and I1), and from 126426 sites during LVgy;
pacing in 5 pigs (Group I1). The endocardial AT and MAPd of the right and left
ventricles were measured in each group during RA pacing, RVgn pacing and
LVepi pacing, respectively (Table 2). Based on these data, the EOR times were
calculated and three-dimensional maps of activation and repolarization under each
pacing protocol were reconstructed in each pig. Thus, in total 20 sets of ventricular
maps were constructed. The MAP plateau amplitude was 13.8+5.7 mV during RA
pacing, 13.2+5.3 mV during RVgng pacing, and 13.7+5.6 mV during L Vg, pacing
for the ventricular endocardial MAPs. The baseline disturbance was less than 10%
of the plateau amplitude in 80% of endocardial MAP recordings, and less than
15% of the plateau amplitude in all 2416 endocardial MAP recordings.
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Table 1: Comparison between the QT intervals and the end of repolarization times from the monophasic action

potential recordings in the left ventricles of the 10 open-chest pigs

Endocardium Epicardium

Mi M Mi M Min Max Min Mean Max Min Mean Max

Sites EOIE anl):\() Sites EOIE Egl):\(’ EORota EOR.iotal QTpeak QTpeak QTpeak QTend QTend QTend

Pigl 56 287 350 67 291 330 287 350 286 291 300 333 339 352
Pig2 59 272 349 67 289 328 272 349 254 261 269 287 305 310
Pig3 57 318 379 32 312 341 312 379 309 315 321 354 362 369
Pigd 75 251 306 49 255 281 251 306 250 258 267 286 302 307
Pigsh 72 299 331 47 301 349 299 349 294 300 305 321 340 343
Pig6 49 264 328 50 279 310 264 328 286 297 306 334 345 350
Pig7 66 282 314 47 276 303 276 314 266 275 281 285 310 314
Pig8 59 329 372 45 309 354 309 372 340 348 354 373 389 395
Pig9 77 280 320 48 268 306 268 320 254 261 266 284 297 300
Pigl0o 70 292 338 57 285 318 285 338 287 291 294 318 331 341

64+9 287+24 *339+24 51+10 287+18 1322423 1$282+20 #341+24 283428 290+28 296+28 318+32 333+29 338+30

Data are presented in ms. * p > 0.05 compared with the maximal QT interval; T p < 0.05 compared with the minimal,
mean, and maximal QT .. intervals; ¥ p > 0.05 compared with the minimal QT e interval; # p > 0.05 compared with the
maximal QTe,q interval. Min and Max: minimal and maximal; EOR: end of repolarization time; EOR : EOR times on
both the epicardium and endocardium.
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Table 2: The activation times and MAP durations of right and left ventricles

during RA, RVeng and LV, pacing in the 10 close-chest pigs

Activation time (ms) MAP duration (ms)
RV+LV RV LV RV + LV RV LV
RA pacing (I) 5 286 2216 25%8 217 +12 213+9 222+10
RVEendo Pacing (1) 5 34+8 23+9 27+10 223+14 220+11 228zx11
5
5

n=

L Ve, Pacing (11) 43+11 39+11 30+11 *235+16 229+13 247+15
RVEengo Pacing (1) 35+9 24+9 27+10 220+ 14 217+13 223+8
RVEngo Pacing (1 +11) 10 349 23+9 27x10 221+13 219+11 225+11

Data are presented as mean = 1SD in ms. *: MAP duration during LVg, pacing was significantly greater than that during
RVEeng and RA pacing (p < 0.05). MAP: monophasic action potential; RA: right atrial; RVgng: right ventricular endocardial;
LVe,i: left ventricular epicardial. | and I1: Group | and Group I1.
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In Group I, MAPd during RVeng pacing, which was 228+11 ms in LV and
220+11 ms in RV, was similar to that during RA pacing, which was 222+10 ms in
LV and 213+9 ms in RV (both p > 0.05). In Group II, however, MAPd during
LV, pacing was 247+12 ms in LV and 229+10 ms in RV, which was
significantly greater than that during RVgng pacing (223+8 ms in LV and 217+13
ms in RV; both p < 0.05). During RV pacing, no significant difference in
MAPd was found between the 2 groups (p > 0.05), suggesting that in Group Il the
earlier LV, pacing did not have a significant effect on MAPd recorded during
RVEngo pacing.

4. Relationship between ART and EOR times in patients (Study 1)

Comparison of the ART and EOR time and their dispersions

To quantify the difference between the ART and EOR times acquired from the
patients, their values were compared (Table 3). For the total of 473 paired
measurements in the 15 maps, the difference between the ART and the EOR time
was 2+22 ms (p > 0.05). The differences between ART and EOR times were also
compared as paired measurements in each map, and in all right and left ventricular
maps. No statistical significance was found for these comparisons. Furthermore,
the maximum dispersion of ART and that of EOR time were not either statistically
different from each other (Table 3).

Table 3: Measurement values and maximum dispersion of the activation recovery time
(ART) and end of repolarization (EOR) time in patients

ART EOR time
Values Max.disp. Values Max. disp.
LV 6 2810 346+27 75128 342124 82+39
RV 9 38+13  352+37 83+44 350+33 75+33
Total 15 34+12  350+35 79+35 348+29 78+35

N Sites

Mean + 1 SD in ms. Max. disp: maximum dispersion; LV and RV: left and right ventricles. P >
0.05 for all comparisons between the ART and EOR time measurements.
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Correlation and agreement analyses

Correlation analysis revealed a significant positive correlation between the
ART and EOR time for all the 473 recordings, with r = 0.77 and p < 0.05 (Fig. 22),
and for all 15 maps, with r = 0.58+0.22 and p < 0.05. Agreement analyses showed
that the differences between these two measurements were almost all within the
range of the mean difference + 2 SD for each individual map (Fig. 23) and for all
473 recordings in the 15 maps (Fig. 22). For all 473 recordings, the mean
difference in the ART and EOR measurements was —2 ms and the lower and upper
limits of agreement were -47 and 43 ms, i.e. the ARTs were at most 47 ms shorter
and 43 ms longer than the EOR times in this study. The differences between the
ART and EOR time were within the range of mean difference = 2 SD in 459 of the
473 paired recordings (97%). The 95% confidence limits for the lower limit were
between -50 and -43 ms, and that for the upper limit between 39 and 46 ms (Fig.
22).
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Fig. 22: Correlation (left) and agreement analysis (right) between the ART and EOR times for all
473 recordings. A statistically significant positive correlation between the ART and EOR time was
found, with r = 0.77 and P < 0.05. The mean difference in the ART and EOR measurements is —2
ms and the lower and upper limits of agreement were -47 and 43 ms, respectively. The 95%
confidence limits for the lower limit were between -50 and -43 ms, and those for the upper limit
were between 39 and 46 ms. Note that the differences between the ART and EOR time were within
the range of mean difference + 2 SD in 459 of the 473 paired recordings (97%).

5. The sequence of ventricular repolarization (Studies 1-V)

Comparison of the EOR and ART sequence in patients (Study 1)
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In all patients, the earliest recorded ventricular activation was identical on the
ART and as on the EOR times measurements. Thus, the construction of the EOR
and ART maps was made from the same reference time point. During MAP and
ART mapping, due to technical difficulties and/or clinical limitations, there were
small incomplete areas in the septum, outflow tract, or basal areas on the EOR and
ART maps, 11 areas in total in the 15 maps. However, evaluation of the ventricular
repolarization sequence was possible in all maps, since the earliest and latest
activation areas were recorded in all cases and the incomplete areas were all
smaller than 3 cm?.

Three-dimensional maps of the repolarization sequences of EOR time and
those of ART were compared. ART sequences were recognizable in 8 of the 9
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Fig. 23: Linear correlation analyses (upper panel) and limits of agreement analyses (lower
panel) between the ARTs and EOR times. Left and right are data from 2 different patients. A
positive correlation is shown during sinus rhythm (upper left, r = 0.54, P < 0.01) and
ventricular premature beats (upper right, r = 0.71, P < 0.01). Agreement analysis in the patient
during sinus rhythm (lower left) shows that the mean difference between the ART and EOR
times is 1 ms and the limits of agreement are from -38 to 41 ms, the 95% confidence limits
for the lower limit being -50 to -30 ms, and those for the upper limit being 28 to 48 ms. In the
patient with ventricular premature beats (lower right), the mean difference is -1 ms and the
limits of agreement are from -21 ms to 20 ms, with 95% confidence limits for the lower limit
being -27 to -16 ms, and those for the upper limit being 14 to 25 ms.
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right ventricular maps. Of these 8 maps, in the 7 recorded during sinus rhythm, the
end of ART started from the anteroseptal area and ended in the lateral or
posterolateral basal area. These ART sequences were generally the same as those
of the EOR times (Fig. 24), although 3 of them had left or right bundle branch
block and secondary ST-T changes on ECG. In the 8th right ventricular map,
recorded during sustained right ventricular tachycardia, the ART sequence was
from the right outflow tract area, where the focus of the tachycardia was located,
to the posterolateral basal area, and the sequence was also similar to that of the
EOR times. The ART sequence was unrecognizable on a map during sinus rhythm
in a patient with ventricular tachycardia, whereas the EOR sequence was
discernible on this map.

The left ventricular ART sequences were identifiable in all 6 maps, and they
followed the same sequences of the EOR in all of these maps. In patient #1,
mapped during left ventricular premature beats, the end of ART started from the
anterolateral basal area and ended in the posteroseptal area. In patient #2, the ART
started from the left anteroseptal area and ended in the laterobasal area during
sinus rhythm. In the two maps during sustained ventricular tachycardia, the ART
started from the left laterobasal area to the posteroparaseptal area (patient #1) (Fig.
25), and from the left anteroseptal area to the laterobasal area (patient #2). In
patient #6 with Wolff-Parkinson-White syndrome, the ART followed similar
sequences before and after catheter ablation of the accessory pathway, starting
from the posteroseptal area and ending in the laterobasal area, with the basal areas
being a long, late ART zone.

In total, repolarization sequences were recognizable in 14 of 15 ART maps as
compared to the EOR sequence, which was recognizable in all 15 maps. The ART
sequence was consistent with the EOR sequence in these 14 maps (Study 1).
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Fig. 24: Posterior-anterior views of the EOR (left) and ART (right) maps of the right ventricle
during sinus rhythm from a patient with monomorphic ventricular tachycardia. The EOR starts
from anteromidseptal area (red area), proceeds eccentrically towards the basal, lateral,
posteroseptal and the outflow tract areas and ends in the posterolateral basal areas (blue and purple
areas). The maximum dispersion of EOR is 67 ms. The ART sequence is consistent with the EOR
sequence and the maximum dispersion of ART is 64 ms.

Stage: Baseline LAT(S):M1 - M2 Stage: Baseline

Display: tap 1 * i Display: Map 1 LAT(8):MY - M2

Fig. 25: Posterior-anterior views of the EOR (left) and ART (right) maps of the left ventricle during
sustained ventricular tachycardia from a patient with ventricular tachycardia. The EOR starts from
the left laterobasal area (red area) to the posteroparaseptal area (purple area) with the maximum EOR
time dispersion 79 ms. The ART sequence is consistent with the EOR sequence and the maximum
dispersion of ART is 43 ms.
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EOR times, EOR sequence and QT intervals in 10 open-chest pigs (Studies Il
and 111)

Three-dimensional maps of the repolarization sequences of EOR time over
both the epi- and endocardium were constructed in the 10 open-chest pigs during
right atrial pacing. Of these maps, the EOR commonly started from the
anteroseptal/apical area and ended in the lateral or posterolateral basal area (Fig.
26). The minimal and maximal EOR times, i. e. the earliest and latest EORs, over
the epi- and endocardium among all the MAP recordings in the 10 pigs were
presented in Table 1, as well as the minimal, mean, and maximal QT peax and QTeng
intervals. In addition, the 5 longest EORepi, EORengo and EORyota, as Well as the 5
shortest EOR¢pi, EOR¢ng and EORy5 Were also observed in each pig (Table 4, see
Page 93). The minimal and maximal EOR ., Were observed in the left ventricle in
all the 10 pigs, including the 2 pigs in which the right ventricle was also mapped.
The minimal EOR, Was on the epicardium in 5 pigs and on the endocardium in
the other 5 pigs. The maximal EOR,, was on the endocardium in 9 pigs and on
the epicardium in the remaining pig. In all these 10 pigs, the sequence of the EOR
was the same as that of activation both on the epicardium and the endocardium,
but this is beyond the scope of Studies Il and I11.

LATYE)IAT = AT

LV epicardium

Fig. 26: CARTO maps of the end of repolarization sequences (EOR) of the epi- (left) and
endocardium (right) from pig 6. The end of repolarization started from the apical area and ended in
the posterolateral basal area. The recorded minimum EOR time is 264 ms, and the recorded
maximum EOR time is 328 ms.
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The activation sequence in pigs under ventricular pacing (Studies 1V and V)

Three-dimensional maps of the activation and repolarization sequences from
both the right and left ventricles were constructed in the 10 pigs during different
pacing protocols. During RAP, the activation started from the anterioseptum (n =
3) or midseptum (n = 2) of the LV, propagated to the RV septum and continued
eccentrically towards the apex and the anterior and posterior parts of both
ventricles, finally ending in the left posterolateral (n = 2) or right lateral basal
areas (n = 3).

RVEndoP=LV - AT RVEndoP - LV - EOR soaen

Fig. 27: Right anterior oblique views of AT (left) and EOR (right) sequences of the left ventricle
(LV) during endocardial pacing at the right ventricular apex (RVengoP) in a pig. The LV
breakthrough site is at the apicoseptal area. The EOR sequence is very similar to that of the AT,
including a similar breakthrough point at the apical septum.

RVEndoP!— LV - AT RVEndoP~ LV - EOR

Fig. 28: Right anterior oblique views of AT (left) and EOR (right) sequences of the left
ventricle (LV) during endocardial pacing at the right ventricular apex (RVendoP) in a pig. The
LV breakthrough sites are seen at both apicoseptal and midseptal regions. In the LV, the EOR
sequence also follows that of the AT, with similar breakthrough points at the midseptum and
apical septum.

85



Yunlong Xia

LAT{S):MT - 142

RVEndeP-AT-

Fig. 29: Bottom views of AT (left) and EOR (right) sequences of both right and left ventricles
(RV and LV) during endocardial pacing at the RV apex (RVengoP) in pig 8. The activation
starts from the pacing site at the RV apex, and propagates eccentrically toward the septum
and the RV free wall. In the LV, the activation spread eccentrically toward the apex, anterior,
and lateral wall. The latest activation is located at the posterolateral basal area of the LV. The
EOR sequence follows that of the AT.

LAT(S):MT - M2

LVEpiP — RV - AT LVEpiP — RV - EOR

Fig. 30: Left lateral views of AT (left) and EOR (right) sequences of the right ventricle (RV)
during epicardial pacing at a laterobasal site of the left ventricle (LVgpP) in pig 9. The RV
breakthrough site of the AT is located at the posterior septum, and the activation then
propagates eccentrically from the septum to the apex and the anterior and lateral wall, finally
ending at the right laterobasal areas. The EOR breaks into the RV also at the posterior septum,
and follows a sequence similar to that of the AT.
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During RVengo pacing, in both groups the activation started from the pacing site
at the right ventricular apex and propagated eccentrically towards the septum and
the RV free wall. The LV breakthrough was observed at the apicoseptal area in 5
pigs (Fig. 27, left), at the midseptal area in 3 pigs, and both areas in 2 pigs (Fig. 28,
left), respectively. After entering the LV, the activation spreads eccentrically
toward the apex, anterior and lateral wall of the LV. The latest activation was
located at the lateral (n = 2) or posterolateral (n = 4) basal areas of the RV, and the
posterolateral basal area of the LV (n = 4), respectively (Fig. 29, left).

During LVg, pacing, the earliest activation started at the pacing site in the
laterobasal area of the LV, and propagated eccentrically towards the left anterior
wall, apex and septum. The activation broke into the RV at the midseptal (n = 1)
or posteroseptal regions (n = 4) (Fig. 30, left), and propagated eccentrically from
the septum to the apex, anterior and lateral wall, finally ending at the posterobasal
(n=1) or laterobasal (n = 4) areas of the RV (Fig. 31, left).

The repolarization sequence in pigs under ventricular pacing (Studies IV and
V)

During RA pacing, the EOR sequence was recognizable on all 5 maps and it
was similar to the AT sequence. The EOR started from the superior- (n = 3) or
mid-septum (n = 2) of the LV, proceeded towards the RV septum, continued
eccentrically to both ventricles, and ended in the posterolateral LV (n = 2) or the
lateral basal RV (n = 3). In these 5 maps, the longest MAPds were all recorded in
or near the earliest activation areas, i.e. the septal/apical areas, while the shortest
MAPds were recorded in or near the latest activation areas.
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LVEPIiPAT —— — .. | LVEpiP EOR

Fig. 31: Bottom views of AT (left) and EOR (right) sequences of both right (RV) and left
ventricles (LV) during epicardial pacing at a laterobasal site of the LV (LVg,iP) in pig 9. The
earliest activation starts at the left laterobasal pacing area, propagates eccentrically towards the
left anterior wall, apex and septum. In the RV, the activation propagates eccentrically from the
septum to the apex and the anterior and lateral wall, finally ending at the right laterobasal area.
The EOR follows a similar sequence to that of the activation.

During RVEgng pacing, the EOR sequence was recognizable in all 5 pigs from
group | and in 4 of the 5 pigs from group Il. In these 9 pigs, the EOR followed
sequences similar to those of the activation (Fig. 29, right). The earliest EOR
started from the pacing site at the RV apex and proceeded eccentrically towards
the septum and the RV free wall. Interestingly, in the LV the earliest EORs were
observed in similar regions around the activation breakthrough sites, which were
at the apicoseptal area in 6 pigs (Fig. 27, right), at the midseptal area in 2 pigs, and
at both areas in 1 pig (Fig. 28, right). In the LV, the EOR spread eccentrically
toward the apex and the anterior and lateral LV wall. The latest EOR ended at the
lateral (n = 2) or posterolateral (n = 2) basal areas in the RV, or at the
posterolateral basal area of the LV (n = 5). On these 9 maps, the longest MAPdSs
were recorded in or near the earliest activation areas, while the shortest MAPds
were recorded in or near the latest activation areas. The EOR pattern of the
remaining pig was so complex on the LV map that no clear EOR sequence was
recognizable.

During LVgp, pacing, the EOR sequence was recognizable in all 5 pigs of
Group 11, and the sequence of EOR followed that of activation. The earliest EOR
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started at the lateral pacing area and proceeded eccentrically towards the anterior
wall, apex and septum of the LV. Similar to what was observed during RVeng
pacing, the earliest EOR in the RV was located at the activation breakthrough
areas, which were in the midseptal (n = 1) and posteroseptal regions (n = 4) (Fig.
30, right). The EOR then proceeded eccentrically from the septum to the apex and
the anterior and lateral wall, and finally ended at the laterobasal areas (n = 5) of
the RV (Fig. 31, right). The longest MAPs were recorded in or near the LV
laterobasal pacing area in 4 of the 5 pigs. In 2 pigs, some of the longest MAPs
were also observed around the septal/apical areas, though these MAPs did not
affect the global repolarization sequence. The shortest MAPs were recorded in or
near the latest activation areas, the laterobasal areas in the RV, in all 5 pigs.

Table 5: Linear regression analysis of MAPd vs. AT, and of EOR vs. AT
during altered pacing protocols in the 10 close-chest pigs

= sites MAPd vs. AT EOR vs. AT
slope r slope r
RAP 5 112 + 16 -0.46 £0.13 -0.43+£0.18 0.47 £0.11 0.45+0.14
RVEndoP 10 122+23 -0.32+0.11 -0.42 £ 0.08 0.51+0.10 0.53+0.16
LVEpiP 5 126 + 26 -0.25+0.09 -0.33+£0.16 0.54 +0.10 0.59+0.19

MAPd: monophasic action potential duration; AT: activation time; EOR: end of repolarization
time; RAP: right atrial pacing; RVengoP: right ventricular endocardial pacing; LVgpP: left
ventricular epicardial pacing.

Correlation and regression analysis during altered pacing protocol (Study 1V)

A negative correlation between MAPd and AT and a positive correlation
between the EOR and AT were found in all maps, regardless of whether during
RA, RVeng, Or LVEpi pacing. The correlation was statistically significant in all of
the maps (p < 0.05-0.001, Table 5). For the linear regression between MAPd and
AT, the slope during LV, pacing (-0.25+0.09) tended to be less steep than that
during RA pacing and RVg,q pacing (-0.46+0.13 and -0.32+0.11, Fig. 32), though
the differences were not statistically significant (p > 0.05). For the linear
regression between the EOR time and AT, the slope during LVg, pacing
(0.54+0.10) was similar to that during RA pacing and RVgng pacing (0.47£0.11
and 0.51+0.10, p > 0.05) (Fig. 32, Table 5).
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6. The dispersion of ventricular activation and repolarization (Studies I, 111

and V)

The dispersion of EOR times over both epicardium and endocardium (Studies Il

and I11)

In the 10 open-chest pigs, the EOR times over the endocardium and
epicardium were obtained as shown in Table 6. Three-dimensional maps of the
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Fig. 32: Linear correlation analysis for one of the
pigs between MAPd and AT, and between EOR
and AT during RA pacing (upper), RVendpo
pacing (middle) and LVgp pacing (lower),
respectively. Under these different pacing
protocols, negative correlations were found
between MAPd and AT whereas positive
correlations were found between EOR and AT.
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repolarization sequences over both
the epicardium and endocardium
were constructed in the 10 pigs. Of
these maps, the EOR commonly
started from the anteroseptal/apical
area and ended in the lateral or
posterolateral basal area, i.e. the
minimal EOR times were all
recorded around the anteroseptal
/apical area, and the maximal EOR
times around the lateral or
posterolateral basal area (Fig. 26).

The dispersions of EOR-epi,
EOR-endo, and EOR-total were
36+8, 51+15 and 58+11 ms,
respectively. The dispersion of
EOR-total was significantly greater
than the dispersion of EOR-epi and
dispersion of EOR-endo (p < 0.001
and p < 0.05, respectively) (Table 6).
In addition, in the 2 pigs in which
both left and right ventricles were
mapped, the maximal and minimal
EOR times were all found in the left
ventricle recordings. Thus, the
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measurements from the right ventricle did not affect the maximal dispersion of
EOR times in these 2 pigs (Study III).

Table 6: The end of repolarization time and its dispersion over the epicardium and
endocardium during right atrial pacing at 130 bpm in 10 open-chest pigs

Epicardium of LV Endocardium of LV

PIgS  —qie EOR DVR  Sitt EOR DvR DVRtoul
1 67 313£10 39 56  322+14 63 63
2 67 311+10 39 50 313+19 77 77
3 32 32846 29 57 35315 61 67
4 49 27247 26 75 281+12 55 55
5 47 323+11 48 72 315+9 32 50
6 50 29948 31 49 205+15 64 64
7 47 2947 27 66 30248 32 38
8 45 340411 45 59 352+11 43 63
9 48 28248 38 77 303+10 40 52
10 57 303+9 33 70 315+12 46 53

Total 51+10 306+21 36+8* 6419 312425 51+15' 58+11

EOR data are presented as mean + 1 standard deviation in milliseconds. EOR: end of
repolarization time; LV: left ventricle; DVR: dispersion of the end of repolarization times. * p
< 0.001 and "p < 0.05 compared with the DVR-total.

The dispersion of activation under ventricular pacing (Study V)

In the series of the 10 close-chest pigs, the earliest recorded endocardial AT
was consistent with the earliest onset of QRS complex during RA (3+1 ms
difference), and with the endocardial pacing artifacts of the surface ECG during
RVengo pacing (4+1 ms difference). During LV, pacing, however, the earliest
recorded endocardial AT was 28+8 ms later than the epicardial pacing artifacts,
representing the local transmural conduction from the epicardial pacing site to the
endocardium (Fig. 20).

In Group I, the dispersion of AT during RVgng pacing, which was 64+12 ms
in the RV, 63£10 ms in the LV, and 68+13 ms in both, was significantly greater
than that during RA pacing, which was 51+10 ms in the RV, 5219 ms in the LV
and 55+12 ms in both (p < 0.05), respectively. In Group I, during LVg, pacing,
the dispersion of AT in the RV (60+12 ms) and in the LV (6517 ms) were both
similar to those during RVgnq pacing, which was 5929 ms in the RV and 67+15
ms in the LV (p > 0.05). However, the dispersion of AT in both ventricles during
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LVepi pacing (87+15 ms) was significantly greater than that during RVengo pacing
(70+16 ms) (p < 0.05) (Table 7).

During RVengo pacing, no significant difference in dispersion of AT was found
between Groups | and Il (p > 0.05). Thus, the dispersion of AT in both ventricles
during LVg, pacing in the 5 pigs (87+15 ms) was also significantly greater than
that during RVgng pacing in all 10 close-chest pigs (69+15 ms) (p < 0.05) (Fig.
33).

The dispersion of EOR times under ventricular pacing (Study V)

In the 10 colse-chest pigs, during RA pacing (Group I, n = 5), the earliest EOR
was located at the superior (n = 3) or midseptum (n = 2) of the LV, and the latest
EOR was located at the posterolateral LV (n = 2) or the lateral basal RV (n = 3).
During RVgngo pacing (Groups | and 11, n = 10), the earliest EOR was found at the
pacing area in the RV/LV apex in both groups, and the latest EOR was located at
the lateral (n = 2) or posterolateral (n = 2) basal areas of the RV, or the
posterolateral basal area of the LV (n = 6). During LV pacing (Group I, n = 5),
the earliest EOR was found in the pacing area of the lateral LV, and the latest was
found in the laterobasal areas of the RV (n =5).

In Group I, the dispersion of EOR during RVg,q, pacing, which was 63+13 ms
in the RV, 67£16 ms in the LV and 70£16 ms in both, appeared similar to that
during RA pacing, which was 60+£10 ms in the RV, 57£12 ms in the LV and
63+12 ms in both (p > 0.05). In Group I, during LV, pacing, the dispersion of
EOR in the RV (6513 ms) and in the LV (61£10 ms) were both similar to those
during RVengo pacing, which was 62+8 ms in the RV and 6817 ms in the LV (p >
0.05). However, the dispersion of EOR in both ventricles during LVg, pacing
(94£17 ms) was significantly greater than that during RVeng pacing (74£18 ms),
(p <0.05) (Table 7).
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Table 4: The mean differences in the 5 longest and 5 shortest EOR times

from the QT peak @and QTeng intervals in the 10 open-chest pigs

Epicardium Endocardium Both epicardium and endocardium
Pig 5 longest QTp vs. 5 longest QT vs. 5 shortest QT, vs. 5 longest QTevs.
EOR 5 longest EOR EOR 5 longest EOR EOR 5 shortest EOR EOR 5 longest EOR
1 329 -40 344 7 292 -3 344 7
2 327 -40 342 10 278 9 342 10
3 336 -11 376 5 317 8 376 5
4 279 -18 301 8 253 8 301 8
5 344 -25 330 7 304 15 344 -7
6 310 -36 318 1 270 4 318 1
7 301 -32 312 15 280 -11 312 15
8 352 -43 369 1 318 -9 369 1
9 296 -33 318 7 273 -10 318 7
10 316 -27 338 6 288 1 338 6
319+23 -31+£10 335124 7+4 287+21 1+9 336124 5+6

Data are presented in ms and the differences are derived from the QT intervals minus end of repolarization times. EOR:
end of repolarization times. QT, and QT,: QT peak and QTeyg intervals.
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Table 7. The global dispersion of activation times and end of repolarization times of the right and left ventricles

during RA, RVeng and LV pacing in the 10 close-chest pigs

Dispersion of AT

Dispersion of EOR

N  Sites
RV+LV RV LV RV+LV RV LV
RA pacing (1) 5 112+16 55+12 51+10 52+19 63+12 60+10 57+12
RVeno Pacing (1) 5 118+20 68+13 64+12 63+10 70+16 63+13 67+16
L Ve Pacing (11) 5 126+26 #87+15 60+12 65+17 #94+17 65+13 6110
RVEngo Pacing (1) 5 126+21 70+16 59+9 6715 74+18 62+8 68+17
RVEngo Pacing (1 +11) 10 122+23 *69+15 62+14 65+17 72+18 62+12 68+18

Data presented as mean + SD in ms. * p < 0.05 as compared to that during RA pacing; # p < 0.05 as compared to both
during RA and RVgng pacing; AT: activation time; EOR: end of repolarization time; RA: right atrial; RV and LV: right and

left ventricle; RVengo: right ventricular endocardial; LVgpi: left ventricular epicardial; 1: Group I; 11: Group I1.
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Fig. 33: Effect of different pacing protocols on dispersion of ventricular activation time (AT)
and end of repolarization time (EOR) in 10 close-chest pigs. During left ventricular epicardial
pacing (LVgyiP), the dispersions of AT (left) and EOR (right) are significantly greater than
those during right atrial pacing (RAP) and right ventricular endocardial pacing (RVendoP).
Graphs are presented as mean value in ms.

During RVEengo pacing, no significant difference in EOR dispersion was found
between Groups | and Il (p > 0.05). Consequently, the dispersion of EOR in both
ventricles (94+17 ms) during LVg, pacing in the 5 pigs of Group Il was
significantly greater than that during RVgqgo pacing in all the 10 pigs (7218 ms)
(p <0.05) (Fig. 33).

7. Repolarization parameters on the surface ECG (Studies I, 111 and V)

QT pear @and QTnq intervals

In the 10 open-chest pigs, the minimal, mean and maximal QT e and QTeng
intervals were aquired as shown in Table 1 (See page 77).

In the 10 close-chest pigs, QT interval during LVg, pacing (328+24 ms) was

Table 8. Dispersion of ECG parameters on ventricular repolarization
during different pacing protocols in 10 close-chest pigs

) ) ) Tpeak-Tend iNterval
n QT interval QT dispersion P

Average Maximum
RApacing 5 285+13 17+£3 49 + 6 58+8
RVengo pacing 10 304 £ 17 18+3 49+8 60+ 8
LVgpipacing 5 328 + 24* 33 +6* 63+7* T71+8*

Data are presented as mean + SD in ms. * p < 0.05 as compared to those during RA and RVengo
pacing. RA: right atrial; RVendo: right ventricular endocardial; LVegp;: left ventricular epicardial.
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significantly greater than that during RA pacing (295+13 ms) (p < 0.05) and
RVEnge pacing (304+17 ms) (p < 0.05), whereas no significant difference was
found between that during RA and that during RVg.q, pacing (Fig. 34; Table 8).

QT dispersion and Tpeak-Tend iNtervals

For the 10 open-chest pigs (Studies Il and I11), the QT dispersion parameters
are presented in Table 9. QT dispersion was significantly smaller than QTeng
dispersion in the 10 pigs (15+2 vs. 21+4 ms, p < 0.01). The minimal, mean and
maximal Tpea-Teng intervals were 2049, 4445 and 57+7 ms, respectively. The
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Fig. 34: Effect of different pacing protocols on
ECG parameters of ventricular repolarization.
During left ventricular epicardial pacing
(LVgiP), QT intervals (upper panel), QT
dispersion (middle panel) and maximal
Tpeak-Tend intervals (lower panel) are all
significantly greater than those during right
atrial pacing (RAP) and right ventricular
endocardial pacing (RVgngoP).
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maximal  Tpea-Teng  Intervals — were
significantly greater than the minimal
and mean Tpex-Teng intervals (p <
0.0001 and p < 0.0001, respectively).
The maximal and mean Tpeak-Tend
intervals were also greater than the
QT peak dispersion and QTe,g dispersion
(p < 0.0001 vs. p <0.0001). In addition,
Tpeak-Tena intervals from lead 11 and Vs
were also compared with each other,
but no significant difference was found
between them (41+6 vs. 43t5 ms, p >
0.05). However, the Tpea-Teng intervals
from these two leads were significantly
smaller than the maximal Tpeak-Tend
intervals (p < 0.0001) (Table 9).

In the 10 close-chest pigs, QT
dispersion during LVg, pacing (336
ms) was significantly greater than that
during RA (173 ms, p < 0.05) and
RVEndo pacing (183 ms, p < 0.05). No
significant difference in QT dispersion
was found during RA pacing and
RVEengo pacing (p > 0.05) (Fig. 34). In
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addition, during RA pacing, the average and maximum Tpea-Teng intervals were
4916 ms and 58 £ 8 ms, which were similar to those during RVgng, pacing (4948
ms and 60+8 ms, both p > 0.05). However, during LV, pacing, the average and
maximum Tpea-Teng Intervals increased significantly to 63+7 ms and 71+8 ms
(both p < 0.05) (Fig. 34).

Table 9: ECG dispersion parameters in the 10 open-chest pigs

Min Mean Max Tp-Te TpTe QT QTe

Mo T TeTe TeTe Vs I Disp Disp
1 33 48 66 48 49 14 19
> 18 44 56 44 37 15 23
3 33 47 60 44 46 12 15
4 19 44 57 44 41 17 21
5 16 40 9 43 49 11 2
6 30 48 64 51 46 18 16
7 4 41 8 43 3 15 29
8 19 41 55 39 40 14 22
9 18 36 6 37 3% 12 16
0 14 40 54 35 37 17 23

Total  20+9 *44+5 57+7  *43+5 *41+6 152 214

Data are presented as mean £ 1 SD in ms. Min, Mean and Max Tp-Te: minimal, mean and
maximal Tpeak 10 Teng interval. 11 and Vs: ECG leads Il and Vs. QT, and QT. Disp: dispersion in
QTpeak and QTeng intervals, respectively. * p < 0.0001 compared with Max Tp-Te. T p < 0.01
compared to QT Disp.

8. Relationship between dispersion of EOR times and ECG dispersion
parameters in the 10 open-chest pigs (Studies 11 and I11)

Comparison of the EOR times and the ECG parameters (Study 11)

In the 10 open-chest pigs, the EOR times and the related ECG parameters were
compared (Study I1). The minimal, mean and maximal QTpex intervals were all
significantly smaller than the maximal EOR; (322+23 ms) (p < 0.01, Table 1).
No significant differences were found either between the mean QT.g intervals
(333£29 ms) and the maximal EOR¢qqo (339224 ms) (p = 0.34), or between the
maximal QT.,q intervals (338+30 ms) and the maximal EORg,¢ (p = 0.92), with
the differences being 6£19 ms and 1+19 ms, respectively (Table 10). The minimal
QTeng interval (318132 ms) was significantly smaller than the maximal EORgngo (P
< 0.05), with the difference being 21+19 ms (Table 10).

97



Yunlong Xia

Table 10: Differences between the maximal, mean, and minimal QT pea and QTeng intervals and

the maximal and minimal end of repolarization times over the epi- and endocardium in the 10 open-chest pigs.

Pig Min QT, Mean QT, Max QT, Min QT, Mean QT, Max QT, Min QT, Max QT,
Max EOR ¢p; Max EOR ¢ngo Min EOR g Max EOR ot

1 -44 -39 -30 -17 -11 2 -1 2

2 -74 -67 -59 -62 -44 -39 -18 -39

3 -32 -26 -20 -25 -17 -10 -3 -10

4 -31 -23 -14 -20 -4 1 -1 1

5 -55 -49 -44 -10 9 12 -5 -6

6 -24 -13 -4 6 17 22 22 22

7 -37 -28 -22 -29 2 0 -10 0

8 -14 -6 0 1 17 23 31 23

9 -52 -45 -40 -36 -23 -20 -14 -20
10 -31 -27 -24 -20 -7 3 2 3

-39+17*  -32+18*  -26+18* -21+191  -6x19# -1+19# 0+15% -2+18%

The data presented are time interval differences in ms, which are derived from the QT intervals minus the end of
repolarization times. Min and Max: minimal and maximal; EOR ¢y, EOR_¢ngo and EOR.or1: €nd of repolarization times over
the epicardium, endocardium, and over both. QT, and QT: QT peak and QTeng intervals. *: significantly smaller than the Max
EOR cngo (P < 0.05); #: No significant difference from the Max EOR ¢qo (p < 0.05); t: Significantly smaller than the Max

EOR_¢ngo (p < 0.05); : No significant difference from the Min EOR-total and the Max EOR ., respectively (p > 0.05)
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No significant difference was found bewteen the minimal QT intervals
(283128 ms) and the minimal EORq, (282120 ms, p = 0.95), with the difference
being 0£15 ms. The minimal EORy, sites were all recorded around the
anteroseptal/apical area. Likewise, no significant difference was found between
the maximal QT,,q intervals and the maximal EOR (34124 ms, p = 0.69), with
the difference being 2£18 ms (Table 10) (Fig. 35). The maximal EOR values

Fig. 35: Comparison of the earliest and latest end of
repolarization times on the monophasic action
potential recordings with the Tpe and Teng time
points on the 12-lead ECGs in pig 2. Left panel: the
Tpeak coincides well with the earliest EOR time (first
tracing) recorded at the left anteroseptal area on the
endocardium (forth line). Right panel: the Tenqg iS
consistent with the latest EOR (first tracing)
recorded at the laterobasal area on the endocardium
(forth line). Lead I was discarded from analysis due
to the flat T wave.

were all recorded around the
lateral or posterolateral basal area.
Furthermore, a significant positive
correlation was found between the
minimal QTpe and the minimal
EORoa (r = 0.85, p < 0.005), and
also between the maximal QT
and the maximal EOR, (r = 0.80,
p <0.01) (Fig. 36).

During online analysis within
the sampling window, the minimal
QTpeax and  maximal  QTeng
intervals were compared with each
of the 5 shortest and 5 longest
EOR times over the epicardium,
the endocardium, and over both in
each pig. The mean of the 5
differences was calculated and is
shown in Table 4. Similarly to the
above results, the minimal QT peax
intervals were significantly smaller
than the 5 longest EORg, values
(31923 ms) (p < 0.05), with the
difference being -31+10 ms,
whereas no significant difference
was found between the maximal
QTeng intervals and the 5 longest
EORengo Values (33524 ms) (p >
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Fig. 36: A significant positive correlation could be found between the minimal QT pea and
the minimal EORa (a), as well as between the maximal QTeng and the maximal EOR gt (D).
Data are from the 10 open-chest pigs, and presented in ms.

0.05), with the difference being 7+4 ms. Likewise, no significant difference was
found between the minimal QT e intervals and the 5 shortest EOR. i (287+21
ms) (p > 0.05) (Fig. 37), the difference being 19 ms, or between the maximal
QTeng intervals and the 5 longest EORyqy (336224 ms) (p > 0.05), the difference
being 5£6 ms (Table 4).

20
10 Fig. 37: The differences between the QT peax
0 trprm - intervals and the 5 longest and shortest end
101 112 IHIH 518 of repolarization times, showing that the
QTpeak intervals were much shorter than the
-20 H 5 longest EOR times on the epicardium
30l (QTp vs. 5 longest EORgyi, gray bars), but
i quite close to the 5 shortest end of
-40 repolarization on both the epicardium and
50 endocardium (QT, vs. 5 shortest EORyotal,
(ms) black bars). Data from the 10 open-chest

B @Tp vs. 5 longest EORepi pigs.
m QTp vs. 5 shortest EORtotal

Corelation between Tea-Teng interval and the dispersion of EOR times (Study

Also in the 10 open-chest pigs, no significant difference was found between
the maximal Tpea-Teng interval and the dispersion of EOR-total (p = 0.33), whereas
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Fig. 38: Correlation analysis between the
maximal Tpea-Tend interval and the global
dispersion of EOR from all the MAP
recordings (DVR-total) (upper panel (a)),
between QT peak dispersion and the DVR-total
(center panel (b)), and also between QTeng
dispersion and the DVR-total (lower panel
(c)). There is high correlation between
maximal — Tpea-Tend  interval and  the
DVR-total (a), whereas the QT peax dispersion
and QTeng dispersion correlate poorly with
the DVR-total (b and c).

Results

the mean and minimal Tpeak-Tend
intervals were both significantly less
than the dispersion of EOR-total (p <
0.01 and p < 0.0001, respectively). The
Tpeak-Tena intervals from lead 11 and Vs
were also significantly less than the
dispersion of EOR-total (p < 0.001 and
p < 0.01, respectively).

Correlation analysis showed that
there was a high correlation between
the maximal Tyea-Teng interval and the
dispersion of EOR-total (r = 0.64, p <
0.05) (Fig. 38, panel a), whereas
correlation analysis between the mean
Tpeak-Tena Interval and the dispersion of
EOR-total gave an r value of 0.56 (p =
0.09). There was no correlation
between Tpea-Tena intervals from lead
Il and Vs and the dispersion of
EOR-total (r = 0.30, p =040 and r =
0.33, p = 0.35 respectively). In
addition, no significant correlation was
found when the dispersion of
EOR-total was compared with the
QT peak dispersion and QTe,g dispersion
(r=007,p=084and r=-048, p =
0.16, respectively) (Fig. 38, panels b
and c).
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GENERAL DISCUSSION

1. Methodological aspects of global MAP mapping and ART mapping (Study
)

In clinical electrophysiological studies, local refractoriness is usually assessed
using programmed stimulation. However, programmed stimulation at multiple

sites is time-consuming, which limits the usefulness of the method in evaluating
global repolarization and its dispersion.

The activation recovery interval, measured from the local intrinsic deflection
to the termination of the “T” wave on the unipolar electrograms, has been used to
estimate the local refractoriness in epicardial, endocardial and intramural
measurements in experimental studies (41), and has been shown to represent local
effective refractory period of the human epicardium and endocardium (43, 199).
Gepstein et al. measured this interval on unipolar electrograms of the left ventricle
in pigs using the CARTO system to evaluate global ventricular refractoriness and
explore the activation-repolarization coupling (115). Different from the activation
recovery interval, the ART was often defined as the time from the onset of QRS
complex to the termination of the T wave on the unipolar electrogram. Since the
ART combines the local activation time and local activation recovery interval, it
should be a better estimate of local EOR time. However, few studies on global
ventricular ART sequence and ART dispersions have been reported, and most
existing studies have calculated the ART from the body surface ECG. In the
current PhD project in patients, we tried to measure the global ART and to
evaluate its relationship with the global EOR time.

Previously, we have successfully used the MAP mapping technique, which
integrates the MAP recording and CARTO mapping techniques, to study the
global sequence of ventricular repolarization in pigs and humans (37). In the
present thesis, we used the MAP mapping technique to test whether the ART
measurements from the unipolar electrogram could estimate the EOR time from
the MAPs, recorded simultaneously using the same electrode, and to verify if the
ART sequence could reproduce that of the EOR. The results show that
repolarization sequence was recognizable in almost all the ART maps, and the
ART sequence was consistent with the EOR sequence. These findings suggest that
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ART from unipolar electrograms is a reliable estimate of the EOR time obtained
from MAP recordings.

The measurement of ART on the unipolar electrograms shares the same
limitation as the measurement of QT interval in recordings with distorted and/or
low amplitude “T” waves on the unipolar electrograms. In this project, we
excluded all the unipolar electrograms where the end of the “T”” wave was difficult
to determine, along with the MAP recordings from the same site. In addition, we
used the generally adopted intersection of the baseline with the tangent to the
maximal slope on the terminal phase of the “T” wave to facilitate the
determination of the end of the ART. Lastly, we recorded MAP and unipolar
electrogram simultaneously using the CARTO mapping system, i.e. all the
unipolar electrograms were recorded when an appropriate contact pressure was
applied to the recording site. Thus, the morphologies of the unipolar electrograms
were somewhat different from those of the conventional unipolar recordings,
mostly with an “ST” segment elevation as seen in Fig. 17. As a result, the end of
ART was much easier to define in comparison to conventional unipolar
electrocardiogram recordings.

2. The agreement between the ART and EOR measurements (Study I)

The activation recovery interval on unipolar electrograms is approximately
equal to the MAP duration, while the ART was approximately equal to EOR time
on the MAP recordings. Thus, the global sequence of ART should reflect
repolarization sequence, as does the EOR sequence on MAP recordings. In the
patients of this project, the ART sequence was consistent with the EOR sequence
in almost all of the maps (Figs. 24 and 25). The absolute measurement values of
the ARTSs were similar to the EOR times and close correlations between the ARTs
and EOR times were found (Figs. 22 and 23). Furthermore, the global ART
dispersion was very comparable to that of the EOR. More interestingly, our
agreement analyses showed that the differences between these two measurements
were almost all within the range of the mean difference £ 2 SD and the lower and
upper limits of agreement were -47 and +43 ms for all the measurements (Fig. 22).
Analysis of 95% confidence limits suggested that the ARTs could be at most 50
ms shorter or 46 ms longer than the EOR times, if the measurements were
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repeated in another group of patients. Considering that the absolute measurement
values are about 330-360 ms and the maximum possible differences are about
40-50 ms, i.e. 12-14% of the measurement values, the two measurements can be
judged to agree well with each other.

These results suggest that the ART measured from unipolar electrograms is a
good estimate of the EOR time from the MAP recordings, and thus the global
recording of unipolar electrograms might be a useful alternative for analysis of the
global sequence and dispersion of ventricular repolarization.

3. MAP mapping over both epi- and endocardium as a method for
evaluation of global repolarization (Studies Il and I11)

As stated above, the MAP mapping technique, which integrates the MAP
recording and CARTO mapping techniques, has been found to be reliable in
studying the endocardial repolarization sequences of the atrium and ventricle in
pigs and humans (37, 226). In this Ph.D. project, MAP was recorded over both the
epicardium and endocardium in 10 open-chest pigs using the CARTO system, in
order to evaluate the global ventricular repolarization, and its relationship with the
ECG parameters of repolarization.

Intramural MAP recording was not available in these pigs. As a result, the
repolarization of the M cells may be missing, which might lead to inadequate
interpretation of global repolarization. However, the distribution of M cells in the
porcine ventricle appears to be different from those in dogs (45, 51, 227). The
major difference is that the cells with typical M cell features are not confined to
the midmyocardial layers, but are also present in the epicardium (51). In addition,
in contrast to humans and dogs, the pig has a transmural Purkinje system, so that
in both right and left ventricular walls there is no spread of the activation from the
endocardium to the epicardium, but rather a more or less simultaneous activation
of the whole ventricular wall, in an apex to base direction (228). Furthermore, the
significantly longer AP duration of M cells in isolated canine ventricle was mostly
recorded at a cycle length of about 2000 ms (47, 50), whereas the transmural
gradient would remarkably decrease at shorter cycle length. Thus, under the heart
rate of 130 bpm in intact porcine ventricle, the AP duration of M cells may
decrease and could be close to those of epicardial and endocardial myocytes. On
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the other hand, MAP records the voltage gradients between cells depolarized by
contact pressure of the recording electrode and the surrounding normal cells that
periodically depolarize and repolarize (214, 215). Thus, it is not only the
superficial layer of cells that is involved in the genesis of MAP potentials,
although it is not clear exactly how deep the MAP records and whether the M cells
contribute to the genesis of the MAP. Moreover, the range of local activation
times on the MAPs we recorded was found to cover the whole duration of the
QRS complex in all the pigs, which suggests that our MAP mapping was
relatively complete. Thus, MAP mapping in these pigs over both the epicardium
and endocardium provided the most detailed in vivo data available for evaluation
of the global repolarization and the genesis of the T wave.

4. The T wave and global repolarization of the ventricle

Relationship of the peak and end of the T wave with the full repolarization of the
epi- and endocardium

In contrast to previous studies (50, 169, 229), it was found in this Ph.D. work
using 10 open-chest pigs that the Ty Was about 30-40 ms before the full
repolarization of the epicardium. Interestingly Tpex coincided well with the
earliest EOR as shown in Fig. 37, and a significant positive correlation was found
between them. The data of maximal and minimal EORgpi, EORengo, and EORgta
were all obtained by the measurement from a single site in each pig. Therefore the
values of minimal and/or maximal EOR times may have been subject to
measurement errors and may thus have affected our results analysis. To avoid this
possibility, the 5 earliest and latest EOR time points were also selected and
compared with the Tpex and Teng time points in the sampling window of the
CARTO system. Consistently, the T .. coincided with the 5 earliest EORs, which
was different from the finding in the above-mentioned in vitro studies (50, 229).
On the other hand, the T.,q coincided well with the latest EOR in the in vivo
models (Fig. 37), which agrees with previous observations (50, 229).

One possible reason for the different findings may be that the distribution of M
cells and the Purkinje system in the porcine ventricle differ from those in dogs (45,
51, 227), which could make the repolarization pattern different from that of the
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canine ventricle. However, the complex in vivo 3-dimensional pattern of the global
repolarization gradients was more likely to be the reason for the different findings
between the porcine model and the canine ventricular wedge preparations. As
discussed above, the ventricular wedge preparations used in previous studies were
too small and simple to reflect the complex 3-dimensional repolarization pattern.
In such a small wedge, especially when paced in the middle at a very long cycle
length of 2000 ms, the transmural repolarization gradient could be exaggerated
while the gradient vertical to the transmural axis would be minimized. In the intact
heart, at a much shorter cycle length, e.g. < 500 ms in our Studies Il and IllI, the
transmural repolarization gradient would be much smaller and the apico-basal
repolarization gradients appeared to be much more important, which may be the
reason why many in vivo and clinical studies have failed to demonstrate a
significant transmural repolarization gradient (31, 32, 41, 135).

Our data presented here do not allow one to clarify the electrophysiological
background for the coincidence between the T, and the earliest EOR in our
model. One hypothesis would be that the global sequential EOR, starting within
the septum, reaches the apex and/or the paraseptal areas near the apex, and then
turns over towards the basal areas that make the apico-basal gradients predominant.
As a result, the T vector would be seen to change sharply due to this gradient
change, which would lead to the inscription of the Ty The earlier findings that
the global repolarization sequence in principle follows the activation sequence in
pigs and in humans (37) also lend support to this hypothesis. In other words, the in
vivo ventricular repolarization is a complex process and besides transmural
repolarization gradients, apico-basal repolarization gradients should also be
involved in the genesis of the T waves. Further experiments are clearly needed to
address this issue.

Tpea-Teng INterval as an index of the global DVR

It has been hypothesized that the T wave vector is generated by different local
levels of repolarization in the heart (164, 167), so that the T wave emerges from
inhomogeneous recovery throughout the heart. Based on this theory, the T wave
width, which represents the repolarization time differences in the heart, was
postulated to correlate highly with the dispersion of repolarization. Thus, the
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Tpeak-Tena iNterval was chosen as a measurement of half the T wave width due to
the difficulties in determination of the T wave onset, and reported to be highly
correlated with the dispersion of AP duration and recovery time in isolated rabbit
heart model (30).

As mentioned above, in vitro studies in the dog have suggested that full
repolarization of the epicardium coincides with the peak of the T wave and that of
the subendocardially located M cells coincides with the end of the T wave (161,
169). The Tpea-Tena interval was therefore proposed and used as an index of
transmural DVR. Several clinical studies have demonstrated the potential
usefulness of this variable as a predictor of ventricular arrhythmias (95, 162).
However, in vivo evaluation of the relationship between Tpea-Teng interval and the
global DVR is still lacking.

In the Studies Il and I11, data from about 100 MAP recordings over both the
epicardium and endocardium in each of the 10 pigs were analyzed using the
electroanatomic mapping technique. We found that the maximal T peax-Teng interval
appeared to be similar to, and positively associated with the DVR-total. These
results are not completely consistent with those of previous studies (161, 169).
Since the dispersion of EOR-total, the maximal EOR time differences over both
the epicardium and endocardium, reflects not only the transmural gradients, but
also the apico-basal gradients, our results suggest that the maximal Tpeax-Tend
interval may be a good estimation of global DVR. To our knowledge, this is the
first in vivo validation of the Tpe-Teng interval as an index of the global DVR.
Certainly, the relationship between Tyea-Teng intervals and global dispersion of
EOR times was validated here in normal heart, not in a model of heart disease. In
addition, due to the missing information on repolarization of the midmyocardial
cells, our data did not allow us to clarify the relationship between the global
dispersion of repolarization and transmural gradients in greater depth.

The method for Tpea-Teng interval measurement must also be established.
Tpeak-Tena interval measured from the earliest Tea to the latest Teng On the 12 lead
ECG, i.e. the maximal Tpea-Teng interval, may be a better index of the global
dispersion of EOR times. As we know, time points of the T e and Teg Vary from
lead to lead, which results in the Tyea-Teng intervals showing a discrepancy on
different leads of the ECG. Some studies have selected special leads such as Il, Vs,
an average of all leads, or ambulatory ECG to analyze the Tpea-Tena interval (162,
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230, 231). However, our results have shown that the Tpeax-Teng interval from lead 1,
Vs or the average Tpea-Teng iNterval of all 12 leads, does not correlate with the
DVR-total as well as it might, but the maximal Tgea-Tena interval does. This
suggests that the Tpea-Teng interval measurement from a single lead or an average
value from the 12 lead ECG was not reliable as an index of the global dispersion
of repolarization. Certainly, the placement of leads in pigs in Studies Il and IllI,
especially the precordial ones, did not correspond exactly to the placement of
leads in humans - since the vector summation should be different due to the
difference in anatomy and the changes from open-chest surgery. However, our
data still suggest that the measurement of Tpea-Teng interval should not be obtained
arbitrarily from any lead of the surface ECG. Further investigation is clearly
required in order to define the measurement of this ECG interval in humans.

QT dispersion failed to reflect global DVR

Since the 1990s, the measurement of QT dispersion has been proposed as a
simple noninvasive measurement of DVR from 12-lead surface ECG (154).
Increased QT dispersion was considered to reflect an increased DVR, and was
thereby used as a prognostic tool in detection of future malignant ventricular
arrhythmias or sudden death in patients with various heart diseases (154, 159).
However, numerous prognostic studies have reported contradictory results, and the
interpretation of QT dispersion seems to be contradictory to the vector loop theory
of ECG wave forms (155, 157, 158, 160).

In Study 111, the QT peak and QTeng dispersion were both poorly correlated with
the dispersion of EOR-total, suggesting that these variables do not reflect the
global DVR. This is inconsistent with the findings of previous studies (30, 232).
However, these previous studies were limited by the number of MAP recordings
from the ventricle. The global DVR may be poorly estimated from a few adjacent
or remote ventricular sites, as shown in a recent study (120), which may explain
the inconsistency between our results and those of others. In Study 11, both the
epicardial and endocardial dispersion of EOR times were significantly smaller
than the dispersion of EOR-total. This further emphasizes the importance of
number of recording sites for evaluation of the global dispersion of repolarization.
Hence, the increased QT dispersion more likely indicates a significantly disturbed
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T vector loop. Although this may be a risk factor of malignant ventricular
arrhythmias, QT ek Or QTeng dispersion were not reliable indexes of the global
DVR.

5. Relationship between activation and repolarization sequence (Study 1V)

Repolarization sequence follows that of activation under ventricular pacing

The conventional view is that the repolarization sequence is in the direction
opposite to that of the activation, which has been supported mainly by the ECG
finding that the polarities of the T wave are concordant with those of the QRS
complex (109). Experimental findings supporting the above concept were mainly
based on evidence of transmural gradients, with the inner wall being more
negative than the outer wall (35). Earlier clinical studies found a negative
correlation between MAPd and AT in MAP recordings from 5-11 sites, and this
was used to support the concept of opposite directions of activation and
repolarization (39, 113). In later in vitro studies using the optical mapping
technique (116-118), the repolarization sequence was considered to be
independent of activation sequence. This was based on the phenomenon that
repolarization shows a relatively uniform pattern associated with ventricular fiber
orientation when the pacing is altered from the epicardium to the endocardium in
ventricular sheet preparations (116). Obviously, the relationship between
activation and repolarization sequence has not been investigated in sufficient
depth.

Recently, in a series of experimental and clinical studies from our institution,
around 50 MAPs from the endocardium of the LV were recorded during sinus
rhythm using the CARTO system (37). In spite of a significant negative
correlation between the MAP duration and AT, a positive correlation between the
EOR time and AT was demonstrated, suggesting that the magnitude of the
progressive shortening of MAP duration was not enough to compensate for the
progressive delay in the AT. As a result, the sequence of repolarization was
similar to that of activation during sinus rhythm, as has also been supported by
other studies (114, 115). In Study 1V, a negative correlation between the MAPd
and AT and a positive correlation between the EOR time and AT were also found
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during RA pacing. Interestingly, after changes in the activation sequence by
RVengo and LVg, pacing, the repolarization sequence also changed to follow the
activation sequence. These results are consistent with our previous findings of
concordant sequences of the EOR and AT (37), and they strongly support the
importance of the activation sequence in modulating the repolarization patterns.
An earlier study by Lux et al. lends experimental support to our conclusion. These
authors recorded high-resolution arrays of unipolar electrograms from the canine
epicardium and found that the repolarization “waves” propagated away from the
pacing site, irrespective of its location, and replicated “collision” when multiple
sites were paced simultaneously (110).

Contribution of activation time to patterns of repolarization during ventricular
pacing

Under normal ventricular activation, the repolarization follows the activation
sequence — as shown in an the study of Yuan et al (37). In Study IV, the
repolarization followed the activation sequence even under RVegng and LVg
pacing. The mechanisms of modulation of repolarization by the activation
sequence are still unclear. One of the mechanisms that have been proposed to
explain the effect of activation sequence on repolarization is electrotonic
interaction (86, 233-235). Passive electrotonic coupling between cells can impose
an electrical load on myocytes during propagation, and altered activation sequence
may modulate AP duration by altering the electrotonic load during repolarization
(235). AP duration would be shortened in the direction of propagation as
repolarized upstream cells may abbreviate repolarization of the AP plateau of
downstream cells. In addition, the significant and persistent change in AP duration
demonstrated by other investigators has suggested that many currents, such as l,
are also being changed under such conditions (236-238), which could also be
involved in the mechanisms of the repolarization changes.

In addition to these possible mechanisms, our in vivo data suggest that the
relatively slow ventricular activation time during ventricular pacing may make an
essential contribution to the sequence and pattern of ventricular repolarization.
During RA pacing, impulse conducts quickly in the ventricles through the
Purkinje system at around 3-4 m/s (239). During ventricular stimulation from the
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base of the LV and the apex of the RV, however, the activation does not spread
along the Purkinje fibres, but goes slowly through the ordinary myocardial fibres
at about 0.2-1 m/s (240, 241), as also indicated by the relatively greater global AT
of ventricles during ventricular pacing in the 10 close-chest pigs. In addition,
impulses conduct faster along the endocardial fibres and, as a result, the total
activation time required for the activation is shorter under endocardial pacing than
under epicardial pacing (239), which could explain the shorter total AT during
RVengo pacing than during LVg, pacing in the study. Thus, the considerably
delayed AT during ventricular pacing accounts more for the corresponding late
EOR than does the progressive shortening of MAP with progressively later AT,
which was evidenced by the less steep slope between the MAPd and AT during
L Ve pacing in Study IV. Moreover, the concordant sequence between activation
and repolarization during LVgp pacing in all pigs further supports the importance
of slow impulse propagation in modulating the repolarization pattern during
ventricular pacing.

Short-term electrical remodeling by altered activation sequence

In the 10 close-chest pigs under altered ventricular pacing, there was a
negative correlation between MAPd and AT, despite the change of pacing site
under different pacing protocols, and during LVg, pacing MAPd appeared
significantly greater than during RVeng pacing. Interestingly, the inducement of
this electrical remodeling was observed within only a few hours of altered
activation sequences.

Previous reports on the influence of altered activation sequence on ventricular
repolarization have mainly been studies on cardiac memory, and the available data
were generally obtained after the cessation of a period of altered ventricular
activation (79, 82, 238, 242). The repolarization changes that happen during
alteration of activation sequence, especially those under abrupt sequence changes,
were little known. In canine wedge preparations, Libbus et al. found that the
transmural AP duration could be changed significantly a few minutes after the
pacing site was altered from the endocardium to the epicardium (85, 238). In
isolated rabbit heart preparations, Costard-Jackle et al. observed a negative

111



Yunlong Xia

correlation between the AT and AP duration during either RA pacing or 60-120
min of RV pacing (86), which is consistent with our results.

One may argue that in these 10 close-chest pigs, the MAP sequentially
recorded during the first few hours of ventricular pacing may have been
influenced by the time-dependent changes, as observed in the isolated rabbit heart
preparations: that continuous ventricular pacing could produce slow changes of
AP duration (86). However, each corresponding set of AT, MAPd and EOR time
used for correlation analysis in our study was measured on the same recording
from the same site, which has cancelled the potential time-dependent effect.
Moreover, the MAPs were randomly recorded over the right and left ventricular
endocardium under each pacing protocol, which could also minimize the influence
of the time-dependent changes, if any. In addition, previous studies have
suggested that the AP duration should reach steady state after approximately 15
min of activation sequence changes (85, 238), which further supports the validity
of our data acquired after at least 30 min of steady-state pacing for assessment of
the modulation of the global repolarization under altered activation sequence.
Importantly, the changes in repolarization during altered ventricular pacing
protocols under in vivo conditions may be different from those during normal
activation sequence, after the cessation of pacing in isolated heart preparations
(86).

6. Increased global dispersion of ventricular repolarization during LVey
pacing (Study V)

Resynchronization therapy most commonly involves one endocardial pacing
from the RV apex and one epicardial pacing from the LV free wall via a branch of
the coronary sinus, which can obviously lead to a non-physiological activation
sequence. Any pacing strategy that alters the normal activation sequence has the
potential to alter the repolarization heterogeneity — either in a favorable or an
unfavorable manner. Recent studies have suggested that the ventricular activation
sequence during epicardial pacing may augment transmural DVR in the
ventricular myocardium (95-97, 243), which might be associated with the
malignant ventricular arrhythmia in patients under biventricular pacing. However,
these studies have been focused mainly on changes in transmural repolarization;
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little is known about the changes in global DVR induced by altered pacing
strategy.

Increased DVR during epicardial pacing

Study V provides in vivo evidence that a pacing site-dependent change in
activation sequence can lead to alterations in repolarization heterogeneities, and
LV, pacing may significantly increase the global DVR.

Several pacing site-dependent electrophysiological changes appear to be
involved in the augmentation of DVR by LVg, pacing. Firstly, the repolarization
gradients are significantly changed by the altered activation sequence. Either
during LV or RVengo pacing, the changes in MAP duration and EOR time follow
the same principle that the longest MAP and shortest EOR times are always
located in the area closest to the pacing site, and the shortest MAP and longest
EOR times close to the latest activated area, as has been described in the previous
sections. Secondly, the altered conduction time under different pacing protocols
has different roles in alteration of the DVR. In Study V, although the dispersion of
AT during RVgqqo pacing was increased compared to that during RA pacing, the
dispersion of EOR was not markedly augmented. During LVg, pacing, however,
the increased dispersion of AT subsequently led to remarkable augmentation of
the dispersion of EOR, i.e. the delayed conduction during LVg, pacing
contributed more to the exaggeration of DVR. The expression “conduction is not a
two-way street” is applicable not only to transmural activation in vitro (136), but
also to global transmural depolarization in vivo. On the other hand, during LVg
pacing, the earliest recorded AT over the endocardium was around 30 ms later
than the pacing artifact, i.e. a greater dispersion of AT could be observed if the
mapping also included the epicardium. Consequently, an even greater DVR by
L Ve, pacing could be expected, which might constitute a further potential risk of
malignant ventricular arrhythmias. Thirdly, MAP duration can be changed
considerably by altered activation sequence. Compared to those during RA and
RVengo pacing, the MAP durations were significantly increased during LVg
pacing, which also made a contribution to the augmentation of DVR. This seems
inconsistent with findings from ventricular wedge preparations, in which an
increase in DVR during LVg, pacing is the consequence of altered ventricular
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activation sequence independently of intracellular AP duration (95, 96). One
possible explanation is that our study was performed in pigs whereas the previous
studies were performed in canine heart preparations. Even so, Libbus et al., using
canine wedge preparations, also found prolonged AP duration after a period of
alteration of activation sequence from endocardium to epicardium (85). Moreover,
in a recent study, similar observations were found that LVg,; pacing is associated
with a prolongation of MAP duration in dogs (97), which lends in vivo support to
our results.

Thus, in addition to the augmentation of transmural DVR during the LVgy,
pacing (95-97, 243), significant exaggeration of global DVR could also be
observed, which may be linked to the development of ventricular
tachyarrhythmias in a subgroup of patients with biventricular pacing therapy.

ECG parameters of dispersion of ventricular repolarization

In the series of close-chest pigs under ventricular pacing, several ECG
parameters for DVR have been analyzed. QT intervals, QT dispersion and
Toeak-Tena INtervals during LVe, pacing were all significantly greater than those
during RA and RVgy, pacing, which is consistent with previous experimental
studies (95-97, 243). However, a recent clinical study showed that in patients with
congestive heart failure and left bundle branch block, the QT interval, QT
dispersion and Tpea-Teng interval appeared similar during RV and LV pacing,
although biventricular pacing could lead to a decrease in these parameters (244).
The discrepancy between the findings of the latter study and the results
presented in this thesis may be due to the fact that our data were from normal heart,
whereas the other study involved failure heart with intraventricular conduction
delay. Further studies in models mimicking the clinical situation are required.

Tpeak-Tena Interval has recently been proposed and used as an index of
transmural DVR under both endocardial and epicardial pacing (161), and it was
suggested to be a more reliable noninvasive parameter for assessment of DVR
than QT interval and QT dispersion (244). On the other hand, in Study Ill we have
suggested that Tpeak-Tena Interval also reflects the global repolarization gradients,
which also supports the findings in Study V. The Tpea-Teng interval during LVegp;
pacing increased significantly in these 10 close-chest pigs as compared to that
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during LA and RVgng pacing, but it did not show any precedence over the QT
interval and QT dispersion for assessment of the global DVR. These data,
however, were merely from the endocardium and thus do not allow us to access
the transmural dispersion of repolarization. Although the prognostic value of these
noninvasive parameters for repolarization heterogeneities remains controversial,
the marked prolongations of the QT interval, QT dispersion and Tpeax-Teng iNterval
found in the pigs during LVgp pacing nevertheless suggest an increased DVR and
a potential risk of ventricular tachyarrhythmias.

7. Clinical implications

ART mapping on evaluation of ventricular repolarization (Study 1)

In the clinical setting, extensive MAP mapping is generally difficult. However,
unipolar electrograms are readily obtainable using conventional electrode
catheters. The ART obtained from the unipolar electrograms estimated the local
repolarization parameters well, as shown in Study I. The global sequence and
dispersion of ventricular repolarization evaluated using the MAP mapping
technique could well be estimated from the ART measured from unipolar
electrograms; thus the latter might serve as a method for studying the sequence
and dispersion of ventricular repolarization in the clinical setting.

Tpeak-Teng iNterval on assessment of DVR (Studies Il and 111)

Noninvasive detection of increased DVR bears important clinical implications.
The Tpea-Teng interval is easily available from 12-lead ECG and has been
demonstrated in Studies Il and Ill to be a useful noninvasive index of the global
DVR. Among the different measurement methods of this interval, the maximal
Tpeak-Tena Interval - from the earliest Tyeax to the latest Tenqg — appears from the
present study to be suitable for estimation of the global DVR. On the other hand,
based on our data, the QT peak and QTeqg dispersion were not favorable.

Increased DVR during ventricular epicardial pacing (Study V)
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Although the clinical benefits of biventricular pacing therapy are well
established, little is known about its influence on ventricular repolarization. In
recent experimental studies, biventricular pacing has been suggested to have
potentially detrimental effects on ventricular repolarization (95-97). Moreover,
clinical documentations of tachyarrhythmias induced by biventricular pacing have
been reported (95, 98-102), even though prospective, randomized studies have not
found any evidence of excess mortality due to sudden death in these patients (105,
245, 246). In Study V, in addition to the augmentation of transmural DVR as
observed in previous studies (95-97), increased global DVR during LV, pacing
was found - which may further expose a subset of patients to an increased risk of
malignant ventricular arrhythmias. Further investigation is required to evaluate the
value of DVR for risk stratification in patients with LV, or biventricular pacing,
and to assess whether the implantable cardioverter defibrillator backup might be
necessary for a subgroup of patients with biventricular pacing therapy (92, 93, 98).

In addition, whether or not RVen pacing, LVg, pacing, or biventricular
pacing is the optimal strategy for managing patients with intraventricular
conduction delays in the absence of significant ventricular dysfunction is still a
controversial issue (247). Our in vivo findings suggest that LV, or biventricular
pacing should be selected with caution as an alternative strategy. Certainly, the
increased DVR in our study is observed during LV, pacing in normal porcine
heart, and further studies are clearly needed to evaluate the changes of
repolarization under different pacing protocols in models that mimic clinical
situations.

8. Limitations of the present studies

Unipolar electrograms recorded via the same catheter as for MAP recordings
(Study 1)

In contrast to the conventional unipolar electrograms, the unipolar
electrograms in Study | were recorded with the catheter perpendicular to and in
contact with the endocardium and with a gentle contact pressure, as required by
the simultaneous recordings of the MAPs. As a result, the morphology of the
unipolar electrograms was different from that in conventional recordings.
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Although the ART values and the sequence of the ART were consistent with those
of EOR from MAP recordings in our results, the same result might not necessarily
be obtained from conventional recordings of unipolar electrograms. Further
studies are needed to verify whether the ARTs measured from conventional
unipolar electrograms were also well correlated with the EOR times from MAP

mapping.

No information on the intramural repolarization is available (Studies Il and
11

Intramural MAP recording was not available in this project. As a result, the
repolarization of the midmyocardially located M cells may be missing. However,
It is not only the superficial layer of cells that is involved in the genesis of MAPs;
the repolarization of deeper layers of cells could also be reflected by the MAP
signals (214, 215), although exactly how deep the MAP records and whether or
not the M cells contribute to the genesis of the MAP is not clear. In addition, in the
porcine ventricle, M cells are not only confined to the midmyocardial layer; they
are also present in the epicardial layer (45, 51, 227). Furthermore, in contrast to
man and dog, the pig has a transmural Purkinje system, so that the activation does
not spread from the endocardium to the epicardium, but rather goes more or less
simultaneously through the different layers of the ventricular wall (228).
Importantly, the significantly longer AP duration of M cells in isolated canine
ventricle was mostly recorded at a cycle length of 2000 ms (9), whereas the
transmural gradient would be markedly minimized at shorter cycle lengths, such
as 130 bpm in the pigs of this project. These factors suggest that our findings from
recordings over both epicardium and endocardium are nevertheless the most
detailed in vivo data on global DVR available for validation of the related ECG
variables.

Lack of recordings from the right ventricle (Studies Il and IlI)

The MAP recordings were only performed in the left ventricle in most of the
open-chest pigs, in which the repolarization of the right ventricle was missing.
However, activation and repolarization in the two ventricles are synchronized and
the left ventricular mass contributes predominantly to the genesis of the QRS
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complex and the T waves. The range of local activation times on our recorded
MAPs was found to cover the whole duration of the QRS complex in all 10
open-chest pigs, which indicates the relative completeness of our MAP mapping.
Moreover, our observation in 2 of the 10 open-chest pigs that had both the left and
right ventricles mapped showed that the minimal and maximal EOR times were
located in the left ventricle in both, which further supports the validity of our data
for the purpose of the Studies 11 and I1I.

Potential influence of time-dependent changes in ventricular repolarization
(Studies | - V)

In all the 5 studies, MAPs were sequentially recorded during a procedure of
1-3 hours, whereas the ECG parameters were measured on 3 occasions during the
mapping procedure of each ventricle. Time-dependent changes of MAP
configuration might have influenced our EOR measurement, if existed (248).
However, during on-line monitoring and off-line measurement of MAP and
surface ECG, no alternans was observed. Importantly, the MAPs were recorded
randomly from numerous sites and systematic findings were observed on the
sequence and dispersion of repolarization, which suggest the results were not
influenced by time-dependant changes. In addition, in Studies Il and 111, the ECG
parameters were measured three times at the beginning, middle, and end of the
MAP mapping procedure, and each time 2 consecutive beats were measured. Thus,
the QT interval measurements were from 6 sets of measurement results, which
may further minimize the influence of the potentially time-dependent changes on
our analysis.

Potential influence of short-term remodeling by altered ventricular pacing
(Studies 1V and V)

Short-term cardiac memory studies have suggested that several hours of
ventricular pacing could persistently modulate the ventricular repolarization (86,
249). Thus, in the 10 pigs with altered ventricular pacing site the MAPs were
recorded sequentially over a few hours of ventricular pacing and the data from the
latter pacing protocol may have been influenced by the former. However, previous
studies have demonstrated that the AP duration would reach relatively steady state
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after approximately 15 min of activation sequence changes (85), which supports
the validity of our data acquired after 30 min of sinus rhythm and then at least 30
min of steady-state pacing under altered activation sequence. In addition, the
MAPs were randomly recorded over the right and left ventricular endocardium
under each pacing protocol, which could further minimize the influence of the
time-dependent changes, if any. Moreover, in these close-chest pigs, the LV,
pacing did not show any significant influence on the MAP during the subsequent
RVEengo pacing in Group 11, and no difference in the dispersion of AT and EOR was
found between the two groups during RVengo pacing. These findings suggest that
the short-term cardiac memory did not have any critical influence in Studies 1V
and V.
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SUMMARY AND CONCLUSION

e The ARTs from unipolar electrograms and the EOR times from MAP
recordings were globally mapped over the left or right ventricular endocardium
using the CARTO system in 12 patients with cardiac arrhythmias.

The differences between the two measurements for all the 473 sites were 2+22
ms (NS), almost all of which were within the range of mean difference = 2
standard deviations. A significant, positive correlation between the ART and
the EOR time was found. The global dispersion of ART was consistent with
that of EOR, as was the repolarization sequence measured using these two
methods. These findings suggest the usefulness of the ART measurement in
evaluation of global sequence and dispersion of ventricular repolarization

(Study 1).

e Global MAP mapping was performed over both the epicardium and
endocardium in 10 healthy open-chest pigs, with 12-lead ECG being recorded
simultaneously. The coincidence of the peak and end of the T wave with the full
repolarization of the epicardium and endocardium was, for the first time, in vivo
evaluated.

The peak of the T wave occurred clearly before the full repolarization of the
epicardium, but coincided well with the earliest global EOR, either on the epi-
or the endocardium. The end of the T wave was coincident with the full
repolarization of the endocardium. These findings suggest that not only the
transmural gradients, but also the apico-basal repolarization gradients
contribute to the genesis of the T wave (Study I1).

The maximal Tgea-Tena interval coincided and was positively correlated with
the total dispersion of EOR over both the epicardium and endocardium. The
mean Tpea-Teng iNterval or the Tpea-Teng interval from a single lead were
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significantly smaller than and poorly correlated with the total dispersion of
EOR, as were the dispersions in QTpex and QTeqg intervals. These findings
suggest that the maximal Tpea-Teng interval could serve as a noninvasive index
of the global DVR, but not the conventional QT dispersion parameters, nor the
mean Tpeax-Teng iNterval and the Tpea-Teng intervals from a single lead (Study
11).

e Using the MAP mapping technique, global sequence and dispersion of
ventricular repolarization under RA pacing, RV endocardial pacing and LV
epicardial pacing were evaluated in vivo in 10 healthy pigs.

The repolarization sequence followed the activation sequence not only during
RA pacing, but also during RV endocardial and LV epicardial pacing,
suggesting the importance of the activation sequence in governing the
repolarization characteristics (Study 1V).

These data provide in vivo evidence that pacing site-dependent changes in
activation sequence can lead to alterations in ventricular repolarization
heterogeneities. Compared to RA and RV endocardial pacing, LV epicardial
pacing increases the global DVR and also the QT interval, QT dispersion and
Tpea-Tend  Interval. These findings may indicate the involvement of
exaggeration of global DVR in the incidence of malignant ventricular
arrhythmias in a subgroup of patients with biventricular pacing (Study V).

Significant changes in repolarization from an altered activation sequence
could happen within a few hours in vivo, implying that electrical remodeling
of the ventricles may be rapidly induced by an altered activation sequence
(Studies 1V and V).
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