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Origin of complex behaviour of spatially discordant
alternans in a transgenic rabbit model of type 2 long
QT syndrome
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Enhanced dispersion of repolarization has been proposed as an important mechanism in
long QT related arrhythmias. Dispersion can be dynamic and can be augmented with the
occurrence of spatially out-of-phase action potential duration (APD) alternans (discordant
alternans; DA). We investigated the role of tissue heterogeneity in generating DA using a
novel transgenic rabbit model of type 2 long QT syndrome (LQT2). Littermate control (LMC)
and LQT2 rabbit hearts (n = 5 for each) were retrogradely perfused and action potentials were
mapped from the epicardial surface using di-4-ANEPPS and a high speed CMOS camera. Spatial
dispersion (AAPD and Aslope of APD restitution) were both increased in LQT2 compared to
LMC (AAPD: 34 & 7 ms vs. 23 & 6 ms; Aslope:1.14 & 0.23 vs. 0.59 £ 0.19). Onset of DA under
a ramp stimulation protocol was seen at longer pacing cycle length (CL) in LQT2 compared
to LMC hearts (206 & 24 ms vs. 156 &+ 5 ms). Nodal lines between regions with APD alternans
out of phase from each other were correlated with conduction velocity (CV) alternation in
LMC but not in LQT2 hearts. In LQT2 hearts, larger APD dispersion was associated with
onset of DA at longer pacing CL. At shorter CLs, closer to ventricular fibrillation induction
(VF), nodal lines in LQT2 (n=2 out of 5) showed persistent complex beat-to-beat changes
in nodal line formation of DA associated with competing contribution from CV restitution
and tissue spatial heterogeneity, increasing vulnerability to conduction block. In conclusion,
tissue heterogeneity plays a significant role in providing substrate for ventricular arrhythmia
in LQT2 rabbits by facilitating DA onset and contributing to unstable nodal lines prone to
reentry formation.
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Congenital long QT syndrome (LQTS) is a familial
disease, characterized by prolongation of the QT interval
on surface ECG and sudden cardiac death caused by
polymorphic ventricular tachycardia (VT) (Dessertenne,
1966; El-Sherif & Turitto, 1999; Schwartz, 2006; Saenen
& Vrints, 2008). Twelve different genes have been found
to be associated with LQTS (Morita et al. 2008; Webster
& Berul, 2008) but in the vast majority of successfully
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genotyped patients, the underlying causes are mutations in
the voltage-gated potassium channels. Long QT syndrome
type 2 (LQT2) is one of the most common and
arrhythmogenic forms of long QT syndrome (Sauer et al.
2007) caused by a mutation in the KCNH2 gene which
encodes the HERG polypeptide, the « subunit of the
rapid component of delayed rectifier potassium currents
Ik,
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LQT related ventricular arrhythmia most likely results
from the combination of triggered activity such as early
afterdepolarizations (EADs) and enhanced dispersion
of repolarization (see review in Liu & Laurita, 2005;
Antzelevitch, 2007). Dispersion of repolarization is not
static but rather dynamically changing depending on heart
rates and autonomic tone. Dispersion can be accentuated
when beat-to-beat alternation in action potential duration
(APD) exists, known as APD alternans. The cause of APD
alternans has been attributed to the cellular properties
of APD adaptation to heart rate changes, known as APD
restitution (Gettes & Reuter, 1974; Garfinkel, 2007), as well
as to calcium transient restitution (Clusin, 2003; Pruvot
et al. 2004; Goldhaber et al. 2005). When APD alternans is
spatially out of phase (discordant), with one region in the
short APD phase and an adjacent region in the long APD
phase, dispersion of repolarization increases dramatically,
causing higher vulnerability to reentry formation (Pastore
et al. 1999; Qu et al. 2000).

In LQTS, repolarization alternans on a surface ECG,
in the form of T wave alternans, has been associated
with life-threatening arrhythmias (Schwartz & Malliani,
1975; Schwartz et al. 1975; Zareba et al. 1994; Fagundes
et al. 20005 Schwartz, 2006). In addition, in animal models
of drug-induced LQTS, transmural discordant alternans
has been demonstrated (Chinushi et al. 2003), suggesting
discordant alternans (DA) may be involved in LQT related
arrhythmias. However, the mechanisms by which DA
emerges in long QT syndrome have yet to be specified. In
general, three mechanisms have been proposed to explain
the onset DA in the heart; heterogeneous APD restitution,
conduction velocity (CV) restitution (Qu et al 2000;
Hayashi et al. 2007; Wilson & Rosenbaum, 2007), and
Ca?* handling heterogeneities (Clusin, 2003; Laurita et al.
2003; Pruvot et al. 2004; Goldhaber et al. 2005; Weiss et al.
2006; Sato et al. 2007; Wilson et al. 2009). Understanding
the mechanisms of DA in LQT2 and their relation to
arrhythmia may improve future risk assessment of sudden
cardiac death (SCD) in LQT patients and potentially may
contribute to advancement of therapeutic strategies.

The purpose of this study is to investigate mechanisms
underlying discordant alternans in LQTS and its
relationship to LQT related ventricular arrhythmias.
We used a novel transgenic rabbit model of LQT2
created by over-expression of a pore mutant of the
human gene KCNH2 (HERG-G628S) in the rabbit
heart (Brunner et al. 2008; Odening et al. 2008).
Unlike typical transgenic mice models, this rabbit model
shows an action potential with a plateau similar to
the human action potential. Furthermore, this model
has demonstrated a high incidence of spontaneous
polymorphic VT and sudden cardiac death, thus
providing an excellent model for LQT-related arrhythmias.
Previously, we demonstrated that the spatial dispersion of
APD in LQT?2 rabbits is increased across the epicardial
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surface and that this increased APD dispersion is
linked to their arrhythmogenesis (Brunner et al. 2008).
Therefore, we hypothesized that in this LQT2 model
where spatial dispersion is greatly increased compared
to controls, spatial heterogeneity will play a key role in
the generation of discordant alternans, in contrast to
control rabbits where lack of baseline APD dispersion
will require conduction velocity alternans to occur
in order to produce discordant APD alternans. Using
optical mapping techniques, we mapped CV and APD
dynamics, and identified in LQT2 rabbits and controls
spatially out-of-phase APD alternans (DA) and the
nodal lines that divide out-of-phase regions in order
to determine the mechanisms underlying the formation
of DA and the behaviour of DA nodal lines. Our data
emphasize the importance of repolarization heterogeneity
in LQT?2-related arrhythmias via the formation of DA that
results in conduction block.

Methods
Heart preparations

Littermate control (LMC)
were injected with buprenorphene (0.03 mgkg™
LM.), acepromazine (0.5mgkg™' 1M.), xylazene
(15mgkg™ 1M.), ketamine (60mgkg™' 1M.),
pentothal (35mgkg™'1v.) and heparin (200 Ukg™").
After appropriate level of anaesthesia was obtained as
determined by corneal reflex and response to painful
stimuli, rabbits were killed via beating heart harvest.
To preserve uniformity in our sample and to avoid the
potential differences that sex hormones may generate,
we chose only male LQT2 and LMC rabbits weighing
~3.5-5.5kg. Due to shared resources with other
investigations, rabbits were obtained and studied from
three different litters over a 10 month period. This
investigation conformed to the current Guide for Care
and Use of Laboratory Animals published by the National
Institutes of Health (NIH Publication No. 85-23, revised
1996), as well as the standards recently delineated in this
journal (Drummond, 2009), and was approved by the
Animal Welfare Committee at Rhode Island Hospital.

The heart was excised from the chest and retrogradely
perfused through the aorta with (in mmol17!) 130 NaCl,
24 NaHCO:s, 1.0 MgCl,, 4.0 KCl, 1.2 NaH, POy, 5 dextrose,
25 mannitol, 1.25 CaCl,, at pH 7.4, gassed with 95%
O, and 5% CO,. In total, 10 rabbits were studied:
littermate control (n=5) and LQT2 (n =5). Temperature
was maintained at 37.0 £ 0.2°C and perfusion pressure
was adjusted to ~60 mmHg with a peristaltic pump
(Radnoti Glass Technology, Monrovia, CA, USA). Hearts
were placed in a chamber to maintain temperature, and
to reduce movement artifact 5 umol 1! blebbistatin was
added to the perfusate (Fedorov et al. 2007).

and transgenic rabbits
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Optical mapping

The optical apparatus has been previously described (Choi
et al. 2007). Fluorescence images from the anterior surface
and LV free wall of heart were focused on a CMOS
camera (100 x 100 pixels, Ultima-L, Scimedia, Japan)
with a 50 mm Nikon f/1.2 lens which results in the field of
view of 1.5 cm x 1.5 cm Fig. 1A) with a spatial resolution
of 150 um x 150 um. Excitation light was illuminated
through a dichroic box located between the camera lens
and the camera. Sampling rate was set to 1000 frames s
and data was analysed with a custom built software
using Interactive Data Language (ITT Visual Information
Solutions, Boulder, CO, USA). Hearts were stained with a
voltage sensitive dye, di-4 ANEPPS (Invitrogen, Carlsbad,
CA, USA), using 25 ul of stock solution (1 mgml~' of
dimethyl sulfoxide, DMSO) delivered through a bubble
trap, above the aortic cannula. ECG and perfusion pressure
were continuously monitored (Powerlab, ADInstruments,
Colorado Springs, CO, USA). Hearts were monitored
for adequate perfusion throughout the study by visual
inspection for pink hue, homogeneous fluorescence and
action potential shape (with prominent plateau phase).
Typically, data sampling was begun 10s post-change in
pacing CL and was completed within 30 s of rate change
(see protocol below).

Stimulation protocol

All hearts were initially challenged with our standard
protocol (Banville & Gray, 2002; Hayashi et al. 2007;
Brunner et al. 2008) of decrement in pacing CL consisting
of 10 ms steps with progressively shorter cycle length (CL)
until loss of 1:1 capture or VF induction. Shortening
of CLs induced alternans in both LMC and LQT2
(see Fig. 1B). While this standard protocol consistently
generated DA in the LQT2 rabbits, it usually failed to
generate DA in LMC rabbits. Only 1 of 5 LMC hearts

A

RV

Figure 1. Action potential recordings and APD
restitution

A, typical heart field of view (1.5 cm x 1.5 cm, red
square) is represented by the cartoon with the position
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demonstrated DA with this standard protocol, in contrast
to 5 of 5 LQT2 hearts (P =0.024 compared to LMCs).
Since we were interested in comparing the mechanism by
which DA can occur in the arrhythmia prone LQT?2 hearts
and normal controls, we further refined our stimulation
steps (~2-5 ms instead of 10 ms) to increase DA induction
in LMC hearts as previously done in the rabbit heart
(Hayashi et al. 2007). With this more gradual decrement
in pacing CL, 3 of the 4 remaining LMCs demonstrated
DA. Thus, combining both protocols a total of four LMC
and five LQT?2 hearts demonstrated DA. These nine hearts
were used in analyses comparing mechanisms of DA.

Data analysis

The activation and repolarization time points at each
site were determined from fluorescence (F) signals by
calculating (dF/dt)may and (d?F/d#?)yax, which has been
shown to coincide with ~97% repolarization to base-
line and recovery from refractoriness (Efimov et al.
1994). Data were filtered using a spatial Gaussian filter
(3 x 3 pixel) and first/second derivatives (dF/d¢t, d* F/dt?)
were calculated using polynomial filter (3rd order,
13 points). Pixels with low signal-to-noise ratio
determined by (dF/dt) . (lower than 3 x o of baseline)
and outliers of pixels determined by Grubbs’s test were
removed from the analysis (typically less than 1% of total
pixels). APD dispersion was defined as APD|max — min|
across the field of view.

Figure 1B shows sample traces from LMC and LQT2
rabbits during baseline and APD alternans. Note that the
degree of APD oscillation was greater in LQT2 compared to
LMC. Furthermore, during alternans, the action potential
rise in some traces occurs before full recovery of the
previous action potential as shown in Fig.2A. This
phenomenon is likely to have been due to spatial and
depth summation of the optical signals from a surface area
of 150 um x 150 um and depth of ~600 pm. In addition,

B Baseline APD and Alternans
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light scattering and the spatial filter used (see above) may
cause further signal summation (Bray & Wikswo, 2003;
Mironov et al. 2006; Pertsov et al. 2006; Bishop et al.
2007a,b). In such a case, (d®F/dt?)max cannot be used
to reliably detect repolarization time points, and instead
75% recovery time was used to measure repolarization
and repolarization dynamics. The diastolic interval using
75% APD recovery can be overestimated at high CLs, thus
affecting APD restitution plots. To avoid this issue, we
generated plots of APD restitution by plotting APD as a
function of activation interval (AI) at the site of recording,
rather than diastolic interval (DI). During alternans, two
y values exist for each x value at the same pacing CL.
We defined the slope of APD restitution as the slope of
the linear regression line generated using the shorter APD
during alternans at the four shortest pacing CLs achieved
(Fig. 1C and D). APD restitution dispersion was defined
as |max — min| of this slope across the field of view.
Although this slope is not the correct restitution slope,
the slope of APD restitution as defined here is sufficient
to represent spatial dispersion trends and heterogeneous
APD restitution in the heart. Note that in Fig. 1D, LQT2
exhibits APD shortening in both even and odd beats
during alternans. This is due to the occurrence of DA
(see details in Result), where long and short APD across
the field of view occur in both even and odd beats and are
averaged together.

Local conduction velocity (CV) vectors were calculated
for each pixel from the differences in activation
time-points of that pixel (determined from (dF/d?)may)
and its 7 x 7 nearest neighbours, as previously described
(Efimov et al. 1994). Local conduction velocities were
averaged and represented as means =+ standard deviation.
Local CV can be overestimated when two wave fronts
collide, transmural conduction occurs, or near the
stimulation site where a small area of tissue was stimulated
simultaneously. To correct this error, CVs greater than
1.0ms™! were removed from mean/standard deviation
statistics. CV restitution as a function of pacing CL was also
analysed. Nodal lines were detected automatically. This
algorithm was previously used to construct nodal lines in
computer modelling studies (Echebarria & Karma, 2007)
and our high signal to noise ratio (100:1) allows us to
apply the same algorithm to detect small changes in APD
during alternans correctly (see Results for details). The
norm vector of each pixel on a nodal line was calculated
and compared with the CV vector obtained from the
activation map by generating the angle of incidence
between the two vectors (Jammalamadaka & SenGupta,
2001).

Statistical analysis

Normally distributed continuous variables were compared
using Student’s unpaired f test. Angle of incidence between
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vectors in LMC and LQT?2 rabbits was compared using a
Mann—Whitney test. Categorical values were compared
using a Fisher’s exact test. Statistical significance was set at
P < 0.05. Mean data in the manuscript are represented as
£S.D.

Results

Induction and detection of discordant alternans
in LMC and LQT2

We previously reported that dispersion of APD in
LQT2 rabbits is an important factor underlying
arrhythmogenesis (Brunner ef al. 2008). Here we further
examined rate-dependent dynamics of APD dispersion
and their relationship with long QT related arrhythmias.
Nodal lines were automatically detected by locating
positions in the field of view that do not demonstrate beat
to beat change during alternans (Fig. 2A). First, APD was
measured and oscillations between each beat were auto-
matically detected. An oscillation of greater than 5% of
the previous APD was defined as alternans. Pixels where
APD increases in the next beat were assigned a value of 41,
while those where APD decreases were assigned a value of
—1 to translate APD data into phase data. Pixels that did
not change beat-to-beat were assigned a value of 0 and
considered as pixels of the nodal lines and shown in the
contour maps. All nodal lines generated were verified by
visual inspection.

We validated this detection algorithm with another
independent algorithm in three hearts. In this second
method (Fig.2B), we chose one reference pixel with a
signal that demonstrated a large amplitude of alternans
and compared this pixel with the signals of all other
pixels using a cross-correlation to calculate the phase
shift between two signals. When two pixels exhibited
discordant alternans, the phase shift required to maximize
the cross-correlation would be exactly one pacing cycle
length apart. Nodal lines can be drawn between regions
that differ in phase. Both algorithms were used initially
with data from two LQT2 hearts and one LMC heart.
In all three cases, nodal lines generated independently
by these two methods were visually nearly identical (see
Fig. 2Acand Bc). However, the former approach can detect
dynamically changing nodal lines with relatively short
computation time and was therefore used in all further
analyses.

Using our nodal line detection method and the standard
pacing protocol, only 1 of 5 LMCs demonstrated DA
and accompanying this DA, a non-sustained VF episode
(<10s) was induced with further reduction in pacing
CL. In contrast, LQT2 rabbits demonstrated DA in 5 of
5 hearts. In four of these LQT2 hearts, sustained VF was
also induced with further reduction of pacing CL (P = 0.04
compared to LMCs). In one LQT?2 heart, non-sustained
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VF was induced only. This disparity in VF induction with
10 ms progressive decrement in pacing CL is similar to
results previously described (Brunner et al. 2008). With
the second pacing protocol, an additional 3 of 4 LMC
hearts demonstrated DA. In two of these LMCs, DA was
associated with induction of sustained VE.

As an initial survey of alternans behaviour in our two
groups, we investigated the pacing CL at which concordant
and discordant alternans occurred. A propensity for earlier

onset of concordant APD alternans was seen in LQT2
compared to LMCs, though this trend was not statistically
significant (236 =22 ms vs. 208 £ 23 ms, respectively;
P=0.08). In contrast, a significant difference was seen
in DA onset. The mean pacing CL at which DA was
detected in LQT2 was 206 &+ 24 ms, which corresponds
to a heart rate of 291 bpm. This heart rate is within the
physiological range for rabbits. In LMC, the mean pacing
CL at which DA was detected was 156 &= 5ms (P =0.011
A Nodal Line Detection using AAPD
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(c) Nodal Lines
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Figure 2. Nodal line detection

A, nodal line detection using AAPD. a, APD alternans in an LQT2 heart. b, phase of alternans at each pixel was
represented as +1 when the following APD is longer, —1 when the following APD is shorter, and zero when
AAPD is within small variation (<5%) (black line). c, after filtering alternans phase maps with a 15 x 15 Gaussian
filter, contour lines were drawn along the zero phase (black) to divide two regions alternating out of phase (red
and green). B, nodal line detection using cross-correlation. a, signal from reference location (red) at top trace,
overlapped with a trace from a nodal line region (black) and out-of-phase region (green). b, cross-correlation will
give the maximum correlation when a time delay between two signals is introduced such that their overlap is
optimized. When discordant alternans occurs, two locations that are out of phase will have maximum correlation
at the delay of one cycle length, signifying APD oscillation is out of phase (see green lines in the trace and
cross-correlation plots). When a region with APD alternans is cross-correlated with a nodal line region, maximum

correlation remains constant at delay the one cycle length (black). ¢, contour lines are drawn separating out of
phase regions. Both methods showed compatible patterns of nodal lines.
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for LMC vs. LQT2 DA CL onset), corresponding to a
heart rate of 385 bpm. Furthermore, the difference in onset
of concordant and discordant alternans was significantly
smaller in LQT2s compared to LMCs (22 4+ 13 ms vs.
55424 ms respectively; P=0.03). Of note, in our
experience, sinus rates of free moving rabbits do not
exceed 300 bpm (Nishida et al. 2002; Brunner et al. 2008).
Therefore, we believe that DA induced ex vivo in LMCs is
likely to be a non-physiological phenomenon, while DA
induced in LQT?2 rabbits may play a role in this model’s
propensity for spontaneous ventricular arrhythmias.

Discordant alternans in LMC and LQT2 and relation
to conduction velocity

We analysed the behaviour of DA nodal lines at
the onset of DA (as detected by our algorithm) in
the nine hearts that demonstrated DA (LMC =4 and
LQT2 =5). Figure 3 shows typical examples of activation
and repolarization maps from odd and even beats,
and sample traces demonstrating DA. Figure 3A shows
data from a LMC heart. Sample traces on the left
column demonstrate out-of-phase alternans. Between
these out-of-phase regions, a nodal line exists where the
APD does not oscillate beat-to-beat and is shown as a red
line on the repolarization maps. Figure 3 Bshows maps and
sample traces recorded from LQT?2 rabbits. Note that the
nodal line in the LMC is relatively aligned with activation
wave fronts. Theoretically, if CV restitution drives the
onset of DA, then DA would form between a region
near the pacing site and a region far from the pacing
site. Furthermore, we postulated that if CV restitution
drives the onset of DA, the two regions of DA would be
separated by slow conduction and therefore DA nodal
lines would align with activation isochronal lines. This is
the behaviour demonstrated by all four LMCs with DA
in line with earlier studies by other groups (Hayashi et al.
2007; Mironov et al. 2008), suggesting CV restitution in
this control group is a major factor in generating DA.
This result is also consistent with DA occurrence in LMCs
using the second protocol, with a smaller decrement in
CL. To cause significant CV slowing and beat-to-beat CV
alternans, one must pace near relative refractoriness. Thus,
itis only when we near relative refractoriness in LMCs that
DA occurs in this group.

In contrast, the nodal line in the LQT2 (Fig. 3B) does
not appear congruent with the activation wave front. The
nodal line transects through activation isochronallines,
suggesting that DA is occurring between two regions
with no relative activation delay. This type of nodal line
formation is not consistent with CV restitution as an
underlying mechanism for DA onset. This was the pattern
seen in 4 of the 5 LQT?2s at the onset of DA (P = 0.04).

0. Ziv and others

J Physiol 587.19

To further quantify concordance between activation
wavefronts and nodal line formation in our two groups, we
compared the angle of incidence of the activation vector
and the nodal line norm vector as described in detail in
Methods. A greater concordance in activation and nodal
line vectors was seen in LMC compared to LQT2, with an
angle of incidence of 32 4 3 deg compared to 46 £ 3 deg,
respectively (P = 0.034). Thus, LQT2 rabbits demonstrate
significantly different characteristics of nodal lines during
DA.

Modelling studies (Qu et al. 2000) predict that with DA
resulting from oscillations in conduction velocity nodal
lines will form distal to the pacing site and therefore a
change in pacing site would yield a major shift in nodal
line position. We tested this hypothesis in LMC and LQT2
hearts with pacing from several locations (n =2 for each
group). Figure 4A demonstrates how changing pacing sites
influences the location of nodal lines. In the LMC heart, a
change in pacing site is accompanied by a complete shift
in the nodal line formed to accommodate the activation
wavefront. With both pacing sites, nodal lines in the
LMC remain well correlated to activation isochronal lines.
However, in LQT2, a change in pacing site only has a
partial effect. The nodal line appears to retain its basic
shape and location despite the change. This resistance to
the change in activation wavefront underscores the relative
independence of DA to activation interval and CV changes
and suggests that CV restitution is not a major contributor
to LQT2 nodal line formation at this longer pacing CL
when DA onset is seen.

Next, we examined the onset of DA and its
relationship to CV restitution to pacing CL, since the
conduction velocity restitution hypothesis requires that
beat-to-beat oscillation in CV occur prior to onset of
DA. Figure4B shows plots of mean CV and APD
dispersion as a function of pacing CL. Since the immediate
effect of DA onset is the increase in APD dispersion, here
we tracked APD dispersion as a function of pacing CL as
a verification of onset of discordant alternans. Arrows in
Fig. 4B represent DA incidence by our nodal line detection
in LMC (red) and LQT?2 (black). Onset of DA occurred at
longer pacing CL in LQT2 compared to LMC, consistent
with the requirement that relative refractoriness of the
tissue for slow conduction be reached for onset of DA
in LMC, but not in LQT2. Mean onset of DA in LMC is
coincident with a doubling of APD dispersion and occurs
only after a greater than 10% decrement in CV from base-
line. In LQT2, mean onset of DA was also coincident with a
doubling of APD dispersion. However, DA onset precedes
any significant reduction in mean CV. Furthermore, with
DA initiation in LQT2, mean CV was significantly greater
than mean CV in LMC at DA onset (0.66 £0.09 ms™!
vs. 0.47 £0.12ms™'; P < 0.05), supporting the concept
that DA in LQT2 does not require decrement
in CV.
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To further illustrate the differential contribution of CV
to DA in LMCs and LQT2s at the onset of detectable DA,
we generated simultaneous plots of CV, activation interval
(AI), diastolic interval and APD across a distance in the
field of view spanning from the stimulation site through
the region of DA represented by the dashed red line
shown in Fig. 4C on the activation and the repolarization
maps. Plots of CV, Al, DI and APD across the nodal lines
are shown. Hearts were stimulated from the right side of
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field of view (left ventricle free wall) marked by the green
square wave and activation waves propagate from the right
to left. In the graphs, the pacing site is represented at the
far right of the x axis at 0 mm. Our experimental results
deviate from the exact outcome from computer modelling
predictions in the behaviour of Al oscillations, where
an expected Al maximum oscillation occurs at the APD
nodal line. However, as predicted by the CV restitution
hypothesis, CV plots in the LMC exhibit the oscillation

Adwatlnn (2ms)
*+,Derived Nodal L:nes

Repolarization (4ms)

Even Beat

Odd Beat

e, Aclwatmn (2ms)
*,  Derived Nodal Lines

Rpofarizalion (4ms)

Figure 3. Discordant alternans in LMC and LQT2 hearts

A, activation and repolarization maps during DA in a LMC paced at CL of 160 ms. Sample traces are shown in left
panels from regions (labelled 1-5) in the repolarization maps. Top maps demonstrate activation (2 ms isochronal
lines) with stimulation from the right upper corner of the maps (green square wave) and wavefront propagation
from light to dark. Bottom maps demonstrate repolarization maps (10 ms isochronal lines) with out of phase
(discordant) repolarization alternans in regions near and far from the pacing site. A nodal line forms between
these two regions that is congruent with activation isochronal lines, consistent with CV restitution hypothesis of
DA mechanism. Sample raw traces of optical signals from the nodal line (numbered 2-4) and from either side of
the nodal line are shown on the left of maps. B, activation and repolarization maps during DA in LQT2 paced at
CL of 180 ms. A nodal line forms (traces 2—4) between two regions that is incongruent with activation isochronal
lines, contrary to the CV restitution hypothesis of DA mechanism.
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Figure 4. Relationship of CV restitution to the onset of discordant alternans

A. Effect of changing pacing site. Note that nodal line pattern changes after moving the pacing site in LMC
while nodal lines were relatively stable regardless of pacing site in LQT2. B, CL-dependent changes in CV and
APD dispersion. Fractional change in CV is plotted against pacing CL with notable slowing at CLs shorter than
200 ms in both LMC and LQT2. The mean onset of detected DA in LMCs (red) and LQT2s (black) is marked by
the arrows. Note that with occurrence of DA, AAPD increases in both genotypes, mean DA of LQT2 occurring at
206 ms pacing CL and of LMCs occurring at 156 ms pacing CL. A significant fractional reduction in CV is seen
prior to DA onset in LMCs, but not in LQT2s. C, CV, Al, DI, and APD plotted across a single distance spanning from
the stimulation site through an out-of-phase region in LMC and LQT2 hearts. Activation and repolarization maps
are shown on the left columns and the graphs of CV, activation interval (Al), diastolic interval (DI) and APD over
the red dashed lines on the maps are shown on the right columns. Odd and even beats are represented on each
graph as black and red curves, respectively, and activation proceeds from pacing site (green square wave) on the
right toward the left. LMC (left) graphs demonstrate beat-to-beat CV alternans 10 mm closer to the pacing site
than the APD nodal line; consistent with CV restitution driven APD discordant alternans. In contrast, LQT2 (right)
graphs demonstrate no significant CV or Al beat-to-beat alternans yet a large out-of-phase DI and APD alternans
were seen, suggesting DA can occur without CV alternans in the LQT2 case.
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between even and odd beats with maximum reduction
coincident with APD maximum oscillations. Consistent
with CV oscillations, Al plots in the LMC also demonstrate
oscillation between even and odd beats. Furthermore, CV
beat-to-beat alternation precedes changes in beat-to-beat
alternation in DI and APD along the represented distance,
suggesting that alternating CV between odd and even beats
creates heterogeneous Al changes that produce discordant
alternans. In contrast to the LMC case, DA in LQT2 hearts
occurred without the accompanying beat-to-beat changes
in CV or Al, as demonstrated in Fig. 4C (far right graphs).
This finding is consistent with no apparent reduction
in CV in LQT2 hearts at the time of onset of DA and
furthermore highlights the relative independence of DA
onset in LQT?2 from CV alternans compared to LMCs. All
four LMCs demonstrated CV alternans more proximal
to the stimulation site compared to the nodal line of
DA, which occurred more distally from the stimulation
site using this analysis described above. None of the five
LQT2s demonstrated this relationship of CV alternans
more proximal to the nodal line of DA (P =0.008). Of
note, CV along the lines drawn in both genotypes is not
constant but shows a sinusoidal-like pattern. This is most
likely to be due to the fact that CV changes are dependent
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on the anisotropic conduction along the muscle fibres.
Nonetheless, beat-to-beat oscillations in CV and Al plots
only occurred in LMCs and clearly demonstrate that DA
in our LMC hearts is due to CV restitution, compatible
with earlier studies (Watanabe et al. 2001; Hayashi et al.
2007).

Spatial heterogeneity and discordant alternans
in LMC and LQT2

Theoretical studies have demonstrated that if sufficient
spatial heterogeneity in repolarization exists, DA can
occur with shortening of pacing CL or premature
stimuli (Watanabe et al. 2001). Therefore, we examined
the extent of repolarization heterogeneity in the LQT2
hearts compared to LMCs. We investigated baseline
heterogeneity as represented by APD dispersion at a pacing
CL of 350 ms and heterogeneity in APD restitution (as
described in Methods).

Mean APD in LQT2 was significantly longer than
LMC (251 +£17ms vs. 217 £ 8 ms; P=0.007). As seen
in our previous investigation (Brunner et al 2008)
APD dispersion was also significantly increased in
LQT2. Figure5A demonstrates APD maps from two

B APD restitution slope

#1693
LMC
ol
0.2 Slope difference
LaTz
0.2 Slope diffarance
D Restition slope dispersion
1.91
=
= 1.04
]
=
@
(=1
o
w
LMC LQT2
N=5 N=5

Figure 5. Repolarization heterogeneity in LMC and LQT2 hearts
A, examples of APD maps at 350 ms BCL. B, examples of APD restitution slope maps. C, APD dispersion in LMC
and LQT2. D, APD restitution slope dispersion in LMC and LQT2. Note that LQT2 shows higher APD dispersion

and APD slope dispersion.
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representative LMC and LQT2 hearts, with demonstration
of greater APD dispersion in LQT2s as displayed by
their greater number of isochronal lines (representing
a difference of 4ms). We found a mean APDpix—min|
of 34 £ 7 ms in LQT2s compared to an APD|px—min of
23+ 6ms in LMCs (P =0.03) (Fig.5C). Similar to our
findings in baseline comparisons of APD, APD restitution
was significantly different in LMCs and LQT2s. The
mean APD restitution slope demonstrated a trend toward
steeper slope in LQT2s compared to LMCs with slopes
of 0.83 £0.13 and 0.64 £ 0.11, respectively (P =0.056).
Figure 5B demonstrates APD restitution slope maps
from two representative LMC and LQT2 hearts. These
maps show greater slope heterogeneity in LQT2s as
displayed by their greater number of isocontour lines
(representing a difference of 0.2 slope) in the maps.
While the limitations of optical signals (see Methods) may
alter absolute measurements of APD and its restitution,
a qualitative comparison demonstrates a significant
difference in the dispersion of APD restitution between
LMCs and LQT2s as measured by the mean slope|max—min|
of APD restitution. The mean slope dispersion was
1.14 £ 0.22in LQT2sand 0.56 + 0.19in LMCs (P = 0.001)
(Fig. 5D).

We further examined the correlation between the onset
of DA and measurements of heterogeneity. Figure 6A
shows plots of APD dispersion versus pacing CL at onset
of DA in LMC and LQT?2 rabbits. We found a statistically
significant correlation between APD dispersion and onset
of DA in LQT2 hearts but not in LMCs (r=0.20 in
LMC, NS for slope different than 0; r=0.95 in LQT?2,
P=0.014 for slope different than 0). According to
previous computer modelling studies of DA (Qu et al.
2000; Watanabe et al. 2001; Echebarria & Karma,
2007), the key component to DA formation by tissue
heterogeneity is the extent that two regions differ in
their dynamic behaviour of APD when stressed with a
premature beat or shortening of pacing CL. Therefore,
we subsequently investigated the relationship of the
dispersion in APD restitution to DA onset CL (Fig. 6B).
In LMCs, no correlation was observed between these
two variables (r = —0.17, NS for slope different than 0).
However, LQT2 rabbits exhibited a strong correlation
between slope dispersion and DA onset CL (r=0.98,
P =0.003 for slope different than 0). This trend suggests
an important influence of spatial heterogeneity in APD
restitution on the onset of DA in LQT2. Interestingly,
dispersion of APD restitution demonstrated a stronger
correlation to CL at onset of DA compared to base-
line dispersion in APD. These results are consistent
with the fact that dispersion of APD restitution
is closely linked to DA generation due to tissue
heterogeneity.

We further reasoned that if spatial heterogeneity in
APD and its restitution were critical to onset of DA in
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LQT2 hearts, a detectable difference in the restitution
gradient would be discernable between regions that
support a nodal line and those that do not. Figure 6C
illustrates an example of DA and nodal line formation
(repolarization maps, right) and its relationship to spatial
heterogeneities in APD restitution slope (slope map,
left). Nodal lines conform to regions where slope iso-
contour lines appear crowded. To quantitatively assess this
relationship of nodal line location and APD dispersion,
we calculated the local APD and APD restitution slope
gradients at nodal line locations and the remainder of
the field of view. In LMCs, APD gradient at nodal
lines did not differ significantly from the surrounding
regions in the field of view (1.540.7msmm™' vs.
1.2+ 0.8 msmm™" respectively; NS), while in LQT2
hearts mean APD gradient at nodal line regions was
significantly increased compared to surrounding regions
(24+£05msmm™" vs. .9+ 0.5msmm™" respectively;
P =0.03). Gradient in restitution slope demonstrated
a similar trend with no significant difference seen
between regions of nodal lines and surrounding areas
(0.11+0.1mm™" vs. 0.1 £0.8 mm™" respectively; NS).
However, in LQT2 hearts again a strong regional
relationship emerges between slope gradient and nodal
line location (0.16 +£0.02mm~"' wvs. 0.1 £0.003 mm™'
respectively; P = 0.003). Thus, as predicted by the tissue
heterogeneity hypothesis, we find a spatial correlation
between nodal lines and steep gradients in APD and its
restitution in LQT?2 hearts.

Unstable nodal lines in LQT2 hearts

While tissue heterogeneity appears well correlated with
initial onset of DA in LQT?2 and CV beat-to-beat alternans
is absent at the initial detection of LQT2 DA, these
relationships became more complex as pacing CL was
progressively shortened in the LQT2 hearts (see Fig. 7A).
Activation (top) and repolarization (bottom) maps for
odd and even beat are shown ata pacing CL of 190 ms when
DA was initially detected (left panels) in an LQT?2 heart.
As seen previously the nodal lines appear incongruent
with activation isochronal lines, and thus likely are being
formed by tissue heterogeneity across the field of view.
However, as the pacing CL is shortened to 170 ms (Fig. 74,
right panels), a new nodal line also emerges parallel with
the activation wave front and associated with slowing of
CV as demonstrated by the closely spaced isochronal lines
in the odd beat activation map (red asterisk). This new
nodal line at a shorter pacing CL in this LQT?2 heart is now
consistent with CV restitution driven DA. This behaviour
was seen in the two LQT?2 hearts where pacing at a CL
less than or equal to 170 ms was possible prior to VF
induction. (The 3 other LQT2 hearts all had VF at 180 ms
pacing CL or greater.) Thus as LQT?2 hearts were exposed
to the pacing CLs that were required for LMC DA onset,
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CV restitution appeared to influence nodal line behaviour
in LQT2s as well.

To further understand nodal line behaviour when two
potential drivers of DA co-exist in the same heart as
in LQT2s when successfully paced at <170 ms CL, we
overlapped 50 consecutive beats of DA at pacing CLs of
less than 170 ms in both LMCs and LQT2 hearts and
analysed the relationship of nodal lines to contour maps of
activation, baseline APD and APD restitution. Figure 7B
represents overlapped nodal lines from 50 consecutive
beats in a LMC and LQT2. The LMC overlapped nodal
lines appear as a relatively uniform band, suggesting that
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nodal lines from multiple beats appear very stable in the
LMC (left panel). In contrast, LQT2 overlapped nodal lines
appear disorganized and expansive, suggesting that within
these 50 consecutive beats, nodal lines are unstable with
beat-to-beat changes in LQT2 (right panel). Figure 8A
demonstrates this beat-to-beat alteration in nodal line
behaviour. Beats 18 through 23 from a set of 50 consecutive
APD phase maps are shown from an LQT?2 rabbit with
pacing at a 160 ms CL. Within these six beats, three
distinct phase map patterns are seen. A shift of phase
map appearance occurs between beats 18 and 19 (pattern
A to pattern B). Subsequently instability and shifting in
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Figure 6. Correlation between the onset of DA and repolarization heterogeneity

A, the onset of DA plotted as a function of APD dispersion in LMCs (left) and LQT2s (right). B, the onset of
DA plotted as a function of APD restitution slope dispersion in LMCs (left) and LQT2s (right). LMCs do not
show statistically significant correlation between DA onset and both measures of repolarization heterogeneity,
suggesting that higher APD dispersion is responsible for DA at longer CLs. C, Nodal lines show best alignment
with regions of highest gradient of restitution slope (closest isocontours) in LQT2.
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the discordant regions is seen in the following four beats,
with the APD phase maps shifting to pattern C and sub-
sequently back to pattern B (beat 23). Recording of signals
during this rapid pacing from map positions 1-4 are
shown in Fig. 8B. Positions 3 and 4 in the maps above
demonstrate the greatest nodal line shifts and traces from

A Complex behaviour of DA in LQT2 heart at short CLs

Odd Beat Even Beat

BCL=190
Activation

Repolarization
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these positions demonstrate multiple phase shifts in APD
alternans during these six beats. These recordings took
place between 10 and 30s after the change in pacing
CL (typically from 170 ms to 160 ms). Therefore, the
persistence of shifting nodal lines in this model cannot
be explained by short term cardiac memory.

BCL=170
Activation

Repolarization

B Comparison of nodal line behaviours in LMC and LQT2

LMC nodal lines
BCL=145ms

CL Map (4ms)
BCL=145ms

APD Map (2ms)
BCL=300ms

Restitution
Dispersion

LQT2 nodal lines
BCL=160ms

Even Beat

CL Map (4
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APD Map (2ms)
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Figure 7. Competing influence of tissue heterogeneity and CV restitution on spatially discordant
alternans

A, complex nodal line behaviour in LQT2. Nodal lines at different CLs were superimposed on activation
and repolarization maps of odd and even beats. At slower pacing CL, nodal line formation is correlated poorly to
activation wave fronts. However, with a shorter pacing CL, a new nodal line also forms congruent with activation
isochronal lines, demonstrating contribution from both CV restitution and tissue heterogeneity in this LQT2 at the
shorter pacing CL. B, example of superimposed nodal lines from 50 consecutive beats in a LMC (left) and LQT2
(right) heart (pacing site marked by green square wave) at a short CL pacing. Restitution slope maps and APD
maps for each heart are shown below. To the left of the nodal lines, odd and even beat cycle length (activation
interval) maps are shown during the same pacing sequence. LMC nodal lines conform to cycle length map
isochronal lines, but not slope or APD maps. LQT2 nodal lines at this short pacing CL demonstrate contributions
from both APD dispersion and CV alternation.
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We further examined the origin of overlapped nodal
lines by directly comparing nodal line maps with activation
interval, APD and slope of APD restitution maps. Nodal
line alignment with activation interval maps would
be consistent with CV restitution driven DA, while
alignment with APD or slope maps would suggest
repolarization spatial heterogeneity driven DA. In LMCs,
APD and restitution maps reveal a poor match with the
overlapped nodal lines (Fig.7B, left, bottom panes).
However, when compared to maps of the cycle length
(activation interval) in odd and even beats (right of LMC
nodal lines) a clear correlation is seen between the nodal
line position and activation interval map isochronal lines.
As expected, in this example of a LMC the 50 overlapped
nodal lines draw their shape from changes in cycle length
(or AI) and therefore are governed by CV restitution. We
applied this same analysis to the more complex nodal
line formations in LQT2 (Fig. 7B, right panels). At this
shorter pacing CL (160 ms), some nodal lines appear to
be congruent with the isochronal lines of the beat-to-beat
cycle length (activation interval) map, and thus are formed
by beat-to-beat Al changes. However, clearly other nodal
lines are incongruent with activation. Instead these nodal
lines (marked by dashed black arrows) correspond to
isocontour lines seen in APD and APD restitution slope
maps (below LQT2 nodal line map). This comparison
highlights the fact that two competing mechanisms of
DA can co-exist in the same heart with each providing
a contribution to nodal line formation.

To quantify this comparison, we calculated the
percentage of congruency of activation, baseline APD
and APD restitution map contours with the contours
of the combined 50 beats of nodal lines at pacing
CLs of less than or equal to 160ms. In LMCs,
98 +2% of nodal lines demonstrated congruency with
activation (2% indeterminate). Only two LQT?2 rabbits
were successfully paced at <170 ms prior to VF, both
demonstrating complex nodal line behaviour at the
short pacing CLs. In these two LQT2 hearts, 70 1%
demonstrated congruency with activation, while 24 & 3%
demonstrated congruency with APD map isocontour lines
(6% indeterminate).These results suggest that at a shorter
pacing CL, in the range where CV is decreased (see Fig. 4),
both tissue heterogeneity and CV restitution play a role in
the formation of nodal lines in LQT?2 hearts.

To investigate the contribution of nodal line instability
to arrhythmia in LQT?2 rabbits, we mapped optical signals
just prior to the onset of VF during short CL pacing.
Figure 9 depicts such an example. Figure 9A shows the
restitution slope map of the LV free wall in this LQT?2 heart.
The heart is paced from a site to the right of the field of
view and a DA nodal line forms almost perpendicular
to activation wavefront. Traces from above and below
the nodal line are shown to the right. APD oscillations
appear out of phase above and below the nodal line in
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beats 3—6 (beats 4-5 are labelled L (long)-S (short)-L
(long) accordingly). At beat 7, a delay in activation is seen
above the nodal line (labeled Block). Figure 9B details
the activation, repolarization and nodal line maps of
the IV free wall, during beats 4-7 in Fig.9A. DA is

A Shifting DA patterns from LQT2 at CL=160

B Traces from positions 1-4 in panel B
S L S L S L

2

s L ] S L L
3

L L S S L L
4

Beat# 17 18 19 20 21 22 23

Figure 8. Persistent shifting nodal lines in LQT2 and formation
of conduction block

A, phase maps of beats 18-23 of 50 consecutive beats in an LQT2
heart paced at a CL of 160 ms from site marked as a green square
wave. Gray and white represent long and short APD alternans phase,
respectively. Nodal lines are drawn between gray and white regions.
Three distinct patterns of spatially discordant alternans are shown on
the right, labelled A, B and C. Large shifts between these 3 patterns
are seen over a single beat (see text). B, traces are shown from
positions 1-4 in phase maps where the largest shifts in phase are seen
through beats 18-23. APDs are labelled S (short) and L (long)
according to the detection algorithm (see Methods). Positions 3 and 4
demonstrate multiple phase shifts.
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seen between the base and mid LV free wall parallel to
the AV groove and nearly perpendicular to activation
isochronal lines, suggesting tissue heterogeneity is likely
to be the major contributor to the nodal line formation
on these beats. The nodal lines appear to be stable in
beats 4—6. In beat 7, a line of conduction block emerges
that is congruent with the DA nodal line where a 35 ms
delay occurs in the activation of the area of long APD
in beat 6 (basal aspect of LV free wall). Activation of
this region occurs via epicardial breakthrough on the left
(red arrow) and eventually via activation from the right
possibly by means of transmural breakthrough (dashed
red arrow). The APD and nodal line maps of beat 7
demonstrate a phase shift and synchronization of APD
from basal and apical LV free wall. Thus, subsequent to
the conduction block, a major shift in nodal line occurs.
In Fig. 10, we provide an analysis of CV, A, APD and DI in
the beats preceding the conduction block. First, Fig. 10A
demonstrates the presence of beat-to-beat oscillation in
CV while pacing at 150 ms CL. These oscillations in CV
translate to Al oscillations across both sides of the major
nodal line (Fig. 10B and C). The regions above and below
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the nodal line have different restitution slopes (see Fig. 9A)
and thus respond differently to small oscillation in Al
While initially (beats 3—4), the region above the nodal
line demonstrates smaller APD oscillation compared to
the region below the nodal line, an amplification of APD
oscillation is seen during beats 5 and 6 in this region
(Fig. 10C, middle). With this amplification, the APD
gradient increases from 56 ms on beat 3 to 83 ms on beat
6. Furthermore DI in this region progressively shortens
until a nadir is reached on beat 6 and conduction block
occurs, likely to be due to DI reaching the tissue effective
refractory period. This example suggests that at rapid
pacing of a region with large heterogeneity in restitution,
CV oscillations and consequently Al oscillations can
amplify dispersion and promote functional conduction
block. Conduction block creates regional phase shifts and
thus shifting nodal lines. Interestingly this case suggests
that while DA onset depends on spatial heterogeneity, in
this model, competing CV and tissue heterogeneities in
LQT2 and their interaction may play an important role
in formation of conduction block and therefore in
initiation of reentrant arrhythmias.

A Conduction block and restitution in LQT2 (BCL=150ms)
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Figure 9. Formation of conduction block and major shifts in nodal lines

An example is shown of an LQT2 heart that was paced at 150 ms CL just prior to the onset of VF. A, restitution
slope map of the LV free wall with a nodal line formed perpendicular to the activation wavefront (pacing occurs
just to the right of the field of view). To the right of the map, traces are shown from above and below the nodal
line with discordant APD alternans (S, short; L, long). B, activation and repolarization maps of beats 4-7 prior to
conduction block. Nodal lines are superimposed on repolarization maps. Note that nodal lines are incongruent
with activation patterns initially. Beat 7 demonstrates conduction block at the region above the nodal line where

the ‘longer’ APD on beat 6 occurred.
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Discussion

Enhanced dispersion and steep restitution have been
long suspected as a mechanism underlying long QT
related arrhythmias. Here, we used a novel transgenic
rabbit model of LQT2 that demonstrates a phenotype of
spontaneous ventricular arrhythmias and sudden death
(Brunner et al. 2008). Our major findings are that (1)
dispersion of repolarization in LQT?2 is dynamic and is
enhanced by discordant alternans (DA); (2) DA was seen
even at physiological heart rates in LQT2; (3) in LMCs
alternation of CV is responsible for DA, while in LQT2
hearts, heterogeneities in APD restitution play the primary
role in DA formation; and (4) enhanced dispersion by
DA increases vulnerability to conduction block in our
LQT?2 rabbits. Our results implicate heterogeneous APD
restitution in underlying arrhythmogenesis by increasing
dispersion of repolarization through DA in this LQT
model.

Comparison to other animal models of LQTS

Dispersion of repolarization has been implicated as an
underlying mechanism of LQT-related arrhythmias in

Bal

A CV oscillation beats 3-6 (fig 9)
CV Parallel to Nodal Line Oscillates

0.2+
20 15 10 & 0
Distance (mm) from pacing

Section taken for CV plots

C For beats 3-6 (fig 9, prior to block), oscillation in Al, APD and DI

Spatially discordant alternans in LQT2 transgenic rabbits

4675

both previous pharmacological and transgenic animal
models (Baker et al. 2000; Antzelevitch, 2001; Choi
et al. 2002; Restivo et al. 2004; London et al. 2007;
Brunner et al. 2008). I, blockade using E4031 increases
APD gradient mostly between the apex and base (Choi
et al. 2002). Transmural APD dispersion has been well
described in the canine model using sotalol (Shimizu
& Antzelevitch, 1999). Our data using a transgenic
rabbit model corroborate dispersion of repolarization as a
major contributor to arrhythmogenesis, yet add additional
understanding of how dynamic repolarization in LQT2
increases dispersion via DA.

A transgenic model of Long QT syndrome has been
previously developed in mice. The mouse model also
provided insights into the relationship of APD dispersion
and vulnerability to arrhythmias with programmed
stimulation. However, mouse models have several
well-known limitations: (1) a triangular shape of
action potentials, lacking a plateau phase, (2) different
repolarization kinetics, (3) difficulties in VF induction,
and (4) lack of spontaneous sudden death. Therefore,
the extrapolation of experimental results obtained from
transgenic mice to human disease has been received
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Figure 10. Detailed analysis of CV, Al, APD and DI in beats preceding conduction block formation in

Fig. 9

A, activation map prior to the conduction block in Fig. 9B. The beat-to-beat changes of CVs along the green
dashed line are shown in the right panel. B, repolarization map from Fig. 9B8. Al, APD and DI measurements from
beats 3—6 were taken along the dashed green line which transects the major nodal line (red). To the right of
the map, traces of beats 5-7 are shown from above and below the nodal line with activation (yellow line) and
repolarization (red line) marked. C, Al, APD and DI plots for beats 3-6 along dashed green line in the B. Note
amplification of APD and DI oscillation at >10 mm from bottom. Conduction block occurred at the location of

nadir of DI.
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with caution. The transgenic rabbit model of LQT2 used
here has several advantages: (1) a rectangular shape of
action potentials with plateau phase, (2) Iy, and I,
delayed rectifiers (Vermeulen et al. 1994; Brunner et al.
2008), and (3) a sufficiently large heart size to maintain
VT/VFs (Manoach et al. 1980; Banville & Gray, 2002). In
addition, this transgenic LQT model showed sudden death
due to spontaneous ventricular arrhythmias (Brunner
et al. 2008), and early afterdepolarizations triggered
with sympathetic stimulation (Ziv et al. 2008). In this
investigation, LQT2 rabbits exhibited a high incidence
of APD alternans which was spatially out of phase
(discordant) and an increased incidence of VI/VF during
our standard ramp stimulation protocol. This additional
finding highlights the advantages of the transgenic rabbit
models.

Increase of dispersion of repolarization
by discordant alternans

Spatially discordant alternans was first described by
Gilmore et al. (1967) with discordant RV and LV
pulsus alternans in the dog. Since then, discordant APD
alternans has emerged as an important factor that increases
dispersion of repolarization dynamically and provides
a substrate for reentry (Pastore et al. 1999; Qu et al.
2000; Clusin, 2003; Laurita et al. 2003; Pruvot et al.
2004; Goldhaber et al. 2005; Sato et al. 2007; Wilson
& Rosenbaum, 2007; Wilson et al. 2009). However, its
potential involvement in LQT related arrhythmias was not
clearly understood. Our data from the transgenic rabbit
model show multiple phases of dispersion in the LQT2
rabbits as change in heart rate is introduced: (phase 1)
dispersion initially decreases with small increases in heart
rate due to APD shortening; (phase 2) at faster heart
rates, heterogeneity in restitution slopes is responsible for
increase in APD dispersion, and this increase is bimodal,
with an initial slow rise due to regional variability in APD
oscillations when concordant alternans is initiated and an
acceleration in rise of dispersion with onset of DA, and
the formation of a nodal line; (phase 3) dispersion begins
to diminish at very short CLs near refractoriness due to
occurrence of multiple beat-to-beat changes in nodal lines
(see Fig. 4). Our data strongly suggest that DA in this
LQT2 animal model enhances dispersion and increases
vulnerability to reentry formation.

Mechanisms underlying DA in transgenic rabbit
model of LQT2

DA can potentially arise from multiple recognized
mechanisms (Echebarria & Karma, 2007; Garfinkel, 2007;
Wilson & Rosenbaum, 2007). CV restitution can lead to
discordant alternans through beat-to-beat differences in
activation intervals at regions close to and far from a
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pacing site. Alternatively, sufficient tissue heterogeneity
can result in out of phase beat-to-beat alternation of
APD with introduction of a premature beat or shortened
pacing CL (Yue et al. 2005; Nash et al. 2006; Pastore
et al. 2006; Echebarria & Karma, 2007; Keldermann
et al. 2008). Such a change in stimulation results in two
cardiac regions with a disparate DI-APD response due
to disparate APD restitution curves. In this investigation,
we present for the first time a detailed analysis of
the contribution of these two potential mechanisms to
the onset and behaviour of DA in a transgenic rabbit
model of LQT2 and controls. Our model demonstrates
that early DA arises even at physiological heart rates
in LQT2 and this early onset is well correlated with
dispersion of APD and its restitution. The onset of DA
at physiological heart rates underscores the potential for
DA to be an important mechanism of arrhythmogenesis
in vivo. In contrast, DA in LMCs was dependent on
beat-to-beat CV oscillations. Therefore, DA in LMCs
requires that pacing occurs at intervals within relative
refractoriness. Thus, shorter pacing CLs are required in
LMCs compared to LQT2s. It is important to note that in
the LMC case, our Al plots through regions of DA do not
exactly reproduce the predicted behaviour from modelling
studies, where Al maximum oscillation coincides with
APD nodal line. In our case, near the APD nodal line,
Al oscillation is attenuated. This attenuation was due
to the sudden CV acceleration on even beats (Fig. 4C,
red) and loss of beat-to-beat CV oscillation. The sudden
CV acceleration may be due to transmural conduction,
perhaps via Purkinje/endocardial activation. Alternatively
anisotropic conduction along fibre orientation may
allow for acceleration of CV via spatially heterogeneous
CV restitution. Further studies, including transmural
preparations are required to investigate these possibilities.

Complex nodal line behaviour at short CLs

Interestingly, as we pace LQT2 hearts at shorter CLs,
close to tissue refractoriness, CV restitution begins to
contribute to nodal line formation as well. The result
is a dynamically shifting nodal line pattern associated
with conduction block formation. Unstable nodal lines
were also reported to exist in the rabbit as a result of
slow APD accommodation termed ‘cardiac short-term
memory (Mironov et al. 2008). The nodal lines in LQT2
rabbits, however, persist in shifting beyond the initial 10 s
post-change in pacing CL, suggesting the phenomenon
is less likely to be due to cardiac memory. Furthermore,
at pacing CLs shorter than 160 ms, our LQT2 nodal lines
demonstrate congruence with both activation and regions
of transition in heterogeneity — namely divisions in APD
dispersion across the mapped surface.

The simultaneous contribution of different DA
mechanisms may increase vulnerability to reentry
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formation by multiple mechanisms. First, as shown, CV
oscillations that may produce DA in homogeneous tissue
in the LMC result in APD dispersion amplification when
present in heterogeneous tissue in LQT2. Furthermore, the
resulting conduction block generates large shifts in nodal
lines. As a result, there is an increasing number of nodal
lines (where the gradient of repolarization is greatest),
and complex shifts in repolarization gradients. In such a
case, the probability of propagating waves encountering
a large repolarization gradient will be increased, resulting
in higher likelihood of unidirectional conduction block. It
would be interesting to further study which combinations
of CV oscillations or APD dispersion has a greater
propensity for formation of unidirectional conduction
block and reentry when the two co-exist. It is important
to point out that in 3 of the 5 LQT2 hearts studied, VF was
triggered even before nodal lines due to CV alternation
actually occurred. Although the case number is limited
(n=2 out of 5), when CV and APD dispersion nodal
lines co-exist, our maps of conduction block formation
demonstrate the occurrence of block parallel to nodal
lines caused by APD dispersion. These points suggest
that significant APD dispersion in this model plays
an important role in enhancement of dispersion and
arrhythmogenesis via formation of discordant alternans.

Mechanisms underlying APD dispersion

The underlying cause of tissue heterogeneity and
dispersion of APD in LQT2 rabbits is not clear. Since LQT2
genotypes lack Ix;, one can postulate that heterogeneous
expression of remaining Iy, may play a dominant role
in the repolarization gradient. In a drug induced LQT2
model using an I, blocker (E4031), a huge apex-to-base
APD gradient was observed (Choi et al. 2002), in line with
voltage clamp studies that showed low Ig,/Ix, ratio at the
apex compared to base in rabbit hearts (Cheng et al. 1999).
Our transgenic model also showed enhanced dispersion
compared to controls; but a smaller increase in dispersion
and more complex epicardial dispersion pattern was
seen compared to the systematic apex-to-base dispersion
seen in the drug induced acute model of LQT2. These
discrepancies may reflect genetic remodelling of various
ion channels and related proteins that could potentially
result from the loss of Ix,. Further studies into the
molecular mechanisms underlying APD heterogeneities
in this model are warranted.

Clinical relevance of the study

As demonstrated in our LQT2 rabbit model, DA can occur
due to combinations of competing mechanisms even in
the same heart. It therefore follows that different test
modalities may be necessary to cull out the propensity
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for DA (and arrhythmia) in patients with different
underlying cardiac pathology. This may explain some
of the disparate results from clinical research applying
alternans recording (microvolt T-wave alternans) to the
clinical field (Gehi et al. 2005; Narayan, 2006; Gold et al.
2006; Scheinman & Keung, 2008). Since APD dispersion
rather than CV restitution was the governing factor at the
onset of discordant alternans in this LQT2 model, one may
expect that T-wave alternans, rather than QRS alternans
would be an important predictor of sudden death in this
specific population. Although microvolt T-wave alternans
in a small mixed long QT genotypic population has been
described (Nemec et al. 2003), a genotypic specific LQT2
investigation into the predictive value of microvolt T-wave
alternans has yet to be performed.

Limitations

Our study involves triggering DA with epicardial pacing,
which has been used in other whole heart investigations
(Banville & Gray, 2002; Choi et al. 2007; Hayashi et al.
2007; Mironov et al. 2008). The relationship of DA that
arises from this mode of pacing and native formation of
DA due to triggered activity such as EADs in LQTS has
not been fully elucidated. Our mapping was limited to
the epicardial surface and does not include endocardial
and transmural mapping. Due to the limited access to
female transgenic rabbits for breeding, we focused on male
transgenic rabbits. Sex differences in arrhythmia
mechanisms in this transgenic model may need further
investigation.

Our transgenic LQT2 rabbit model mimics the
arrhythmia phenotype seen in LQT2 patients with
spontaneous polymorphic VT associated with the
‘short-long—short’ pattern, ‘R on T’ premature beats in
free moving animals (Brunner et al. 2008). However,
the repolarization patterns seen in this ex vivo study
may not recapitulate those seen in LQT2 human
myocardium. Furthermore, the mechanisms responsible
for the abnormal repolarization observed in this model
are unknown. Therefore, the generalization of these data
to normal or diseased myocardium should be done with
great caution.

Conclusions

For the first time, we demonstrate the importance of
tissue spatial heterogeneity in the formation of DA and
vulnerability to reentrant arrhythmias in a transgenic
rabbit LQT2 model. The underlying molecular cause of
tissue heterogeneity and dispersion of APD in LQT2
rabbits is not clear and warrants further investigation. In
addition, our data suggest that competing contributions
from tissue heterogeneity and CV restitution at shorter
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cycle length pacing results in chaotic nodal line shifts,
which are associated with formation of conduction block
possibly facilitating reentry formation and VF in this
animal model. Our study underscores the potential
importance of different mechanisms and possibly multiple
mechanisms in the formation of DA in a single
pathological substrate, which may augment the risk of
arrhythmia.
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