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Abnormal ventricular wall motion is a strong clinical predictor of sudden, arrhythmic, cardiac
death. Dispersion in repolarization is a prerequisite for the initiation of re-entrant arrhythmia.
We hypothesize that regionally decreased wall motion is associated with heterogeneity of
repolarization. We measured local activation times, activation-recovery intervals (ARls, sur
rogate for action potential duration), and repolarization times using a multielectrode grid at
nine segments on the left ventricular epicardium in 23 patients undergoing coronary artery
surgery. Regional wall motion was simultaneously assessed using intraoperative trans-
esophageal echocardiography. Three groups were discriminated: (1) Patients with normal
wall motion (n= 11), (2) Patients with one or more hypokinetic segments (n=6), (3) Patients
with one or more akinetic or dyskinetic segments (n=6). The average ARI was similar in
all groups (251 +3.7ms, £SEM). Dispersion of ARIs between the nine segments was
significantly increased in the hypokinetic (84 +£ 74 ms, p <0.005) and akinetic/dyskinetic
group (94 £3.5ms, p < 0.0005) compared with the normal group (49 +5.1 ms), indepen-
dent from the presence of myocardial infarction. Repolarization heterogeneity occurred
primarily in the normally contracting regions of the hearts with abnormal wall motion. An
almost maximal increased dispersion of repolarization was observed when there was only
a single hypokinetic segment. We conclude that inhomogeneous wall motion abnormal-
ity of even moderate severity is associated with increased repolarization inhomogeneity,

independent from the presence of infarction.
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INTRODUCTION

Abnormal ventricular wall motion abnormality (WMA) is one
of the strongest clinical predictors of sudden cardiac death due
to arrhythmia in patients with heart disease (Tracy et al., 1987;
Trappe et al., 1989; Nath et al., 1993; Kober et al., 1997; Camm
and Katritsis, 2000; Kohl et al., 2005). In the Strong Heart Study,
a large population-based study in patients without clinically rec-
ognizable cardiovascular disease, wall motion abnormalities were
also associated with an about 2.5 times higher risk of both car-
diovascular events and death during an 8-years follow-up (Cicala
et al., 2007). In human atria, both in silico (Kuijpers et al,
2011) and in vivo (Coronel et al., 2010a) dilatation has been
shown to underlie conduction abnormalities and/or increased
dispersion in refractoriness. Increased wall strain in a setting of
acute ischemia leads to an increased occurrence of ventricular
arrhythmias (Coronel et al., 2002; Janse et al., 2003). In addition,
the involvement of mechano-electrical feedback in the devel-
opment of cardiac memory (Jeyarai et al., 2007) and in LQT
syndrome (Haugaa et al., 2010) has been suggested. It has been
reported that the timing of stretch in relation with the phase

of the action potential is important for the effect (Zabel et al,,
1996).

Increased repolarization inhomogeneity is a prerequisite for re-
entrant arrhythmias (Han and Moe, 1964; Kuo et al., 1983; Barr
et al., 1994). The relevance of mechano-electrical feedback has
been demonstrated both in animals and in man (Lab, 1982; Franz
et al., 1989; Taggart and Sutton, 1999). Also in man WMA pro-
duces increased QT dispersion (Schneider et al., 1997). Because
action potential duration (APD) and thus also the repolarization
time [RT, sum of local activation time (AT) and local APD; Franz
et al., 1991] are altered by mechanical stretch (Kohl et al., 1999),
we hypothesized that dispersion of those parameters (APD and
RT) is increased in patients with wall motion abnormalities.

We measured dispersion of an index of local APD (activation-
recovery intervals, ARIs; Haws and Lux, 1990) and of RT at
multiple sites on the epicardium in patients with and without
myocardial infarction (MI) during coronary bypass grafting. Local
wall abnormalities were scored by simultaneous intraoperative
transesophageal echocardiography. We conclude that WMA is
associated with increased dispersion of both ARIs and RTs thereby
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enhancing the electrophysiological substrate for arrhythmias,
irrespective of the presence of ML

MATERIALS AND METHODS

PATIENTS

The study was approved by the hospital Ethical Committee and
written informed consent was obtained from all patients. Twenty-
three patients, aged 61 £ 2.2 (mean &+ SEM), were studied who
were undergoing routine coronary artery surgery at The Middle-
sex Hospital. Patients were selected randomly from the waiting list
from those with (#n=12) and without (n = 11) prior MI. Patients
with atrial fibrillation or taking class I or class III antiarrhythmic
medication were excluded. Individual patient details are shown in
Table 1.

SURGICAL PROCEDURE

Following induction of anesthesia an esophageal echo probe was
inserted and good quality images established. Patients then under-
went routine thoracotomy and right atrial and aortic cannula-
tion in preparation for cardiopulmonary bypass. Transesophageal
echocardiographic measurements of ventricular wall motion and
epicardial electrophysiological recordings were then made prior to
the initiation of cardiopulmonary bypass as described below.

ECHOCARDIOGRAPHY

Multiplane intraoperative transesophageal echocardiography was
used to assess cardiac function by scoring left ventricular wall
motion in three transgastric short-axis planes. Four segments (left
posterior wall, left free wall, left anterior wall, and septum) were
scored at the apical, mid-papillary, and basal levels, leading to
assessment of wall motion at 12 sites. Each segment was scored as
follows: 0, normal wall motion; 1 hypokinesia; 2 akinesia; 3 dysk-
inesia. Patients with normal wall motion had a total wall motion
score zero (n = 11). Hypokinetic patients had a wall motion score
1 in one or more segments (n=6). Akinetic and/or dyskinetic
patients had a wall motion score 2 or 3 in one or more segments
(n=06). Next, the wall motion scores of all 12 sites was summed
for each patient. The total WMA score could, theoretically, vary
between 1 and 36 (although dyskinesia in all segments is impos-
sible). In this patient group the minimum WMA score was 1 and
the maximum was 18. In addition, left ventricular ejection frac-
tion was assessed by measuring fractional area change of the left
ventricular cavity in the transgastric mid-papillary short-axis view.

ELECTRICAL RECORDINGS

Figure 1 shows the electrode grid of eight terminals in two rows
of four with an interelectrode distance of 0.5 cm along rows and
1 cm between rows. Epicardial electrograms were recorded using
this multielectrode grid by positioning it in random order at the
basal, mid and apical regions of the anterior, lateral, and postero-
inferior left ventricular wall (nine regions, septal segments being
inaccessible for obvious reason). Signal recording and processing
have been described previously (Taggart et al., 2001). During atrial
pacing at 600 ms we measured at a maximum of 72 sites (nine
regions x eight sites in each) local AT (dV/dtp;y of the initial elec-
trogram deflections) and RT (dV/dtpax of the T wave; Coronel
et al., 2006). The interval between activation and RT, the ARI,

Table 1 | Data in the whole patient group (n=23).

Average or (n) SEM
Number 23 n.a.
Age (years) 61 2.2
Female/male 2/21 n.a.
Mi/no Ml 12/1 n.a.
abnormal/normal wall motion 12/1 n.a.
Normal wall motion (with/without M) 11 (3/8) n.a
Hypokinesia (with/without M) 6 (3/3) n.a.
Akinesia/dyskinesia (with/without M) 6 (6/0) n.a.
Wall motion score 3.3 1.2
ARI (ms) 251 3.7
Dispersion ARI (ms) 70 5.3
RT (ms) 285 5.1
Dispersion RT (ms) 71 5.1

M, myocardial infarction,; ARI, activation-recovery interval; RT, repolarization time;
n.a., not applicable.

is a surrogate measure of local APD (Haws and Lux, 1990) and
local refractoriness (Chinushi et al., 2001). Figure 2 shows typi-
cal electrograms in one of the patients. At each of the nine sites
we measured the average and the dispersion of AT, ARI, and RT
(Figure 1). Dispersion (D) was defined as the difference between
maximum and minimum values at each of the nine regions. Local
dispersion was determined for the whole left ventricular free wall
for AT, ARI, and RT by averaging D (see Figure 1, bottom left).
Regional dispersion was defined as the largest difference between
the averages of the nine regions (see Figure 1, bottom right).

STATISTICAL ANALYSIS

Data are presented as mean = SEM. We were dealing with a small
group of 23 patients. Differences between patients with normal
wall motion and WMA were tested by one-way ANOVA. Further
post hoc testing of subgroups was performed by the Student—
Newman—Keuls test. Differences were considered statistically
significant if p < 0.05.

RESULTS

ALL PATIENTS

Figure 3 shows the minimum and maximum values (connected
by vertical lines) for the average of the ARIs in the nine regions in
the 23 patients. It, therefore, shows the regional dispersion in ARIs
(see Materials and Methods; Figure 1) in each individual patient.
Patients 1-12 have wall motion abnormality (wall motion score
>1) and patients 13-23 have normal wall motion (wall motion
score 0). Patients without MI are depicted by thin lines between
their minimum and maximum ARIs and patients with MI are
marked by bold lines. Without any more sophisticated subgroup
analysis, Figure 3 suggests that regional dispersion in ARIs is higher
in patients with WMA (patients 1-12), although averaged ARIs
were similar in both groups (251 ms; Table 1).

WALL MOTION ABNORMALITY AND DISPERSION OF
ACTIVATION-RECOVERY INTERVALS

Figure 4 shows local (open bars) and regional dispersion of ARIs
(black bars) in patients with normal wall motion (two bars at
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FIGURE 1 | Schematic presentation of location of the multigrid electrode.
It consisted of eight (4 x 2) terminals separated 0.5 and 1 cm respectively. In
each of nine regions that were successively (and randomly) assessed
maximum, average (A), minimum, and dispersion (D: maximum minus

minimum) were determined for activation times, activation-recovery intervals
and repolarization times. Local dispersion was defined as the average of the 9
“D" values. Regional dispersion was defined as the difference between the
largest and smallest “A" (see Materials and Methods for further explanation).

the left) and in patients with WMA (six bars at the right). The
local dispersion in ARIs (open bars) was 24 & 1.7 ms in the nor-
mal group and 29 = 2.4 ms in patients with WMA. The differences
between local dispersion in ARIs were not statistically significant.
A subdivision of the group with WMA (n = 12) into patients with
hypokinesia (1 =6) or a/dyskinesia (n=6) also yielded similar
values for local dispersion (compare all open bars). However,
regional dispersion in ARIs (black bars) was 49 £ 5.1 msin patients
with normal wall motion (n=11), whereas it was 89 4.2 ms
(p <0.005) in patients with WMA (n=12). In the two sub-
groups with WMA regional dispersion in ARIs was 84 & 7.4 ms
in patients with hypokinesia (n=6) and 94 £ 3.5 ms in patients
with akinesia or dyskinesia (7 =6). As was the case for the WMA
group as a whole, also these two subgroups had larger regional
dispersion in ARIs than the group with normal wall motion
(ANOVA followed by SNK post hoc test; p <0.005). The dif-
ference between these two subgroups, however, was statistically
not significant (SNK post hoc test). Within the group with the
most severe WMA, four patients were in the akinetic subgroup
and two in the dyskinetic subgroup. The averaged values for
regional dispersion in those two subgroups were 93 and 96 ms
respectively (data not shown in Figure 4). In the group with nor-
mal wall motion 3 out of 11 patients had a history of MI. In
the other two groups with WMA these numbers were three out
of six (hypokinesia) and six out of six (akinesia/dyskinesia; see
below).

The much larger regional dispersion of ARIs in the group with
WMA compared with the group with normal wall motion despite
similar averaged ARIs in both groups, suggests that maximum

ARIs are increased, whereas minimum ARIs are decreased within
the hearts of patients with WMA. Indeed, both the maximum and
minimum averaged ARIs at the nine regions differed significantly
between the groups (see also Figure 3,297 £ 4.0 vs. 276 £ 7.3 ms;
p < 0.025 for the maximum values in the groups with WMA and
normal wall motion and 208 £ 4.3 vs. 227 £ 6.8 ms; p < 0.05 for
the minimum values in the same two groups).

The difference in ejection fraction between patients with and
without WMA (50% = 5.1 and 63% = 4.0, respectively) was not
significant.

MYOCARDIAL INFARCTION AND DISPERSION OF
ACTIVATION-RECOVERY INTERVALS

Figure 5 shows the interaction of the effects of WMA and MI
on regional dispersion of ARIs. The difference between the five
subgroups (there were no patients with akinesia/dyskinesia with-
out MI) was significant (ANOVA; p < 0.0005). However, when we
divided the group with normal wall motion (see Figure 4, n=11)
into subgroups with (#n = 3) and without MI (n=8), there were
no statistically significant differences (Figure 5, two left bars). Fur-
thermore, when the group with hypokinesia (see Figure 4, n=6)
was subdivided into three patients with and three patients with-
out MI, again no statistically significant differences were found
(Figure 5, two middle bars). It should be mentioned, however,
that an absence of statistical differences with such small num-
bers may have little meaning because of the lack of power. The
hypokinesia group with infarction and the a/dyskinesia group had
significantly larger regional dispersion than both groups with nor-
mal wall motion. Although not completely conclusive, Figure 5
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suggests that the presence of WMA is more strongly associated
with a large regional dispersion in ARIs than the presence of MI.

THE ORIGIN OF DISPERSION IN ACTIVATION-RECOVERY INTERVALS

Figure 6 shows the analysis of the source of dispersion of ARIs
in patients with WMA. For this analysis each heart should at least
have two normally or two abnormally contracting segments out of

Anterior Lateral  Posterior/inferior
Base e
253 255 209
Mid
258 230 195
Apex
295 205 216 1s

FIGURE 2 | Local electrograms at the nine positions in one of the
patients. The first vertical line indicates the stimulus artifact. The number
below each of the nine positions is the local activation-recovery-interval
(ARI), measured from dV/dt,,, of the QRS till dV/dt,... of the T wave (see
Materials and Methods).

350
ARI
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123 45 678 91011121314 151617 181920 2122 23

Patients

FIGURE 3 | Minimum and maximum activation-recovery intervals
(ARls) in 23 patients (1-12 with WMA, 13-23 with normal wall motion;
patient groups separated by dashed line between patients 12 and 13).
Thin lines: patients without myocardial infarction, bold lines: patients with
myocardial infarction. Whether patients had normal wall motion, or were
hypokinetic, akinetic, or dyskinetic can be found in Table 2, where the order
of the patients is similar to that in Figure 3.

atotal of nine segments with electrophysiological data. One patient
had only abnormally contracting segments and three patients had
one abnormally contracting segment. Thus, we selected 8 out of
the 12 patients with WMA that fulfilled these criteria. The total

Activation recovery intervals
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Normal (n=11) Abnormal (n=12) Hypokinesia A/Dyskinesia
(n=6) (n=6)
Wall motion

FIGURE 4 | Local (open bars) and regional dispersion (filled bars)
of activation-recovery intervals (ARIls) in 11 patients with normal
wall motion and in 12 patients with WMA. The patient group with
WMA was subdivided into six patients with hypokinesia and six
patients with akinesia or dyskinesia. See text for further explanation.
$p < 0.005 compared with normal wall motion. The subgroups
hypokinesia and a/dyskinesia did not differ from each other, neither for
local nor for regional dispersion.
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FIGURE 5 | Regional dispersion of activation-recovery intervals in 11
patients with normal wall motion subdivided over subgroups with
(n=3) and without myocardial infarction (n = 8), in six patients with
hypokinesia subdivided over subgroups with (n = 3) and without
myocardial infarction (n=3) and in six patients with akinesia or
dyskinesia (see also Figure 3). In the latter group all patients had a history
of myocardial infarction. The differences between the five groups are
significant (ANOVA; p < 0.0005). Subsequently pairwise comparisons were
made. *p < 0.01 vs. normal wall motion/no infarct; ¥p < 0.05 vs. normal wall
motion/infarct; #p < 0.01 vs. normal wall motion/infarct.
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regional dispersion was 96 £ 3.6 ms in these eight patients. Next
the regional dispersion in ARIs was quantified for the normally
contracting segments by subtraction of the minimal from the
maximal segmental ARI (within the normally contracting area)
of each of these eight hearts. In the same way the regional dis-
persion in ARIs was quantified for the abnormally contracting
segments in each heart. The difference between the average of all
ARIs in the normally contracting area and the average of all ARIs

WMA patients with at least 2 abnormal and 2 normal segments
100

80

Dispersion (%)

Between abnormal and
normal area

Within abnormal area Within normal area

FIGURE 6 | Regional dispersion of activation-recovery intervals
(ARlIs) in patients with regional wall motion abnormalities
expressed as a percentage of the total dispersion in each
individual heart (WMA; n =8, four patients with WMA did not
have at least two normally contracting area as well as two
abnormally contracting segments and were excluded from this
analysis). Dispersion was assessed in the segments within the
normal area, within the abnormal area and between the abnormal
and normal areas. Regional dispersion was largest within the
normally contracting area. Interestingly, the regional dispersion
within the normal areas of the hearts with WMA and the hearts with
normal wall motion differed significantly (p < 0.05, not shown).

in the abnormally contracting area yielded the dispersion between
these two areas. These three dispersion parameters were expressed
as a percentage of the total regional dispersion in ARIs per indi-
vidual heart, which was set at 100%. Obviously, the sum of these
three parameters could be more than 100%. Figure 6 shows that
the regional dispersion of ARIs in patients with WMA arises pri-
marily (72 +11.1%) within the normal area of these abnormally
contracting hearts. Also, we were able to compare the regional dis-
persion in ARIs of hearts with normal wall motion (n=11) with
the regional dispersion within the normally contracting area of the
hearts with WMA. For this analysis the selection criterion was the
presence of at least two normally contracting areas. Because there
was only one patient with only abnormally contracting segments,
we had to omit only one patient from the WMA group, leading to
n=11inDboth the group with normal wall motion and in the group
with WMA. Interestingly, the regional dispersion of ARIs within
the normal area of abnormally contracting hearts is significantly
larger than the regional dispersion of ARIs of hearts with normal
wall motion (73 £7.7 vs. 49+ 5.1 ms, ANOVA, p <0.025, data
not shown. Thus, irrespective of the magnitude of regional dis-
persion between the normally and abnormally contracting areas,
the regional dispersion in ARIs within the normal area of hearts
with WMA is larger than regional dispersion in ARIs in hearts of
patients with normal wall motion.

RELATION BETWEEN ACTIVATION TIME AND ACTIVATION-RECOVERY
TIMES (AT-ARI RELATIONSHIP)

Re-entrant arrhythmias primarily depend on dispersion in RTs
rather than on dispersion in APD. Therefore, the relation between
AT and ARI — as a substitute for APD — is of interest. Under nor-
mal physiological conditions the AT-ARI relationship is negative
at least along the epicardium of human hearts (Cowan et al., 1988;
Franz et al., 1991). A negative relationship leads to a smaller dis-
persion in RT than in ARI and a positive relationship causes a
larger dispersion in RT than in ARI. Figure 7A shows the nega-
tive AT-ARI relationship in patient 13 (see also Figure 3; Table 2).
This patient had no MI and normal wall motion. The patient
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FIGURE 7 | (A) Activation time vs. activation-recovery intervals in patient #13 (see also Figure 3;Table 2). Y = —0.59 X +228; r=—0.349, p <0.005. (B)
Activation time vs. activation-recovery intervals in patient #12 (see also Figure 3;Table 2). Y =1.11 X + 196; r=0.287 p < 0.05.
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had a negative AT-ARI relationship with slope —0.59 (Table 2).
Figure 7B shows the same data, but now from a patient with an
anterior MI (patient 12 in Figure 3; Table 2). We found a positive
AT-ARI relationship with slope 1.11 (Table 2). Both correlations
were significant (see Table 2 for further data and explanation).
The “normal” patient with slope —0.59 for the AT-ARI relation-
ship had, by definition, a slope of +0.41 for the AT-RT relationship.
Also, this positive relation was significant. With such weak corre-
lations the dispersion in ARIs will not be very much different from
the dispersion in RTs. In the other “abnormal” patient, the positive
AT-ARI relationship with slope 1.11 will lead to an AT-RT rela-
tionship of 2.11. Now, the dispersion in repolarization, caused by
the activation order adds up to the dispersion in ARIs. Figure 8A
shows the same data points as in Figure 7A, but now attributed to
the nine regions. This patient with normal wall motion had low
values both for local dispersion in ARI (20 ms) and RT (16 ms),
and also for regional dispersion in ARI (30 ms) and RT (35 ms;
Table 2, patient #13). The local dispersion in each region both in
AT (horizontal) and in ARI (vertical) has been indicated by thin
lines through the nine data points which indicate the average AT
and ARI in each region. The AT relationship through these nine
averages has a slope —0.39 (Table 2). Figure 8B shows the same
data as in Figure 7B from the patient with an anterior MI again
attributed to the nine regions (patient 12 in Figure 3; Table 2).
The three posterior/inferior regions, i.e., not the infarcted regions,
were all hypokinetic, leading to a wall motion score 3. This patient
had slightly higher values for local dispersion in ARI (37 ms) and
RT (42ms) than the “normal” patient, but substantially higher
values for regional dispersion in ARI (115ms) and RT (134 ms;
Table 2). Again the thin bars indicate the local dispersion at the
nine regions, both for AT (horizontal) and ARI (vertical). The
slope of the regression line is still positive (+0.60), explaining why

dispersion in RT is higher than dispersion in ARI. Interestingly, the
“outlier” in Figure 8B was in the anterior apical position, where
the wall motion was normal and the ARI (and RT) was very long
(late). The large dispersion in ARI and RT occurred between the
posterior-mid region (in the mid of the hypokinetic area) and
the apical anterior position, where wall motion was normal. The
rough “anterior” localization of the MI prevented a more precise
analysis, but it is emphasized that the MI area did not show WMA.

We plotted dispersion in RTs as a function of the WMA score.
Figure 9 shows dispersion of local (open circles) and regional RT
(filled circles) for each individual patient with WMA (see also
Table 2). As a reference the stars along the ordinate indicate the
local and regional dispersion in RT in the 11 patients with nor-
mal wall motion. Although the data as presented in Figures 4
and 5 have already shown that regional dispersion in ARIs (and
also RTs) is significantly larger in hearts with WMA, the data in
Figure 9 show that this dispersion does not increase with a higher
wall motion score. On the contrary, the correlation found between
WMA score and regional dispersion of RT (closed circles) was
negative (Y = —0.71, X 4+ 93; r = —0.229, n = 12), albeit not sig-
nificantly. The seven largest dispersion values had a wall motion
score of 5+ 1.4, indicating that WMA in a relatively small area is
associated with substantial dispersion in RT. Similar results were
obtained for wall motion score vs. ARIs (not shown). Thus, a small
abnormality in wall motion (score 1-3) is associated with maximal
dispersion in ARIs within the normally contracting area of hearts
with WMA.

DISCUSSION

In this study we have simultaneously measured ventricular wall
motion and local electrograms, allowing us to identify an asso-
ciation between WMA and the electrophysiological substrate for

Patient #13: No infarct, no WMA
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FIGURE 8 | (A) Activation time vs. activation-recovery intervals in the nine
regions of patient #13 (see also Figure 3; Table 2). Y = —0.39 X + 224;
r=-—0.256, ns. Thin lines indicate dispersion in activation times and
activation-recovery intervals in each of the nine regions. (B) Activation time
vs. activation-recovery intervals in the nine regions of patient #12 (see also
Figure 3; Table 2). Y =0.60 X +211; r=0.168, ns. Thin lines indicate
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dispersion in activation times and activation-recovery intervals in each of the
nine regions. The huge dispersion primarily results from the very long
activation-recovery intervals in the apical anterior region. The three
posterior/inferior regions were all hypokinetic, leading to wall motion score 3
in this patient. The posterior/mid region had the shortest activation-recovery
intervals.
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FIGURE 9 | Wall motion abnormality score (index for abnormal wall
motion) and regional dispersion in repolarization times. The averaged
dispersion in RT of the 11 patients with wall motion score 0 is summarized
by the two stars at the ordinate. At WMA score 1 and local dispersion

25 ms there were two patients. A small disturbance of normal wall motion,
i.e., hypokinesia in only 1 or 2 out of 12 segments is associated with
substantial dispersion in RT. Although the relation between WMA score and
regional dispersion in repolarization time (restricted to the 12 patients with
WMA) was not significant, the regression line Y =—-0.71 x WMA

score +93.0 (r=-0.229, n=12) had an intercept at the Y-axis of 93,
substantially more than the regional dispersion of 53 4+4.1 ms in the group
with normal wall motion (filled asterisk).

re-entrant arrhythmias. We have shown in the human heart that
wall motion abnormalities are associated with increased dispersion
of ARIs (an index of APD) and RTs, independent from the pres-
ence of MI, and without effect on ATs. Second, within one heart
the increased dispersion in repolarization is caused by shortening
of ARIs at one or more sites and prolongation at other sites. Third,
maximal dispersion in ARIs within the normally contracting area
of hearts with WMA is observed when the abnormality in wall
motion (score 1-3) is minor. Finally, the increase in dispersion of
ARIs is largest in the normally contracting areas of the hearts of
patients with WMA. The latter is concordant with the observa-
tion in the Strong Heart Study (Cicala et al., 2007) that WMA in
patients without recognizable cardiovascular disease is associated
with fatal and non-fatal cardiovascular events during follow-up.

WALL MOTION ABNORMALITY

The cardiac effects of volume and pressure loading have been
known for almost 100 years (Bainbridge, 1915), but mechano-
electrical feedback as a consequence of ventricular WMA, has
evoked renewed interest by the work of Max Lab and asso-
ciates in the 1980s (Lab, 1982) and also more recently (Kohl
and Ravens, 2003). Myocardial stretch is a strong modulator of
APD (Franz et al., 1989; Hansen, 1993; Taggart and Sutton, 1999;
Chen et al., 2004). Prolonged altered stretch has been shown to
cause changes in repolarizing membrane currents (Jeyaraj and
Rosenbaum, 2011). The effect of pulsatile myocardial stretch on
repolarization depends on the timing relative to the repolarization
process (Reiter et al., 1988; Zabel et al., 1996; Quinn and Kohl,

2011). For example, stretch modulates APD through cation non-
selective (SACns) and potassium selective stretch activated chan-
nels (SACKk). The reversal potential for SACns occurs at about half
way between the action potential plateau and resting potential
such that stretch occurring before the reversal potential short-
ens APD and stretch during the later part of the action potential,
lengthens APD. Due to the strongly negative reversal potential
for SACK, stretch during the action potential tends to shorten
APD (Quinn and Kohl, 2011). The effect of regional dyssyn-
chrony in producing regional differences in stretch modulation
of APD has been highlighted in regard to electrical remodeling
in heart failure patients with asynchronous LV activation and
contraction (Jeyaraj and Rosenbaum, 2011). It is therefore pos-
sible that in patients with WMA, myocardial stretch occurs at
disparate moments during the action potential at different sites
in the heart. This may cause divergent effects on APD and RT
with a prolongation at one site and a shortening at another. We
have documented this in the present study, where the average
ARI was unchanged but its dispersion was increased. Dispersion
of repolarization constitutes the basis of unidirectional block,
which is a prerequisite for the initiation of re-entrant arrhyth-
mias (Janse and Wit, 1989). On the basis of this study we propose
that inhomogeneous wall motion may increase inhomogeneity
of repolarization and thereby enhance the susceptibility to ven-
tricular arrhythmias. The observation that dispersion in RT is
largest in patients with only moderate WMA, suggests a max-
imal effect of mechano-electrical feedback between sites where
a large difference in myocardial stress occurs. The fact that the
larger dispersion of ARIs in the normal areas of abnormal hearts
is based on measurements in fewer segments than the disper-
sion of ARIs in hearts with normal wall motion, may add to the
potential arrhythmogenic significance of this observation (but see
below).

It has been demonstrated in isolated working pig hearts that
stretch may evoke premature beats at the interface between con-
tracting and non-contracting myocardium (Coronel et al., 2002).
Itis conceivable that these premature beats encounter a high degree
of repolarization heterogeneity in the normally contracting tissue,
and set off a re-entrant arrhythmia. In this manner both substrate
and trigger for reentry are present at the same time (Coronel et al.,
2002).

LARGER DISPERSION: MORE ARRHYTHOGENESIS?

We have recently shown that it is too simple to consider large
dispersion per se as arrhythmogenic (Coronel et al., 2009). Dis-
persion in repolarization can be very large, but when it concerns
a too small, or a too large area with late repolarization, it will not
result in reentry, either because it is impossible to circumvent the
area of prolonged refractoriness for spatial or temporal reasons,
or because the timing of the retrogradely invading impulse is not
suitable to cause reentry in a proximal area with normal refrac-
toriness (Coronel et al., 2010b; Janse et al., 2011). In this study
we show that regional dispersion in ARIs and/or RT was in the
order of 90 ms when wall motion abnormality was involved vs.
about 50 ms when there was normal wall motion (Figures 4 and
9; Table 2). Based on a conduction velocity of about 40 cm/s, it
can be estimated that this will require a minimum diameter of the
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region with the late repolarization of about 2 cm in order to lead
to activation at the distal side of that region.

ACTIVATION TIME-ACTION POTENTIAL DURATION RELATIONSHIP
Normal human myocardium has a negative relation between AT
and ARI or other indices of APD (Franz et al., 1987, 1991; Cowan
et al., 1988; Yuan et al., 2001; Hanson et al., 2009). In the nor-
mal heart this tends to reduce dispersion in RT. An AT vs. APD
relation with a slope of —0.50 presents a special case because at
that slope the dispersion in APD will equal to the dispersion in
RT. With a more negative slope, dispersion in RT will tend to be
less than dispersion in APD. At a relation with a slope of —1.0 the
decrease in APD along the path of conduction could theoretically
lead to the disappearance of dispersion in repolarization and thus
to the disappearance of the T wave in any lead of the surface ECG
(Conrath and Opthof, 2006; Opthof et al., 2009; Janse et al., 2011).
At any slope less negative than —0.50 (including positive slopes)
dispersion in RT will exceed dispersion in APD. It should be noted
that the relation between AT and ARI was on average less negative
(see Table 2) than in previous studies of Franz et al., 1991 and
Cowan et al., 1988. Therefore, it can be questioned how “normal”
the hearts of our patients with normal wall motion actually were.

It has previously been shown that under pathophysiological
conditions a -normal- negative relation between AT and APD is
partially or completely lost (Cowan et al., 1988; Franz et al., 1991).
Indeed, we observed that in only 10 out of 23 patients the slope
between AT and ARIs was more negative than —0.50 (Table 2). It
was even positive in seven patients. We did not find differences in
slope between patients with normal wall motion and hypo- and/or
akinesia or dyskinesia. Probably abnormalities in a single region
(as in patient #12, see Figure 8B) are relevant.

CONCLUSION

In patients, substantial dispersion in repolarization is observed
even though there is only minor wall motion abnormality. The
presence of MI is not mandatory for this effect.

LIMITATIONS

As patients taking antiarrhythmic drugs were excluded from the
study, we cannot relate our findings to the presence of arrhythmias
in the patients. Therefore, it could be argued that the patient group
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