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Abstract

Background: An action potential duration (APD) restitution curve with a steep slope =1 has been associated with increased
susceptibility for malignant ventricular arrhythmias. We aimed to evaluate the “restitution hypothesis” and tested
ventricular APD restitution slope as well as effective refractory period (ERP)/APD ratio for long-term prognostic value in
patients with ischemic (ICM) or dilated cardiomyopathy (DCM).

Methodology/Principal Findings: Monophasic action potentials were recorded in patients with ICM (n=32) and DCM
(n=42) undergoing routine programmed ventricular stimulation (PVS). Left ventricular ejection fraction was 32+7% and
28+9%, respectively. APD and ERP were measured at baseline stimulation (S;) and upon introduction of one to three
extrastimuli (S,-S,). ERP/APD ratios and the APD restitution curve were calculated and the maximum restitution slope was
determined. After a mean follow-up of 6.1%3.0 years, the combined end-point of mortality and and/or implantable
cardioverter-defibrillator shock was not predicted by restitution slope or ERP/APD ratios. Comparing S, vs. Sz vs. S,
extrastimuli for restitution slope (1.5+0.6 vs. 1.4%0.4 vs. 1.3%0.5; p = NS), additional extrastimuli did not lead to a steepening
restitution slope. ERP/APD ratio decreased with additional extrastimuli (0.98+0.09 [S;] vs. 0.97+0.10 [S;] vs. 0.93£0.11 [S3];
p=0.03 S; vs. S3). Positive PVS was strongly predictive of outcome (p =0.006).

Conclusions/Significance: Neither ventricular APD restitution slope nor ERP/APD ratios predict outcome in patients with
ICM or DCM.
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We therefore set out to evaluate the potential clinical
application of the “restitution hypothesis” in patients with
ischemic cardiomyopathy (ICM) or dilated cardiomyopathy
(DCM) and tested ventricular APD restitution slope and ERP/

Introduction

In developed countries, sudden cardiac death (SCD) signifi-
cantly contributes to cardiovascular mortality [1]. Major causes for

SCD are fast ventricular tachycardia (VI) or ventricular
fibrillation (VF). Findings from computer simulations and exper-
imental studies have suggested that VF occurs when electrical
waves break up into multiple re-entrant wavelets and eventually
disintegrate into completely irregular excitation [2,3,4,5,6].

Among other mechanisms, an electrical restitution character-
ized by a steep slope of the restitution curve (=1) may directly
promote wavebreaks [7,8,9]. Restitution refers to the relation of
action potential duration (APD) to its preceding diastolic interval
(DI), graphically defining the so-called APD restitution curve. Due
to its potential importance this arrhythmia mechanism has been
named the “restitution hypothesis” [9]. Effective refractory period
(ERP), absolute and relative to APD, is another major determinant
of electrical tissue properties. In this respect, small ERP/APD
ratios have been demonstrated to favor re-entrant ventricular
arrhythmias but their clinical prognostic value has never been
tested. Human studies on the usefulness of measuring restitution
slopes have produced equivocal findings [10,11,12,13].
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APD ratio as long-term predictors of outcome [9]. For the first
time, restitution parameters of PVS with two and three
extrastimuli were also calculated.

Materials and Methods

Patients

Seventy-four patients with ICM (n=32) and DCM (n=42)
were prospectively enrolled into a single-center observational study
at the Charité University Hospital, Campus Benjamin Franklin,
Berlin, Germany, between April 1999 and August 2004. All
patients had a clinical indication for electrophysiological (EP)
testing including suspected arrhythmogenic syncope, documented
sustained VT, or non-sustained VT and a reduced LV ejection
fraction (LVEF) =40%. Patients with valvular disease, pacemaker
or implantable cardioverter-defibrillator (ICD) at the time of the
EP study were excluded. Antiarrhythmic medications were
discontinued for at least 5 half-lives before the procedure. In the
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Table 1. Baseline clinical characteristics.

ICM DCM
Clinical parameter (n=32) (n=42) P
Age, y 65+9 48+12 <0.0001
Male sex, n (%) 25 (78) 34 (81) 0.78
LVEF, % 32+7 28*9 0.06
Beta-blockers, n (%) 31 (97) 41 (98) 0.90
ACE inhibitors/ARB, n (%) 32 (100) 41 (98) 0.60
Spironolactone, n (%) 22 (69) 35 (83) 0.16
Digoxin, n (%) 6 (19) 40 (95) <0.0001
Diuretics, n (%) 30 (93) 33 (79) 0.07
Amiodarone, n (%) 2 (6) 2(5) 0.78
Positive PVS, n (%) 13 (41) 9 (21) 0.07
ICD implantation (post MAP), 19 (59%) 4 (10%) <0.0001
n (%)
ACE = angiotensin-converting enzyme, ARB = angiotensin-receptor blocker,
ICD = implantable cardioverter-defibrillator, MAP = monophasic action
potential recording, PVS = programmed ventricular stimulation.
doi:10.1371/journal.pone.0054768.t001

ICM group, patients with an acute coronary syndrome within the
preceding 30 days or coronary revascularization within 6 weeks
were also excluded. All patients had undergone routine clinical
evaluation including echocardiography, coronary and left ventric-
ular angiography. In a subset of 26/74 (35%) patients, microvolt T
wave alternans (TWA) was measured during incremental exercise
using a Cambridge Heart CH 2000 system (Cambridge Heart
Inc., Bedford, MA, USA). TWA tests were classified according to
previously published criteria [14]. The study protocol was
approved by the Institutional Review Board of the Charité —
Universititsmedizin Berlin (Reference no. EA4/082/12) and
written informed consent was obtained from all patients prior to
the procedures.

Electrophysiological study and pacing protocols

Under fluoroscopic guidance, standard multielectrode EP
catheters were placed in the high right atrium and in the His
bundle region. A fractally coated iridium electrode catheter (7F)
(MAPCath, Biotronik, Berlin, Germany) was introduced into the
right ventricle [15]. Endocardial monophasic action potentials
(MAPs) were generally recorded from the right ventricular apex
(RVA). In a subgroup of patients (n=23) MAPs were also
recorded from the right ventricular outflow tract (RVOT). All
electrocardiographic signals were displayed and recorded on
a BARD electrophysiology system (BARD LabSystem, Lowell,
MA, USA). The sampling rate was 1 kHz and MAPs were being
recorded with a filter bandwidth from 0.05 to 500 Hz.

In order to determine APD at 90% repolarization (APDgg) at
different heart rates, constant baseline pacing (S,) was performed
for 30 seconds at basic cycle lengths (BCL) of 600, 500, 400, and
330 ms, followed by a pause of 30 seconds. An accelerated
protocol for programmed ventricular stimulation (PVS) was
performed at the above cycle lengths from both RVA and RVOT
[16]. Three extrastimuli were delivered in late diastole and
coupling intervals were reduced in decrements of 10 ms until
refractoriness or a minimum of 200 ms. MAP recordings were
obtained during PVS at a BCL of 500 ms. Thereby, the first
extrastimulus (Sg) was delivered after a drive train of eight S,
stimuli (BCL 500 ms) [10,17]. Recordings were repeated with
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progressively shorter S;—Sy intervals (by 20 ms from 500 to
400 ms, by 10 ms from 400 to 300 ms, and by 5 ms from 300 ms
to ventricular refractoriness). ERP was defined as the longest S;—
Sy interval that failed to capture the ventricle. The S;—Sy interval
was then increased by 10 ms to restore ventricular capture and
a second extrastimulus (S3) was introduced at a 500-ms delay from
the preceding Sy response repolarization. The So—S3 interval was
then decreased until refractoriness and determination of the
shortest interval with ventricular capture. Finally, a third extra-
stimulus (S4) was introduced in the same manner. To determine
the ERP associated with the last (S4) extrastimulus would have
required the introduction of a fourth (Ss) extrastimulus which was
not part of the protocol. PVS was considered positive in case of
reproducible induction of sustained monomorphic VI with up to
3 extrastimuli, or in case of polymorphic VT, ventricular
fibrillation and/or flutter with up to 2 extrastimuli [16,18].

Analysis of MAP recordings

Recordings were analyzed offline using customized and
validated software (National Instruments, Austin, TX, USA)
[19]. MAPs were evaluated at four different BCL (S;) and after
introduction of extrastimuli (So—S4). APDgg was defined as the
interval between MAP onset and 90% repolarization. The DI was
calculated as the interval of time from the preceding APDyq to the
onset of the next MAP. APD restitution curves were generated for
each extrastimulus (So—S4) by plotting APDg, versus preceding DI.
Maximum slopes were determined by fitting the data with
overlapping least-squares linear segments as previously described
[12,13]. Briefly, the restitution curves were analyzed in 40-ms DI
segments in steps of 10 ms, beginning with the shortest DI range
containing data (e.g. from 0 to 40 ms, then from 10 to 50 ms, 20 to
60 ms and so on). No extrapolation was performed. ERP was
analyzed for basic electric stimuli (S;) and the first two extrastimuli
(So and S3). The relation between ERP and APDg, (ERP/APDgq
ratio) was calculated, respectively [20].

Long-term prospective follow-up

All patients were followed prospectively for a mean (* SD)
duration of 6.1%£3.0 (median 5.7, interquartile range 3.8 to 9.2)
years beginning at the time of EP study until May 2009. Follow-up
included review of all medical records, telephone questionnaires
and information on deceased patients obtained systematically from
the Berlin authorities. If an ICD was implanted during the course
of the study, routine ICD interrogations were reviewed. ICD
shocks were graded as appropriate or inappropriate. The
combined end-point was predefined as all-cause mortality and/
or appropriate ICD therapy.

Statistical analysis

Continuous data are presented as mean = SD and categorical
data are given as frequencies. Comparisons were performed with
the 2-tailed Student’s ¢ test for continuous variables or the Chi-
square test or Fisher’s exact test for categorical variables
(depending on field values). Where appropriate for multiple group
comparisons, a one-way ANOVA with additional Tukey’s test for
subcomparisons was chosen. Prognostic values were assessed using
Kaplan-Meier probabilities for event free survival. Dichotomized
patient groups were compared using the log-rank method.
Statistical analyses were performed with SPSS for Windows
(Version 16.0, SPSS Inc., Chicago, IL, USA). A value of p<<0.05
was considered statistically significant.
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Figure 1. Representative MAP recordings. Monophasic action potentials (MAPs) recorded at the right ventricular apex (RVA) in a patient with
ICM during baseline pacing (A) and during programmed ventricular stimulation (PVS) (B). Basic cycle length (5,-S;) was 500 ms, respectively. (A)
Action potential durations (APD) were measured from MAP onset to the 90% repolarization level (APDg). Diastolic interval (DI) span from APDg, of
the preceding MAP to the onset of the current MAP. (B) MAP recordings were obtained during PVS using three extrastimuli. In this example, the first
two extrastimuli (S, and S3) were already delivered at the shortest coupling intervals (S;-S; 235 ms, S,-S3 218 ms), while the introduction of the third
extrastimulus (S,) was still in progress and the shortest possible S3-S, interval had not been reached yet.

doi:10.1371/journal.pone.0054768.g001

Results

Clinical findings

Patients of the two groups were predominantly male and had
comparable LVEFs (ICM: 32%7%; DCM: 28%9%; p=0.06)
(Table 1). When compared with the DCM group, patients of the
ICM group were significantly older. Digoxin use was significantly
more frequent in patients with DCM. In addition to the pre-
existing medication, amiodarone therapy was initiated later than
the EP recordings in 15 patients (47%) with ICM and in five
patients (12%) with DCM. Of the 26 TWA patients, 17 (65%)
were graded positive, 7 (27%) negative, and 2 (8%) indeterminate.
Positive and indeterminate tests were grouped as non-negative.

Inducibility at PVS and ICD treatment

Sustained ventricular arrhythmias were inducible in 22/74
patients (30%) (Table 1). Subsequent prophylactic ICD implan-
tation was performed in 12/13 (92%) of inducible and in 7 of non-
inducible ICM patients. In the DCM group, a total of 4 patients
underwent ICD implantation, 3 of them were inducible.
Eventually, therapy with amiodarone was administered to 16/19
(84%) of ICD patients with ICM and 2/4 (50%) with DCM.
Restitution slopes for So (1.41£0.65 vs. 1.50%0.53; p=0.51), S
(1.3420.40 vs. 1.43£0.48; p=0.44) and S, (1.36x0.57 wvs.
1.28%0.53; p=0.60) did not differ between inducible and non-
noninducible patients and there were no differences with respect to
APDy, or ERP/APDy.
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Baseline pacing

APDg, was prolonged along with the increase in BCL
(274*42 ms [600 ms] vs. 25835 ms [500 ms] vs. 23729 ms
[400 ms] wvs. 219%24 ms [330 ms]; p<0.05 respectively). No
significant differences could be found between the 2 recording sites
(i,e. RVA vs. RVOT) or patient groups (i.e. ICM vs. DCM) with
respect to all 4 BCLs. Figure 1A illustrates ventricular MAPs
during baseline pacing at a BCL of 500 ms.

Restitution slope of APDgg

Figure 1B shows a representative example of MAP recordings
during PVS using three extrastimuli (So—S4). A total of 282 APDq,
restitution curves were constructed. A complete set of APDygg
restitution curves from a stimulation site consisted of 3 curves each
(Sg, S3, and S4). Complete evaluation of three restitution curves
(one set) originating from the RVA could be accomplished in all 74
study patients. At the RVOT, only 5 sets (16%) were analyzable in
the ICM group and 15 sets (36%) in the DCM group (Table 2) due
to instability of signals and catheter. Figure 2 shows an example of
six APDgy restitution curves in a given patient (two sets).
Regression lines for the steepest segment are superimposed
revealing a maximum slope =1 in each of the 6 curves. Maximum
APDy, restitution slopes did not differ significantly between
patients with ICM and those with DCM and there were no
significant differences between RVA and RVOT (Table 2). The
prevalence of maximum slope =1 was similar (mean average
prevalence of 78%) among both groups with no significant
differences between the 2 recording sites or the 3 extrastimuli. No

January 2013 | Volume 8 | Issue 1 | 54768



Prognostic Value of APD Restitution

RVA RVOT
240 - 240-5
220 | 2 NP 220 | 2
2 200 - 2 200 - )
5 180~ y & 180 -
% 1604 % 160- o
140 - Slope = 1.09 140 - Slope = 1.05
120 : : : 120 : :
-50 50 150 250 -50 50 150 250
DI (ms) DI (ms)
240 - . 240 - s
2204 70 L et 220 °° AR
Z 200 pd 2 200 - ol
g 180 - / 8 180 - ‘
Q Q
% 160{ < % 160 -
140 - Slope =1.01 140 - - Slope =1.12
120 : . : 120 : .
-50 50 150 250 -50 50 150 250
DI (ms) DI (ms)
240 1 240 s
220 7t 201 ! et
'g 200 - YRS ‘g 200 et
é, 180 4 . 5 180 - o
< 160 - & 1601
140 4 Slope=1.13 1401 o Slope = 1.02
120 - | : : 120 : )
-50 50 150 250 -50 50 150 250
DI (ms) DI (ms)

Figure 2. Representative restitution curves. APDg, restitution curves from one patient with DCM recorded at the right ventricular apex (RVA)
and the right ventricular outflow tract (RVOT). For both recording sites, the restitution curves of S,, Ss, and S, are shown. The linear fit to the 40 ms
diastolic interval (DI) with the maximum slope is superimposed on the respective curve. The maximum slope value is denoted adjacent to the curve.

doi:10.1371/journal.pone.0054768.9002

MAP alternans was observed in any of the study patients.
Restitution slopes for Sy (1.42+0.57 vs. 1.68%0.39; p=0.29), S5
(1.39£0.62 vs. 1.59%0.44; p=0.47) and Sy (1.37£0.66 vs.
1.36x0.36; p=0.97) did not differ between non-negative and
negative TWA patients. There were no differences for S,
(1.50%0.66 vs. 1.46*0.51; p=0.79), Ss (1.34%0.43 wvs.
1.44%+0.47; p=0.37), and S, (1.27%0.50 vs. 1.32%0.56; p=0.72)
between all patients who received and those who did not receive
amiodarone.

ERP/APD ratio during programmed extrastimulation

Repetitive extrastimulation progressively decreased the ratio
between ERP and APDy, (0.980.09 [S;] vs. 0.97+0.10 [So] vs.
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0.93%0.11 [Ss]; p=0.03 Sy vs. S3). With regard to the observed
ERP/APDgy, shortening effect there were no significant changes
between the two patient groups or the two RV recording sites
(Table 3). No differences between non-negative and negative
TWA patients were observed regarding the ERP/APDyg, ratio of
S; (0.94%0.04 vs. 0.96%£0.02; p=0.27), Sy (0.95%£0.1 wvs.
0.96x0.02; p=0.69) and S5 (0.92%0.13 vs. 0.94%0.05; p=0.67).
Only a weak to moderate correlation was found between APDqq
restitution slope maxima and ERP/APDg, ratios (slope Sy and
ERP/APDg ratio S;: r=—0.51; slope S5 and ERP/APDy, ratio
So: r=—0.43; slope S, and ERP/APDg, ratio Ss: r= —0.46;
$<<0.001 respectively).
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Relationship of MAP derived parameters to outcome

Of the 74 study patients, 10 (14%) (44% of all ICD patients)
received an appropriate ICD shock and 19 (26%) died during
a mean follow-up of 6.1%3.0 years. Thus, 29 patients (39%)
reached the combined end-point. More events occurred in patients
with ICM (n=19) than in patients with DCM (n=10) (59% vs.
24%; p=10.002). Kaplan-Meier analysis was used to assess the
prognostic value of APDyj restitution slope =1, APDgj, and ERP/
APDyj ratio. In patients with dual-site MAP recordings, only data
from the RVA were used in the outcome analysis. Kaplan-Meier
survival curves were calculated for the entire follow-up population
and for the 2 subgroups of ICM and DCM patients, respectively.
However, none of these parameters predicted outcome in any of
the patient groups. Iigure 3A shows Kaplan-Meier curves for
event-free survival according to the presence or absence of steep
restitution slope Sy (=1). No significant differences were found for
restitution slopes of Sy (p=0.79; displayed in the graph), of S
(p=0.59), and of S4 (p = 0.38), respectively. APDg, did not predict
outcome at BCL of 600, 500, 400 and 330 ms (p=0.69, p=0.45,
»=0.29 and p = 0.88, respectively). Figure 3B illustrates that ERP/
APDyj ratio of S; did not predict the combined end-point in the
entire group (p=0.57). Ratios of ERP/APDg of Sy and Ss also
were not predictive (p=0.91 and p=0.53, respectively). Subgroup
analyses for ICM or DCM did not reveal any predictive value for
APDy restitution slope, APDgy or ERP/APDy, either.

Due to the limited number of microvolt TWA tests performed
in our study, differences in combined end-point occurrence
between patients with negative and non-negative test results could
not be determined. In contrast, positive PVS was predictive of
outcome in all patients (p = 0.006) (Figure 3C) and in patients with
ICM (p=0.03) but not in patients with DCM (p=0.48).
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Table 2. APDy restitution slope characteristics. Table 3. ERP/APDy, ratios at the two RV sites.
ICM DCM ICM DCM
Parameter Location (n=32) (n=42) p Parameter Location (n=32) (n=42) P
No. with MAP RVA 32 (100) 42 (100) No. with MAP RVA 32 (100) 42 (100)
recordings, n (%) recordings, n (%)
RVOT 5(16) 15 (36) RVOT 5(16) 15 (36)
Slope maximum S, RVA 1.50*£0.66 143+0.46 0.99 ERP/APDy ratio S, RVA 0.99+0.10 0.97+0.09 0.87
RVOT 1.54*0.75 1.39+£0.62 0.69 RVOT 0.98+0.09 0.96+0.05 0.68
Slope maximum S; RVA 1.32+0.33 1.49+0.53 0.73 ERP/APDg, ratio S, RVA 0.97£0.13 0.96+0.08 0.99
RVOT 1.54+0.39 1.52+0.43 0.93 RVOT 0.94+0.07 0.92+0.08 0.89
Slope maximum S, RVA 1.27+0.46 1.32+0.59 0.66 ERP/APDy, ratio Ss RVA 0.95+0.13 0.92+0.11 0.84
RVOT 1.55+0.63 13804 0.50 RVOT 0.90*0.14 0.90+0.13 0.98
No. with max. slope RVA 25 (78) 33 (79) 0.96 . . . X
S,=1, n (%) RVA = right ventricular apex, RVOT = right ventricular outflow tract.
= doi:10.1371/journal.pone.0054768.t003
RVOT 4 (80) 10 (67) 0.56
No. with max. slope RVA 25 (78) 34 (81) 0.76 Discussion
Ss=1, n (%)
RVOT 5 (100) 12(80) 028 Main findings
No. with max. slope RVA 22 (69) 27 (64) 0.60 To the best of our' knovyledge, this is the l.arg'est a.nd vlongest
S4=1, n (%) follow-up study to investigate the prognostic implications of
RVOT 4 (80) 13 (85) 075 ventricular APD restitution sllopej characteri.stic.s in humans.
Importantly, the study population included a significant number
RVA = right ventricular apex, RVOT = right ventricular outflow tract. of patients with DCM. Moreover, it is the first study to relate
doi:10.1371/journal.pone.0054768.t002

ERP/APD ratios to long-term clinical outcome. We found that
neither steepness of APD restitution slope nor ERP/APD ratios
nor APD itself could predict long-term outcome in terms of
mortality and/or appropriate ICD therapy in patients with
severely impaired LV function due to ICM or DCM.

Arrhythmia risk prediction in patients with
cardiomyopathy

Identification of patients with cardiomyopathy who may benefit
from ICD implantation is still based on impaired LV function
[21]. Other contemporary risk stratifiers include TWA, ECG
techniques such as signal-averaged ECG and heart rate variability,
and testing of VT inducibility by means of PVS [22]. Our study
reconfirmed the prognostic value of PVS with emphasis on the
subgroup of ICM patients. In the subgroup of DCM patients we
did not find PVS to be predictive of events. This is perfectly in line
with earlier literature demonstrating the limited prognostic value
of PVS in DCM patients, while a positive PVS is well described to
identify patients with ICM who are at high risk of SCD [23,24].

Restitution slope — experimental studies

In basic EP studies, restitution slope measurements have
provided a direct link to pathophysiology of malignant ventricular
arrhythmias [9]. The original restitution hypothesis proposes that
slopes <1 imply electrical stability with instability otherwise (slopes
>1) [9,25,26]. An important link between APD restitution and
arrhythmogenesis was suspected in the phenomenon of electrical
alternans, either measured as APD alternans or TWA [27]. APD
restitution slopes >1 may amplify alternans and ultimately lead to
VF through electrical wavebreak in animal studies [6,26].
Accordingly, flattening the APD restitution slope may dampen
alternans and prevent VI [9]. Beside equivocal results of clinical
studies on electrical restitution including our own study, criticism
regarding the value of APD restitution slope as a predictor of VI
has also been raised with regard to initial experimental concept
[11,12,13,28,29]. Other mechanisms for alternans besides restitu-
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Figure 3. Survival curves. Kaplan-Meier survival curves for event-free survival of 74 patients with ischemic and dilated cardiomyopathy. (A) Based
on maximum APDyg, restitution slope S,<1 or =1, there was no difference in reaching the combined end-point of death and/or appropriate ICD
(implantable cardioverter-defibrillator) therapy (p =0.79). (B) Based on dichotomized ERP/APDg, ratios for S;, there was no difference in reaching the
combined end-point of death and/or appropriate ICD therapy (p =0.57). (C) Kaplan-Meier survival curves based on negative or positive programmed
ventricular stimulation (PVS). Mortality and/or appropriate ICD therapy was higher in patients with positive PVS (p =0.006).

doi:10.1371/journal.pone.0054768.9g003
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tion and other mechanisms for VF besides alternans may be
suspected and must exist if interpreting the clear-cut results of the
current study [29]. Indeed, it should be remembered that the
shape and therefore the slope of a given APD restitution curve are
governed by complex interactions of various ion channels and that
the restitution curve is just a part of a complex picture [27].
Intracellular Ca®* cycling has been found to play a critical role in
the development of APD alternans and wavebreak, independently
of APD restitution kinetics [30]. The electrical restitution curve
can further be modulated by myocardial ischemia, drugs,
electrolyte shifts, and autonomic tone [27]. Most important, it
has been shown that during ischemia the restitution curve is
depressed and its slope is flattened [31,32]. However, this
ischemia-induced restitution slope flattening can hardly be
regarded as physiologic or antiarrhythmic [27].

Restitution slope in humans

The available human studies including our own data seem to
extend the controversy established by experimental studies. Koller
et al. investigated APD restitution slopes from a single RV
recording site in 36 patients with and without structural heart
disease and found similar slopes in both groups using a standard
S-Sy protocol and even higher values when employing a dynamic
pacing protocol [12]. Dynamic pacing protocols were not used in
our study to avoid the jeopardy of pacing at rates of >200 bpm in
patients with severe ICM and DCM. This could also serve as an
explanation why we did not observe APD alternans. The mean
LVEF in the study of Koller et al. was markedly higher than in our
study, thus the pathophysiology of the ventricular substrate may
not be directly comparable [12]. Narayan et al. have recently
reported that steep (=1) APD restitution slopes, as determined by
an S;—Sy protocol, can be observed both in control subjects and in
patients with LVEF=40% [13]. Moreover, APD restitution slope
of So=1 was not related to TWA measurements and more
importantly failed to predict outcome over a follow-up period of
2.3%1.3 years. Our results clearly confirm these findings and
extend them considerably with respect to a longer follow-up
duration (6.1%+3.0 years) and a wider composition of the study
population. We also characterized a significant number (n = 42) of
patients with DCM with respect to APD restitution properties.
Finally, we described restitution kinetics of additional extrastimuli
(S5 and Sy) for the first time. Clearly and in addition to the earlier
results, we observed no differences between patients with ICM and
DCM. The relatively low incidence of appropriate ICD therapy in
our patients may be explained by the frequent administration of
amiodarone. Our results also confirm the study of Narayan et al.
in that no significant differences in restitution slope between RVA
and the RVOT and between inducible and non-inducible patients
were found [13]. This is in contrast to another study by Pak et al.
[33]. These authors compared 10 inducible with 10 non-inducible
patients at PVS and found a significantly higher APD restitution
slope in inducible patients. However, the patient number in their
study was low and no follow-up was reported.

Several clinical studies have attempted to assess restitution of
repolarization by means of activation recovery intervals (ARI).
Although being an adequate surrogate parameter of APD there
may be profound methodological differences between ARI and
APD measurements [34]. A study by Yue et al. has reported ARIs
to be quite heterogeneous [35]. Nash et al. measured ARIs from
256 epicardial sites upon open cardiac surgery in 14 patients [36].
Both studies confirm that dispersion of restitution slopes obviously
exists. None of them could however analyze a prognostic link.
With regard to our own study and the study by Narayan et al.,
reproducibility of restitution slopes between the two crucial RV
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sites that PVS is performed from is still concordant with the
mapping studies and there is no indication that such differences
may obscure potential prognostic relevance [13]. Finally, Selvaraj
et al. showed in 18 patients that maximum ARI restitution slopes
are steeper in patients with positive TWA or inducible ventricular
tachyarrhythmias [11]. Despite finding a significant difference,
considerable overlap between restitution slope values of high-risk
and low-risk patients existed. Aside from the above mentioned
inherent inaccuracies of the ARI method, the definition of risk was
solely based on inducibility and TWA which may not reflect the
true risk encountered during subsequent follow-up.

Prognostic value of APD and ERP/APD ratio in humans

To our knowledge, there is no published data to relate ERP/
APD ratios or APD itself to prognosis. However, we did not find
prognostic relevance of ERP/APD ratio or APD, nor a correlation
to inducibility, despite successful prediction of prognosis by
inducibility itself. In previous studies ERP/APD ratios have been
mvestigated mainly to assess the actions of antiarrhythmic drugs
[37]. Koller et al. found that the introduction of additional
extrastimuli changes the fixed relation between ERP and APD,
a finding which we could confirm [10]. In contrast, the ERP/APD
ratio during steady-state pacing is constant and independent of
BCL [38]. Small ERP/APD ratios have been associated with steep
APD restitution slopes and inducibility of VT, however we did not
find a correlation of these in our data [10,11].

Limitations

Our study has some limitations that deserve attention. Though
it is the largest study of its kind, it is still a relatively small study
evaluating 74 patients. This group size did not permit the separate
analysis of end-points and larger studies are needed to confirm our
findings. Another potential limitation of our study was the fact that
all MAP recordings were performed at baseline conditions.
Ischemia-induced changes of the restitution curve, which may
alter the prognostic value of the restitution slope particularly in
patients with ICM, were not evaluated. Furthermore, amiodarone
therapy was initiated in several patients after PVS and MAP
recordings had been performed. Therefore, we cannot exclude the
possibility that the prognostic value of MAP derived parameters
might have been influenced by amiodarone, but PVS remained
predictive of the combined end-point under these conditions.
Finally, for reasons of patient safety we recorded MAPs at only two
RV sites. Future studies should record MAPs at multiple RV and
LV sites to account for possible heterogeneities in APD restitution
characteristics.

Conclusions

As a stable result of this long-term clinical study, we found that
neither APDgy nor ERP/APDg, nor APDy restitution slope were
predictive of prognosis or inducibility of VI' at PVS.

Acknowledgments

This work was in part presented at the 6™ Annual Congress of the
European Cardiac Arrhythmia Society in Munich, Germany, April 16 to
18, 2010.

Author Contributions

Revision of the manuscript for important intellectual content and final
approval of the manuscript: MD AJM CS SB MZ. Conceived and designed
the experiments: SB MZ. Performed the experiments: CS SB MZ.
Analyzed the data: MD AJM CS SB MZ. Wrote the paper: MD AJM MZ.

January 2013 | Volume 8 | Issue 1 | 54768



References

1.

Zheng 7], Croft JB, Giles WH, Mensah GA (2001) Sudden cardiac death in the
United States, 1989 to 1998. Circulation 104: 2158-2163.

. QuZ,KilJ, Xie F, Garfinkel A, Weiss JN (2000) Scroll wave dynamics in a three-

dimensional cardiac tissue model: roles of restitution, thickness, and fiber
rotation. Biophys J 78: 2761-2775.

. Xie F, Qu Z, Yang J, Baher A, Weiss N, et al. (2004) A simulation study of the

effects of cardiac anatomy in ventricular fibrillation. J Clin Invest 113: 686-693.

. Zaitsev AV, Guha PK, Sarmast F, Kolli A, Berenfeld O, et al. (2003) Wavebreak

formation during ventricular fibrillation in the isolated, regionally ischemic pig
heart. Circ Res 92: 546-553.

. Gelzer AR, Koller ML, Otani NF, Fox JJ, Enyeart MW, et al. (2008) Dynamic

mechanism for initiation of ventricular fibrillation in vivo. Circulation 118:

1123-1129.

. Weiss JN, Qu Z, Chen PS, Lin SF, Karagueuzian HS, et al. (2005) The

dynamics of cardiac fibrillation. Circulation 112: 1232-1240.

. Cao JM, Qu Z, Kim YH, Wu TJ, Garfinkel A, et al. (1999) Spatiotemporal

heterogeneity in the induction of ventricular fibrillation by rapid pacing:
importance of cardiac restitution properties. Circ Res 84: 1318-1331.

. Qu Z, Weiss JN, Garfinkel A (1999) Cardiac electrical restitution properties and

stability of reentrant spiral waves: a simulation study. Am ] Physiol 276: H269—
H283.

. Garfinkel A, Kim YH, Voroshilovsky O, Qu Z, Kil JR, et al. (2000) Preventing

ventricular fibrillation by flattening cardiac restitution. Proc Natl Acad Sci U S A
97: 6061-6066.

. Koller BS, Karasik PE, Solomon AJ, Franz MR (1995) Relation between

repolarization and refractoriness during programmed electrical stimulation in
the human right ventricle. Implications for ventricular tachycardia induction.
Circulation 91: 2378-2384.

Selvaraj RJ, Picton P, Nanthakumar K, Chauhan VS (2007) Steeper restitution
slopes across right ventricular endocardium in patients with cardiomyopathy at
high risk of ventricular arrhythmias. Am J Physiol Heart Circ Physiol 292:
H1262-H1268.

. Koller ML, Maier SK, Gelzer AR, Bauer WR, Meesmann M, et al. (2005)

Altered dynamics of action potential restitution and alternans in humans with
structural heart disease. Circulation 112: 1542-1548.

. Narayan SM, Franz MR, Lalani G, Kim J, Sastry A (2007) T-wave alternans,

restitution of human action potential duration, and outcome. J Am Coll Cardiol
50: 2385-2392.

. Bloomfield DM, Hohnloser SH, Cohen RJ (2002) Interpretation and

classification of microvolt T wave alternans tests. J Cardiovasc Electrophysiol

13: 502-512.

. Zrenner B, Ndrepepa G, Miissig D, Stobe C, Schneider MA, et al. (2000) The

recording of monophasic action potentials with fractal-coated iridium electrodes
in humans. Pacing Clin Electrophysiol 23: 54-62.

. Hummel JD, Strickberger SA, Daoud E, Niebauer M, Bakr O, et al. (1994)

Results and efficiency of programmed ventricular stimulation with four
extrastimuli compared with one, two, and three extrastimuli. Circulation 90:

2827-2832.

. Bode F, Karasik P, Katus HA, Franz MR (2002) Upstream stimulation versus

downstream stimulation: arrhythmogenesis based on repolarization dispersion in
the human heart. J] Am Coll Cardiol 40: 731-736.

. MADIT Executive Committee (1991) Multicenter Automatic Defibrillator

Implantation Trial (MADIT): Design and clinical protocol. Pacing Clin
Electrophysiol 14: 920-927.

. Franz MR, Kirchhof PF, Fabritz CL, Zabel M (1995) Computer analysis of

monophasic action potentials: manual validation and clinically pertinent
applications. Pacing Clin Electrophysiol 18: 1666-1678.

. Bode F, Kilborn M, Karasik P, Franz MR (2001) The repolarization-excitability

relationship in the human right atrium is unaffected by cycle length, recording
site and prior arrhythmias. J Am Coll Cardiol 37: 920-925.

PLOS ONE | www.plosone.org

21.

22.

24.

29.

30.

32.

33.

34.

36.

38.

Prognostic Value of APD Restitution

Bardy GH, Lee KL, Mark DB, Poole JE, Packer DL, et al., Sudden Cardiac
Death in Heart Failure Trial (SCD-HeFT) Investigators (2005) Amiodarone or
an implantable cardioverter-defibrillator for congestive heart failure.
N Engl ] Med 352: 225-237.

Zipes DP, Camm AJ, Borggrefe M, Buxton AE, Chaitman B, et al. (2006) ACC/
AHA/ESC 2006 guidelines for management of patients with ventricular
arrhythmias and the prevention of sudden cardiac death: a report of the
American College of Cardiology/American Heart Association Task Force and
the European Society of Cardiology Committee for Practice Guidelines:
Developed in collaboration with the European Heart Rhythm Association and
the Heart Rhythm Society. Circulation 114: ¢385-¢484.

Grimm W, Hoffmann J, Menz V, Luck K, Maisch B (1998) Programmed
ventricular stimulation for arrhythmia risk prediction in patients with idiopathic
dilated cardiomyopathy and nonsustained ventricular tachycardia. J Am Coll
Cardiol 32: 739-745.

Buxton AE, Lee KL, Fisher JD, Josephson ME, Prystowsky EN, et al. (1999) A
randomized study of the prevention of sudden death in patients with coronary
artery disease. Multicenter Unsustained Tachycardia Trial Investigators.
N Engl ] Med 341: 1882-1890.

5. Weiss JN, Chen PS, Qu Z, Karagueuzian HS, Garfinkel A (2000) Ventricular

fibrillation: how do we stop the waves from breaking? Circ Res 87: 1103-1107.

. Koller ML, Riccio ML, Gilmour RF Jr (1998) Dynamic restitution of action

potential duration during electrical alternans and ventricular fibrillation.

Am J Physiol 275: H1635-1642.

. Franz MR (2003) The electrical restitution curve revisited: steep or flat slope

which is better? J Cardiovasc Electrophysiol 14: S140-S147.

. Gilmour RF Jr (2002) Electrical restitution and ventricular fibrillation:

negotiating a slippery slope. J Cardiovasc Electrophysiol 13: 1150-1151.
Cherry EM, Fenton FH (2004) Suppression of alternans and conduction blocks
despite steep APD restitution: electrotonic, memory, and conduction velocity
restitution effects. Am J Physiol Heart Circ Physiol 286: H2332-2341.

Pruvot EJ, Katra RP, Rosenbaum DS, Laurita KR (2004) Role of calcium
cycling versus restitution in the mechanism of repolarization alternans. Circ Res
94: 1083-1090.

. Kurz RW, Ren XL, Franz MR (1994) Dispersion and delay of electrical

restitution in the globally ischaemic heart. Eur Heart J 15:547-554.

Kurz RW, Mohabir R, Ren XL, Franz MR (1993) Ischaemia induced alternans
of action potential duration in the intact-heart: dependence on coronary flow,
preload and cycle length. Eur Heart J 14:1410-1420.

Pak HN, Hong SJ, Hwang GS, Lee HS, Park SW, et al. (2004) Spatial dispersion
of action potential duration restitution kinetics is associated with induction of
ventricular tachycardia/fibrillation in humans. J Cardiovasc Electrophysiol 15:
1357-1363.

Haws CW, Lux RL (1990) Correlation between in vivo transmembrane action
potential durations and activation-recovery intervals from electrograms. Effects
of interventions that alter repolarization time. Circulation 81: 281-288.

. Yue AM, Franz MR, Roberts PR, Morgan JM (2005) Global endocardial

electrical restitution in human right and left ventricles determined by noncontact
mapping. J] Am Coll Cardiol 46: 1067-1075.

Nash MP, Bradley CP, Sutton PM, Clayton RH, Kallis P, et al. (2006) Whole
heart action potential duration restitution properties in cardiac patients:
a combined clinical and modelling study. Exp Physiol 91: 339-354.

. Lee SD, Newman D, Ham M, Dorian P (1997) Electrophysiologic mechanisms

of antiarrhythmic efficacy of a sotalol and class Ia drug combination: elimination
of reverse use dependence. ] Am Coll Cardiol 29: 100-105.

Franz MR, Swerdlow CD, Liem LB, Schaefer J (1988) Cycle length dependence
of human action potential duration in vivo. Effects of single extrastimuli, sudden
sustained rate acceleration and deceleration, and different steady-state
frequencies. J Clin Invest 82: 972-979.

January 2013 | Volume 8 | Issue 1 | 54768



