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Abstract In this review, we report on electrical modali-
ties, which do not fit the definition of pacemaker, but
increase cardiac performance either by direct application to
the heart (e.g., post-extrasystolic potentiation or non-
excitatory stimulation) or indirectly through activation of
the nervous system (e.g., vagal or sympathetic activation).
The physiological background of the possible mechanisms
of these electrical modalities and their potential application
to treat heart failure are discussed.
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Introduction

The use of electrical therapy for cardiac rhythm distur-
bances is acknowledged for decades, with a primary
emphasis on pacing for rate support (e.g., atrioventricular
block or sinus node disease), cardiac resynchronization
therapy (CRT), and implantable cardioverter-defibrillators
(ICD). This review will focus on less well-known electrical
therapies for treatment of heart failure (HF) or for pre-
vention of the progression into heart failure. These
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therapies are either in their infancy or not yet approved for
the treatment of HF. Some discussed therapies might be
more beneficial for HF secondary to prior infarction, while
other therapies might be more applicable to HF linked to
other pathologies such as hypertension or diabetes.

A decrease in contractility is undoubtedly a major
contributing factor in the pathophysiology of a significant
portion of the patients with heart failure. A reasonable
therapeutic goal in these patients would then be to increase
cardiac contractility either acutely or long term. The
chronic use of inotropic drugs to treat chronic HF has fallen
out of favor with the medical community because of the
increased mortality seen with these drugs in large clinical
trials [1, 2]. The use of novel stimulation therapies, pre-
sented in this review, may offer alternative ways of
improving atrial and/or ventricular function. The discussed
therapies are divided into electrical stimulation directly on
the heart or neural stimulation that affects the heart, such as
vagal nerve or spinal cord stimulation. For an overview of
the different electrical therapies addressed in this chapter
and to know when they are applied within the cardiac
cycle, see Fig. 1.

Electrical stimulation on the heart
Post-extrasystolic potentiation (PESP)

Post-extrasystolic potentiation (PESP) is an intrinsic
property of mammalian cardiac muscle, whereby closely
spaced depolarizations increase the contractility of the
following beat (Fig. 2) [3]. The degree of potentiation
produced by an extrasystole depends upon the extrasystolic
coupling interval, with increasing potentiation at shorter
coupling intervals. In the intact heart, there may be
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Fig. 1 Overview of the timing
of the different electrical
therapies. Note PESP can also
be given after the refractory
period of the atrium. This,
however, is not depicted in the
figure. In some cases, SS was
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increased filling after the premature beat, increasing con-
tractile force due to the Frank-Starling effect, but studies in
isovolumic hearts and isolated muscle have shown that
increased filling has a minor contribution on the magnitude
of the effect of PESP [4].

The mechanism responsible for PESP is thought to
involve alterations in the uptake and release of Ca®" from
the sarcoplasmic reticulum (SR) [5]. The amount of Ca®"
delivered across the cell membrane into the cell during the
depolarization, and the uptake by the SR is relatively
normal during the extrasystole. But the extrasystole occurs
before the SR has fully recovered and results in reduced SR
Ca®" release, which leads to reduced cytosolic Ca** con-
centration and little developed force (S2 of C in Fig. 2). A
relatively normal uptake of Ca®" occurs during relaxation,
but because a less than normal amount of Ca’" was
released from the SR during the extrasystole, the SR is now
loaded with more Ca*" than normal. The result is that on
the following beat, the SR releases more Ca** than normal,
resulting in a stronger contraction (S3 of C in Fig. 2). The
extrasystole generally does not develop enough pressure to
eject blood into the aorta.

PESP can be delivered in either a coupled pacing mode,
where premature stimuli are delivered after every intrinsic
ventricular depolarization, or a paired pacing mode, where
premature stimuli are delivered after every ventricular
pace. An enhancement to coupled pacing is to deliver it in a
dual-chamber mode, where both the atrium and ventricles
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are prematurely depolarized. Dual-chamber coupled pacing
(DCCP) may improve hemodynamics over coupled pacing
levels by also enhancing atrial transport function through
atrial PESP.

Clinical applications

There was intense interest in the acute effects of paired/
coupled pacing on cardiac performance in both animals and
patients from approximately 1960 to 1970 [6-9]. A canine
study in 1966 showed that paired pacing has little effect on
baseline cardiac output or mean arterial blood pressure, but
when ventricular contractility is depressed by a high dose
of pentobarbital, paired pacing increases cardiac output and
blood pressure [8]. External pacemakers were developed in
the 1960s that performed both coupled and paired ven-
tricular pacing, and the first published record of coupled
pacing in a human subject was performed by Eugene
Braunwald [6] in the cardiac catheter lab in 1964. An early
clinical study in 7 patients with cardiogenic shock in the
presence of acute myocardial infarction showed that cou-
pled pacing dramatically improved cardiac function with a
clearing of the shock and/or failure in 4 patients [10]. In
that series, coupled pacing did not provoke ventricular
arrhythmias, whereas paired pacing caused repetitive ven-
tricular responses in 2/3 cases in which it was applied.
Despite the early enthusiasm in paired/coupled pacing as a
means of improving contractility, the interest in this type of
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Fig. 2 Example of the concept of post-extrasystolic potentiation. The
coupling interval represents the time difference between the first and
second depolarization and is ECG-based. The shorter the coupling
interval, the bigger the contractility increase of the S3, but the smaller
the amplitude of the S2. The drop in mechanical heart rate is similar.

The y-axis displays normalized pressure while the x-axis displays
time

pacing waned in the 1970s for unknown reasons. Concerns
of pro-arrhythmia and increased metabolic demand were
emphasized in several of the early publications [7, 9].
We have recently evaluated the effects of coupled
pacing in patients with heart failure [11, 12]. In 16 subjects
with NYHA class II or III symptoms and an ejection
fraction (EF) <35%, DCCP was acutely applied. The
ventricular-coupled paces were delivered 10 ms after the
individually measured effective refractory period
(ERP = 321 + 41 ms), and atrial rate support at 45 bpm
(excluding the intentional premature beats) was provided
during DCCP, if necessary. Compared to normal sinus
rhythm (NSR), DCCP increased LV dP/dt max., a surro-
gate for contractility, by 33 & 15% and arterial pulse
pressure by 35 + 24% (see Fig. 3). There were no signif-
icant changes in mean arterial pressure, mean pulmonary
artery pressure, cardiac output, or mixed venous O, satu-
ration. DCCP as delivered in this study resulted in a
decrease in heart rate (29 + 12%). The increase in LV dP/
dt max was substantially less than the 72% increase in LV

dP/dt max than reported in a previous study by Geschwind
et al. that evaluated the hemodynamic effects of 10 min of
RV coupled pacing in 30 patients with normal LV function
(EF > 45%) [13]. The explanation for the lower-than-
expected coupled pacing induced increase in contractility
in our study is not clear. It is possible that the chronic use
of drugs such as beta blockers or angiotensin-converting
enzyme inhibitors altered the response of HF patients to
coupled pacing. A second possibility is that the increase in
contractility in HF patients may have been attenuated due
to sarcoplasmic reticulum (SR) dysfunction. Since PESP
relies on the function of the SR, it may well be that the SR
dysfunction in HF attenuates the ability of coupled pacing
to increase contractility. An additional observation in the
Geshwind study was that during coupled pacing, arterial
and coronary plasma norepinephrine levels increased,
suggesting sympathetic nervous system activation. This
may have been due to a decrease in mean arterial pressure
of 13% in that study.

Studies have shown that ventricular coupled pacing may
provide effective rate control and improve hemodynamics
during rapidly conducted atrial fibrillation [14] or ventric-
ular tachycardia [15]. However, the benefit is likely due to
a reduction in ventricular rate rather than an improvement
in the intrinsic contractility.

Non-excitatory stimulation (NES)

Electrical stimulation of the myocardium during the
refractory period (see Fig. 1) can also result in an increase
in contractility. The increase in contractility is a function of
the amplitude of the stimulation and the location of the
stimulating electrodes [16—18]. The stimulation is not
conducting—it does not depolarize the myocardium.
Therefore, we will refer to this type of stimulation as non-
excitatory stimulation or NES. Different trains of pulses
can be applied. The two modes described in this review are
depicted in Fig. 4 and are referred to as monophasic or
biphasic trains.

Preclinical results

Early research in NES was focused on understanding how
this stimulation interacted with the heart and the autonomic
nervous system. In the 1960s and 1970s, there were various
studies conducted, which demonstrated the effects of
electrical stimulation on both the parasympathetic and
sympathetic innervation on different structures of the heart
(sinoatrial node, atrioventricular node [19], ventricles
[20]). In 1966, Blinks et al. [16] showed that field stimu-
lation of isolated heart muscle increased the release of
autonomic transmitters in a stimulus-strength-dependent
manner. These data support the idea that the inotropic
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Fig. 3 Actual human data No DCCP
displaying the PESP response
[own observations]. The onset
of dual chamber coupled pacing
in a representative human
experiment. The analog records
are arranged in the following
order: atrial electrogram
(AEGM), ventricular
electrogram (VEGM), ECG
(lead II), aortic blood pressure
(ARTP), and left ventricular
pressure (LVP). The large
stimulus artifacts in the atrial
and ventricular electrograms
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response to NES is mediated by the sympathetic nervous
system.

In contrast, in isolated tissue and papillary muscle, the
dominant mechanism for increased force generation during
NES appears to be field stimulation of the cardiac cells,
which alters Ca** dynamics. In isolated papillary muscles,
both cathodic and anodic NES stimulation have been
applied [21]. During cathodic stimulation (negative
amplitude), action potential duration and developed force
(—17 £ 3%) decreased, while anodic stimulation (positive
amplitude) increased both (developed force by 68 £+ 15%).
These opposite effects of anodic and cathodic NES have
been attributed to differential effects on intracellular cal-
cium availability during the contraction, either through
altered SR-calcium release or changed cytosolic calcium
extrusion [21]. Additional tests of the anodic stimulation in
the presence of Ca®" channel blockers, S-adrenergic
receptor blocker, and ryanodine supported the hypothesis
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that monophasic stimulation impacts Ca®" dynamics, in
particular by loading the sarcoplasmic reticulum with more
Ca®t to be released on the subsequent beat, similar to
PESP (see above). Stimulation of (sympathetic) nerves as a
mechanism of changing contractility during anodic or
cathodic stimulation was excluded on basis of experiments
using propranolol or timing between the observed effect
and start of stimulation [21]. However, full beta blockade
was not demonstrated, and high energy stimulation of
papillary muscles in vitro may, in fact, stimulate the nerves
[22].

When studied in intact hearts, the data on the mecha-
nism of NES are mixed. During application of NES in
anesthetized, healthy canines contractility increased in the
region near the stimulating electrodes and norepinephrine
levels increased [17]. The increase in contractility was
abolished by complete beta blockade and when the heart
was denervated. In our lab, we have reproduced these
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results showing an increase in LV dP/dt max of
14.1 £ 8.2% during NES stimulation with leads placed in
the RV apex and anterior-interventricular vein that was
significantly decreased to 1.4 &+ 1.0% by beta blockade
with metoprolol (1 mg/kg IV) (see Fig. 5). In a separate
study in healthy dogs, we further demonstrated that cardiac
norepinephrine spillover increased fourfold during NES
suggesting sympathetic involvement (see Fig. 6). These
results are in contrast to a study done in isolated ferret
hearts by Mohri et al. [23]. In this study, NES (biphasic
square wave, £20 mA) resulted in an increase in peak-free
intracellular calcium ([Ca”]i) and increased LV pressure.
After the application of 1 mg/l of propranolol (a sympa-
thetic blocker), the increase in both [Ca®"]; and LV pres-
sure remained, albeit due to NES smaller than if no
propanolol was added before beta blockade.

In another dog study, Mohri et al. also demonstrated
that application of NES on the LV anterior wall in canines
increased contractility in the anterior region of the heart and
decreased contractility in the posterior region [18]. These
results were reversed when NES was applied in the
posterior region. However, the effects of NES on global
contractility, as measured by LV dP/dt max, were positive
during NES (23.3 £ 12%,26.0 & 9.3%, and 31.3 + 12.5%
for anterior, posterior, and both respectively). Acute
improvements in global functional measures have also been
demonstrated in dogs with LV dysfunction (through serial
coronary micro-embolizations) using the biphasic
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Fig. 5 Effects of metoprolol on the increase of LV dP/dt max during
NES. Data from 7 anesthetized animals (4 dogs, 3 pigs). NES was
delivered through 1 RV lead and 1 LV lead as a biphasic square wave
(8 V) 40 ms after the sensed ventricular event. Stimulation was
applied for 5 min with 5 min of normal sinus rhythm before and after
stimulation. The median of the last minute of stimulation was used to
measure LV dP/dt max. There was a significant reduction in response
to NES after the application of metoprolol with no significant change
in heart rate or blood pressure. Values plotted are mean =+ standard
deviation
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Fig. 6 Coronary sinus catecholamine concentrations during NES.
NES was delivered with a monophasic pulse train. Stimulation was
applied continuously for 10 min. This was preceded by a 10-min
baseline period and followed by a 10-min recovery period. Coronary
sinus and arterial blood samples were withdrawn (10 ml) at the end of
each 10-min period and analyzed for epinephrine and nor-epinephrine
by radioimmunoassay. Coronary sinus epinephrine did not show a
significant change during NES

waveform after 10 min to 6 h of stimulation [24, 25] and
more recently in rabbits with heart failure due to myocardial
infarction [26].

We investigated the effect of electrode positioning on
the response to NES [27]. NES was delivered with uni-
polar, epicardial leads on three locations (proximal, mid,
and distal) along the left anterior descending (LAD), left
circumflex (LCX), and right coronary artery (RCA) acutely
in canines. The more proximal the stimulation site was, the
larger was the increase in LV dP/dt max, and was largest
during proximal LAD NES (14 + 7%). NES at the RCA
sites had no effect on LV dP/dt max, but strongly enhanced
RV dP/dt max, indicating the localized effect of NES
application. The extent of increase in LV dP/dt max when
during LAD or LCX NES was accompanied by a similar
degree of impairment of LV relaxation (e.g., LV dP/dt min
decreased by 11 & 7% during proximal LAD NES). Dur-
ing prolonged NES delivery (1 h), the contractility aug-
mentation significantly decreased from 11 + 12% to
6 + 4%. This was accompanied by a corresponding drop in
NA-release into the coronary sinus (Fig. 7). These data
support the link between the increase in LV dP/dt max and
the direct activation of the sympathetic nervous system.

NES has been applied chronically in HF dogs. NES was
applied intermittently (6 h/day) to the LV via two coil
electrodes in the great cardiac vein for 3 months [24]. The
animals receiving NES showed a significant decrease in
LVEDP and a significant increase in SV. However, there
was also an increase in LVEDV (continued remodeling)
and a lack of increase in LV dP/dt max. The non-treated
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Fig. 7 Extended application of monophasic NES. The effect of
60 min of monophasic NES (3 pulses, 8 V, 1.5 ms/pulse; 40 ms after
the R wave via one epicardial patch electrode in 5 anesthetized dogs)
and 30 min recovery (REC) on normalized changes in LV dP/dt max
and the release of nor-adrenaline into the coronary sinus. Data of
contractility were normalized to the baseline measurements just
before the onset of stimulation. Values are presented as mean £
SEM. During prolonged RPS delivery, the contractility augmentation
significantly decreased from 11 £+ 16% to 6 £ 2%. This was
accompanied by a similar drop in NA-release into the coronary sinus
from 1.08 £ 0.38 to 0.47 & 0.06 nmol/l (baseline 0.24 &+ 0.07 nmol/
1). Therapy was delivered unipolar with one lead placed on the basal
anterior site (close to the LAD)

dogs worsened in many of these measures, however. Later
studies showed changes in gene and protein expression
related to Ca®" dynamics. The treated animals demon-
strated significantly different levels of gene and protein
expression from the controls, and the changes were in the
direction of a non-diseased expression [28, 29]. In another
study in dogs with HF, 3 months of NES in dogs with HF
shifted protein expression of cytoskeletal proteins and
matrix metalloproteinases from pathological toward nor-
mal levels [30].

Clinical applications

The acute effects of NES have been evaluated in 18
patients with heart failure and a narrow QRS complex [31].
Two multipolar catheters were placed in the RV, and a LV-
pacing lead was placed in a coronary vein. NES was
delivered using various electrode configurations including
dual- RV site and LV-only NES. An increase in LV dP/dt
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max greater than 5% was achieved in 7 (39%) patients, of
whom 4 had LV NES and 3 had dual-RV site NES. No
patient discomfort was observed during NES delivered via
the RV. Ten patients experienced chest discomfort during
NES delivered via the LV and required a reduction in
stimulation amplitude.

In addition to this acute data in human HF, biphasic
NES therapy has been studied in several other feasibility as
well as in chronic studies [31, 32]. Uncontrolled feasibility
studies have demonstrated the safety of the therapy [31],
and more recently, randomized controlled non-blinded
pivotal studies have been conducted in Europe (FIX-HF-4)
and in the United States (FIX-HF-5).

Evidence of remodeling and effects on global contrac-
tility due to NES have been reported in a non-controlled
unblinded feasibility study of 30 class II HF subjects [33].
LV size was measured using three-dimensional echocar-
diography. Contractile function was assessed using tissue
Doppler imaging. NES therapy was applied for 3 months in
all subjects. There was a significant decrease in LV ESV
and increase in EF compared to baseline. In addition, peak
systolic velocity was increased in all six basal LV seg-
ments, even those segments distal to the delivery electrode.
Global contractility improved also. There was an
improvement in NYHA functional class and 6-minute hall
walk as well. Although this study was not controlled or
blinded, these data support testing NES in a larger ran-
domized trial.

NES was also studied in a small group of patients
(N = 16) who did not respond to CRT [32]. Subjects were
followed an average of 147 £ 80 days, while several
complications such as lead dislocation and appropriate
defibrillation were observed, there also was an improve-
ment in NYHA class and ejection fraction. In addition, no
electrical interference between the ICD and the NES sys-
tem was observed.

FIX-HF-4 was a randomized single-blind, cross-over
study in which patients received 3 months of active therapy
and 3 months received no therapy [34]. Two leads were
implanted in the RV, and NES was applied intermittently
for a total of 7 h a day. The primary endpoints were peak
VO, and the MNLWHF quality of life (QOL) question-
naire. Both of these measures improved similarly for the
control and therapy groups in the first 3 months of the
study. After the cross over, the group that went from ON to
OFF showed a worsening VO, peak and QOL, while the
group that went from OFF to ON showed a very small
improvement in both measures. These data suggest a
moderate difference between the two groups by the end of
the study. In 11 patients, endomyocardial biopsies were
obtained at baseline and 3 and 6 months thereafter to test
the impact of NES signals on myocardial gene expression
[35]. The NES signals were delivered in random order of
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ON for 3 months and OFF for 3 months. The NES signal
treatment reverses the cardiac maladaptive fetal gene pro-
gram and normalizes expression of key sarcoplasmic
reticulum Ca”" cycling and stretch response genes. These
changes may contribute to the clinical effects of NES.

In the FIX-HF-5 study, conducted in the United States,
patients were randomized to optimal medical therapy
(OMT) or OMT plus NES therapy and followed for
12 months [36]. The study was unblinded due to the con-
trol group not receiving an implant. Results have not yet
been published in a peer-reviewed journal, but were pre-
sented orally at the American College of Cardiology con-
ference in 2009 [37]. The study enrolled 428 NYHA class
III-IV subjects with EF < 35% and a narrow QRS [38].
NES was delivered intermittently for 5 h/day. The primary
efficacy endpoint of ventilatory anaerobic threshold (VAT)
was not met. However, secondary endpoints of VO, peak,
quality of life, and NYHA class improved significantly.
Subgroup analysis suggested that the therapy may be best
suited to benefit NYHA III subjects with an EF > 25%, as
VAT increased significantly in this subgroup.

Given the data suggesting that the mechanism of effect
may be stimulation of local sympathetic nerves, there has
been concern about this therapy in systolic HF, in which
sympatho-mimetic drugs have been proven to be detri-
mental [2]. It is possible, however, that NES might avoid
the issues seen with inotropic drugs because the stimulation
is localized to the myocardium and is delivered intermit-
tently. NES does not appear to generate a systemic sym-
pathetic response. In addition, since some inotropic drugs
have been shown to increase myocardial oxygen con-
sumption, this also is a concern for NES. In a small study
of both dogs and HF patients, however, up to 30 min of
NES was shown to have no effect on myocardial oxygen
consumption [39].

While the results of these studies suggest that there may
be benefit to the NES therapy, the strong beneficial effect
in the control group and the lack of meeting the primary
endpoint in the pivotal suggest that additional studies are
needed to find the optimal patient population for this
therapy.

Infarct borderzone pacing

Left ventricular remodeling is a well-known complication
after an acute myocardial infarction, which can progress
into heart failure. Peri-infarct (borderzone) pacing has
recently been proposed as a therapy for the prevention of
adverse remodeling [40]. This peri-infarct borderzone
pacing is intended to deliberately induce dyssynchrony,
which is in contrast to CRT, which pre-excites the
endogenously late activating (lateral) segments of the left
ventricle, which results in a more synchronous contraction

of the ventricle. Remodeling initiated by increases in
(systolic) wall stress in the infarcted area can be counter-
acted by electrical pre-excitation and subsequent unloading
of that region. The hypothesis is based upon previous work
in normal animals that showed that pacing-induced pre-
excitation decreased strain and myocardial work at the
pacing site and increasing strain distal to it [41]. This
concept of regional unloading is in line with benefits of
global left ventricular unloading, such as by cardiac assist
devices or vasodilators [42-44].

Shuros et al. investigated the optimal pacing site and
optimal AV-delay to deliver borderzone pacing in acute
experiments in pigs by local strain and stroke work
parameters. An AV interval of 50% of the intrinsic PR
interval was shown to acutely reduce the strain in the
ischemic borderzone without significantly impeding car-
diac output [40]. These pigs were then chronically stimu-
lated and followed for 2 months. Chronic application of
pre-excitation pacing attenuated adverse remodeling over
time as evidenced by the morphometric data on LV and LA
size. Soon after, Saba et al. [45], using small animals with a
posterolateral infarct, showed prevention of adverse elec-
trical and mechanical cardiac remodeling with BiV pacing
compared with right ventricular pacing or no pacing after
MIL

More insight into the cellular mechanism of borderzone
pacing may be provided by a recent study in which regional
early LV activation, as in pre-excitation, was also able to
change matrix metalloproteinase (MMP)-activity [46, 47].
MMPs are a family of matrix proteases implicated in
adverse LV remodeling through matrix remodeling [48].
Other studies have shown that localized high frequency
(non-capturing) stimulation within the infarct prevented the
thinning of this area and attenuated left ventricular dilata-
tion [49], being associated with beneficial decreased
changes in matrix metalloproteinase (MMP) activity as
well. This would corroborate the involvement of MMPs in
electrical borderzone stimulation. Also, electrical stimula-
tion of its own accord can induce beneficial gene and
protein expression [50].

Clinical applications

Infarct borderzone pacing is just beginning to be explored
in humans. In a small pilot clinical study, patients with
reduced EF secondary to myocardial infarction were ran-
domized to either biventricular borderzone (BiV) pacing
with ICD or ICD alone within 30—45 after MI [51]. After
12 months, LV size was unchanged in the BiV pacing
group while it increased in the ICD-only group. These
positive results prompted a larger study, called the MEND-
MI study [52]. This study evaluated biventricular bor-
derzone pacing in a narrowly defined patient population
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with the borderzone pacing therapy delivered within
14 days after myocardial infarction. The recently published
results show that the primary endpoint (change in L'V end-
diastolic volume after 12 months therapy) was not met [53]
(study identifier: NCT00605631). Possible explanations for
the discrepancy between this trial and the earlier results
might be the relatively low LV remodeling or an ineffica-
cious therapy delivery. The therapy is a pathophysiologi-
cally based approach and needs further investigation.

Electrical stimulation outside the heart

In the previous paragraphs, we have discussed the appli-
cation of electrical stimulation on the heart, which has the
advantage of avoiding possible adverse side-effects as
regularly encountered with pharmacological therapies. The
therapies discussed below are applied outside the heart and
usually are applied continuously throughout the cardiac
cycle (see Fig. 1). Their benefit may be that the stimulation
is affecting a much more integrated system. Studies of
these therapies clearly show cardiac benefit, but in most
cases, the exact mechanism is unknown. This is likely due
to multi-organ and central nervous system pathways.

Vagal nerve stimulation

There has been extensive research demonstrating that acute
vagus nerve stimulation results in a decrease in various
measures of ventricular function including contractility.
Lewis et al. showed that in the human and pig heart,
stimulation of the left vagus nerve can profoundly decrease
contractility of the left ventricular myocardium, indepen-
dent of its braducardic effect [54]. This decrease in ven-
tricular contractility during vagal stimulation (VNS)
appears to be mediated by the parasympathetic ganglia
located in the cranial medial ventricular fat pad [55, 56].
However, at low sympathetic tone, the negative inotropic
effect of vagal stimulation is attributable primarily to its
negative chronotropic effect [57]. This suggests that the
effect of VNS on contractility is mediated via an interac-
tion with the sympathetic system.

It may seem counterintuitive that a reduction in con-
tractility by VNS may be beneficial to patients with heart
failure. However, several pre-clinical studies have shown
benefit in chronic vagus nerve stimulation in models of
systolic heart failure [58]. Recently, Zhang et al. evaluated
VNS in a canine high-rate pacing-induced model of heart
failure. VNS at an intensity that reduced sinus rate by
approximately 20 bpm was delivered in the VNS group.
After 4 and 8 weeks, both left ventricular end-diastolic and
end-systolic volumes were lower, and left ventricular EF
was higher in the VNS group than in the control group [59].
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Li et al. showed that VNS markedly improved the long-
term survival of chronic heart failure rats through the
prevention of pumping failure, remodeling, and increasing
contractility [60]. Very recently, the same group showed
that VNS applied immediately after MI attenuated LV
remodeling, which may be related to the decreased acute
inflammatory response or to the reduction in infarct size
induced by VNS [61], since the remodeling process
increases with a larger infarct.

Clinical applications

A phase I clinical study has been conducted in Europe
demonstrating the safety and feasibility of chronic vagus
nerve stimulation in systolic heart failure patients. The
system, CardioFit (BioControl Medical), is an implantable
device and lead delivering pulses synchronous with the
cardiac cycle to the right cervical vagus nerve. A cohort of
30 patients has been reported on. After 3 months of VNS,
the subjects had significant improvements in NYHA class,
Minnesota quality of life, QOL, (from 52 + 14 to
31 £ 18), left ventricular end-systolic volume (from
208 + 71 to 190 £ 83 ml), and a favorable trend toward
reduction in end-diastolic volume [62]. After 6 months of
VNS, EF, 6-min hall walk, and QOL had significantly
improved. These encouraging results need to be confirmed
in a randomized controlled trial.

Sympathetic stimulation

Sympathetic—parasympathetic interaction plays a major
role in the evolution and outcome of HF. Numerous sym-
patho-mimetic drug studies have shown acute beneficial
but chronic adverse effects. The major concerns with using
these drugs are the increased mortality associated with their
use, in addition to an increase in cardiac oxygen con-
sumption and side-effects [1]. Sympatho-mimetic electrical
therapies may be able to circumvent the adverse profile of
sympatho-mimetic drugs by being more selective to sym-
pathetic nerves on the heart and by their intermittent
nature.

Selective stimulation of the cardiac sympathetic nerves
by transvascular stimulation of the heart has been shown
[63, 64]. Cardiac sympathetic nerves course within neural
sleeves along the subclavian artery. Because of this prox-
imity, transvascular sympathetic nerve stimulation was
attempted with electrode catheters inside the subclavian
artery. Right as well as left subclavian sympathetic nerve
stimulation (20 Hz) during high-rate ventricular pacing
evoked a more than 100% increase of left ventricular
systolic pressure. In a separate study [64], sympathetic
neural structures inside the heart were identified that
selectively control left ventricular inotropy and could be
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accessed by transvenous catheter stimulation. High fre-
quency (200 Hz) stimulation was applied in the ventricular
absolute refractory period (50 ms long, 20 ms after the
R wave; resembling NES; see above) during pacing at
120 bpm. Stimulation generated a significant increase in
LV dP/dt max (~50%), LV peak pressure (~40%), car-
diac output (~25%), and the slope of the end-systolic
pressure—volume relationship (~35%), a load independent
measure of contractility. The effect was abolished by acute
beta blockade, indicating that the effect was likely due to
sympathetic nerve simulation. In addition, the transcardiac
norepinephrine gradient increased from 0.15 to 3.7 nmol/l
during stimulation.

For comparison, if the stellate ganglion was stimulated,
norepinephrine content rose 200 times in the coronary
artery when compared to baseline [65], which indicates the
relatively gentle and local nature of the above-mentioned
transvenous approach to sympathetic stimulation. How-
ever, due to the nature of the nerve stimulus (high fre-
quency and throughout the cardiac cycle), adverse events
like ventricular extra systoles and atrial or ventricular
arrhythmias are anticipated. Further studies are required to
show the safety and efficacy of this novel approach.

Spinal cord stimulation

Thoracic spinal cord stimulation (SCS) has been used to
treat angina pectoris and to affect cardiac autonomic bal-
ance. Although the precise mechanism is unknown, current
evidence suggests that spinal cord stimulation at the T1-T5
level decreases sympathetic tone to the heart [66, 67].
Rebalancing the autonomic nervous system may reduce the
systemic release of cathecholamines, reduce sympathetic
activation of the renin-angiotension system in the kidneys
and have an anti-arrhythmic effect [68]. In addition, spinal
cord stimulation might activate large afferent fibers;
GABAergic connections in the superficial dorsal horn may
suppress the processing of information in the spinothalamic
tract neurons [69] or via VR-1 containing sensory fibers
[70]. There are also effects of SCS seen in the vasculature
that could result in benefits in HF. For a full review on the
beneficial effects of SCS on the vasculature, see Wu et al.
[71].

Lopshire et al. [72] investigated the effects of long-term
SCS on ventricular function in a canine post-infarction
high-rate pacing model of heart failure. They found that a
greater recovery in ejection fraction was noted in the SCS
(52 £ 5%) group compared with a group treated by beta
blockers +ACE inhibitors (38 & 2%) and a control
(31 & 4%) group. Furthermore, there was a reduction in
serum norepinephrine levels in the SCS-treated dogs,
supporting the hypothesis that SCS reduces sympathetic
tone.

A world-wide study, Defeat-HF, has recently started
enrolling to evaluate the effects of SCS in a systolic heart
failure population. It is a prospective, multicenter, ran-
domized, parallel controlled study expected to enroll up to
70 patients, registered under NCTO01112579 at www.
clinicaltrails.gov.

Considerations and perspectives

This review has described several electrical therapies that
are not used broadly in clinical practice as of today.
Adoption of these therapies may be years away given their
efficacy, current means of implementation, and the need for
additional clinical evidence. However, new electrophysio-
logical knowledge and continuous device development
might facilitate the adoption of these therapies in the area
of cardiac disease.

Each of the discussed “therapies” may have its pros and
cons. With respect to the contractility enhancement therapy
involving PESP, the data suggest that chronic application
may not be as arrhythmogenic as feared but also that it does
not result in a large enough positive hemodynamic
response in patients with chronic heart failure. PESP may
have benefit in other conditions where sarcoplasmic retic-
ulum function is closer to normal, however. NES may at
least partly depend upon the local release of nor-epineph-
rine. Regardless of the mechanism, additional data showing
clear benefit in the heart failure population are necessary
for wide-spread adoption. Infarct borderzone stimulation is
a patho-physiologically approach based on reducing stress
and load. Besides that its benefits have to be better sup-
ported by clinical data, the question remains as to whether
long-term stretching of the late-activated region might lead
to decompensation.

Sympathetic stimulation specifically for the heart may
result in controlled modulation of the sympathetic tone of the
left ventricle, but energy costs should be evaluated to ensure
they are not too high. Mechanistically, vagal stimulation
seems to have the greatest potential, because of the strong
association between impaired vagal reflexes and increased
cardiac mortality [60]. However, clinical data are limited.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
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References

1. Packer M et al (1991) Effect of oral milrinone on mortality in
severe chronic heart failure. The PROMISE study research group.
N Engl J Med 325(21):1468-1475

@ Springer


http://www.clinicaltrails.gov
http://www.clinicaltrails.gov

324

Heart Fail Rev (2011) 16:315-325

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

O’Connor CM et al (1999) Continuous intravenous dobutamine is
associated with an increased risk of death in patients with
advanced heart failure: insights from the Flolan International
Randomized Survival Trial (FIRST). Am Heart J 138(1):78-86

. Cooper MW (1993) Postextrasystolic potentiation. Do we really

know what it means and how to use it? Circulation 88(6):
2962-2971

. Kuijer PJ, van der Werf T, Meijler FL (1990) Post-extrasystolic

potentiation without a compensatory pause in normal and dis-
eased hearts. Br Heart J 63(5):284-286

. Gwathmey JK, Hajjar RJ (1990) Relation between steady-state

force and intracellular [Ca2 +] in intact human myocardium.
Index of myofibrillar responsiveness to Ca24-. Circulation
82(4):1266-1278

. Braunwald E et al (1964) Clinical observations on paired elec-

trical stimulation of the heart. Effects on ventricular performance
and heart rate. Am J Med 37:700-711

. Frommer PL (1965) Studies on coupled pacing technique and

some comments on paired electrical stimulation. Bull N Y Acad
Med 41:670-680

. Frommer PL, Robinson BF, Braunwald E (1966) Paired electrical

stimulation. A comparison of the effects on performance of the
failing and nonfailing heart. Am J Cardiol 18(5):738-744

. Rothfeld EL et al (1969) Paired pacing after coronary artery

ligation. Am J Cardiol 23(2):224-228

Gourgon R et al (1968) Ventricular coupled pacing in myocardial
infarction with severe cardiocirculatory insufficiency. In: Crane-
field P, Hoffman B (eds) Paired Pulse Stimulation of the Heart.
The Rockefeller University Press, New York, pp 36-51
Lieberman RA et al (2008) The acute hemodynamic response to
dual chamber coupled pacing in heart failure patients. J Card Fail
14(6):s27

Lieberman RA et al (2008) The acute hemodynamic response to
dual chamber coupled pacing in heart failure patients. J Cardiac
Failure 14(6):s58

Geschwind HJ et al (1984) Sympathetic nervous system activa-
tion in postextrasystolic potentiation: role of catecholamine
release in enhancement of ventricular function. J] Am Coll Cardiol
4(2):216-225

Lau CP et al (1990) A new pacing method for rapid regularization
and rate control in atrial fibrillation. Am J Cardiol
65(18):1198-1203

Mischke K et al (2006) Paired ventricular stimulation: an
approach for hemodynamic stabilization during ventricular
tachycardia. J] Am Coll Cardiol 47(11):2337-2339

Blinks Jr (1966) Field stimulation as a means of effecting the
graded release of autonomic transmitters in isolated heart muscle.
J Pharmacol Exp Ther 151(2):221-235

Euler DE (1980) Release of autonomic neuromediators by local
ventricular electrical stimulation. Am J Physiol Heart Circ
Physiol 238(6):H794-H800

Mohri S et al (2002) Cardiac contractility modulation by electric
currents applied during the refractory period. Am J Physiol Heart
Circ Physiol 282(5):H1642-H1647

Berbari EJ et al (1973) Noninvasive technique for detection of
electrical activity during the P-R segment. Circulation
48(5):1005-1013

Brady AJ, Abbott BC, Mommaerts WF (1960) Inotropic effects
of trains of impulses applied during the contraction of cardiac
muscle. J Gen Physiol 44(2):415-432

Brunckhorst CB et al (2006) Cardiac contractility modulation by
non-excitatory currents: studies in isolated cardiac muscle. Eur J
Heart Fail 8(1):7-15

Schauerte P et al (2001) Focal atrial fibrillation: experimental
evidence for a pathophysiologic role of the autonomic nervous
system. J Cardiovasc Electrophysiol 12(5):592-599

@ Springer

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Mohri S et al (2003) Electric currents applied during refractory
period enhance contractility and systolic calcium in the ferret
heart. Am J Physiol Heart Circ Physiol 284(4):H1119-H1123
Morita H et al (2004) Long-term effects of non-excitatory cardiac
contractility modulation electric signals on the progression of
heart failure in dogs. Eur J Heart Fail 6(2):145-150

Chaudhry PA et al (2001) Acute ventricular reduction with the
acorn cardiac support device: effect on progressive left ventric-
ular dysfunction and dilation in dogs with chronic heart failure.
J Card Surg 16(2):118-126

Zhang H, Cui C, Hu D (2010) Effects of electric stimulations
applied during absolute refractory period on cardiac function of
rabbits with heart failure. ] Huazhong Univ Sci Technolog Med
Sci 30(2):155-158

Cornelussen RN et al (2008) Contractility augmentation induced
by refractory period stimulation depends upon pacing-site and
diminishes over time. Circulation 118:S726

Imai M et al (2007) Therapy with cardiac contractility modula-
tion electrical signals improves left ventricular function and
remodeling in dogs with chronic heart failure. J] Am Coll Cardiol
49(21):2120-2128

Gupta RC et al (2009) Cardiac contractility modulation electrical
signals normalize activity, expression, and phosphorylation of the
Na + -Ca2 + exchanger in heart failure. J Card Fail 15(1):48-56
Rastogi S et al (2008) Effects of chronic therapy with cardiac
contractility modulation electrical signals on cytoskeletal proteins
and matrix metalloproteinases in dogs with heart failure. Cardi-
ology 110(4):230-237

Pappone C et al (2004) First human chronic experience with
cardiac contractility modulation by nonexcitatory electrical cur-
rents for treating systolic heart failure: mid-term safety and
efficacy results from a multicenter study. J Cardiovasc Electro-
physiol 15(4):418-427

Nigele H, Behrens S, Eisermann C (2008) Cardiac contractility
modulation in non-responders to cardiac resynchronization ther-
apy. Europace 10(12):1375-1380

Yu C-M et al (2009) Impact of cardiac contractility modulation
on left ventricular global and regional function and remodeling.
JACC Cardiovasc Imaging 2(12):1341-1349

Borggrefe MM et al (2008) Randomized, double blind study of
non-excitatory, cardiac contractility modulation electrical
impulses for symptomatic heart failure. Eur Heart J 29(8):1019-
1028

Butter C et al (2008) Cardiac contractility modulation electrical
signals improve myocardial gene expression in patients with heart
failure. J Am Coll Cardiol 51(18):1784-1789

Abraham WT et al (2008) A randomized controlled trial to
evaluate the safety and efficacy of cardiac contractility modula-
tion in patients with systolic heart failure: rationale, design, and
baseline patient characteristics. Am Heart J 156(4):641-648
Cleland JGF et al (2009) Clinical trials update from the American
College of Cardiology 2009: ADMIRE-HF, PRIMA, STICH,
REVERSE, IRIS, partial ventricular support, FIX-HF-5, vagal
stimulation, REVIVAL-3, pre-RELAX-AHF, ACTIVE-A, HF-
ACTION, JUPITER, AURORA, and OMEGA. Eur J Heart Fail
11(6):622-630

Abraham WT (2009) Multicenter randomized controlled trial of
cardiac contractility modulation in patient with advanced heart
failure. In: American College of Cardiology Orlando, Florida
Butter C et al (2007) Enhanced inotropic state of the failing left
ventricle by cardiac contractility modulation electrical signals is
not associated with increased myocardial oxygen consumption.
J Card Fail 13(2):137-142

Shuros AC et al (2007) Ventricular preexcitation modulates strain
and attenuates cardiac remodeling in a swine model of myocar-
dial infarction. Circulation 116(10):1162-1169



Heart Fail Rev (2011) 16:315-325

325

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

Prinzen FW et al (1999) Mapping of regional myocardial strain
and work during ventricular pacing: experimental study using
magnetic resonance imaging tagging. J Am Coll Cardiol
33(6):1735-1742

Heerdt PM et al (2000) Chronic unloading by left ventricular
assist device reverses contractile dysfunction and alters gene
expression in end-stage heart failure. Circulation 102(22):2713—
2719

Jugdutt BI, Butler C (2007) Ventricular unloading tissue angio-
tensin II, matrix modulation, and function during left ventricular
assist device support. ] Am Coll Cardiol 49(11):1175-1177
Califf RM, O’Connor CM (2000) Beta-blocker therapy for heart
failure: the evidence is in now the work begins. JAMA 283(10):
1335-1337

Saba S et al (2008) Prevention of adverse electrical and
mechanical remodeling with biventricular pacing in a rabbit
model of myocardial infarction. Heart Rhythm 5(1):124-130
Mukherjee R, et al. Short-term disruption in regional left ven-
tricular electrical conduction patterns increases interstitial matrix
metalloproteinase activity. Am J Physiol Heart Circ Physiol
299(1): H217-24

Garcia RA et al (2005) Abnormal cardiac wall motion and early
matrix metalloproteinase activity. Am J Physiol Heart Circ
Physiol 288(3):H1080-H1087

Spinale FG (2007) Myocardial matrix remodeling and the matrix
metalloproteinases: influence on cardiac form and function.
Physiol Rev 87(4):1285-1342

Mukherjee R et al (2010) Long-term localized high-frequency
electric stimulation within the myocardial infarct: effects on
matrix metalloproteinases and regional remodeling. Circulation
122(1):20-32

Brighton CT, Wang W, Clark CC (2008) The effect of electrical
fields on gene and protein expression in human osteoarthritic
cartilage explants. J Bone Joint Surg Am 90(4):833-848

Chung ES et al (2007) Feasibility of biventricular pacing in
patients with recent myocardial infarction: impact on ventricular
remodeling. Congest Heart Fail 13(1):9-15

Chung ES et al (2009) Peri-infarct pacing with CRT in the early
postinfarct phase to attenuate long-term remodeling. J Cardiovasc
Transl Res 2(1):126-129

Chung ES et al (2010) Effect of peri-infarct pacing early after
myocardial infarction: results of the prevention of myocardial
enlargement and dilatation post myocardial infarction study. Circ
Heart Fail 3(6):650-658

Lewis ME et al (2001) Vagus nerve stimulation decreases left
ventricular contractility in vivo in the human and pig heart.
J Physiol 534(Pt. 2):547-552

Gatti PJ et al (1997) Vagal control of left ventricular contractility
is selectively mediated by a cranioventricular intracardiac gan-
glion in the cat. J Auton Nerv Syst 66(3):138-144

Blinder KJ et al (1998) Control of negative inotropic vagal pre-
ganglionic neurons in the dog: synaptic interactions with sub-
stance P afferent terminals in the nucleus ambiguus? Brain Res
810(1-2):251-256

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Matsuura W et al (1997) Vagal stimulation decreases left ven-
tricular contractility mainly through negative chronotropic effect.
Am J Physiol 273(2 Pt 2): H534-9

Sabbah H et al (2005) Long-term therapy with neuroselective-
electric vagus nerve stimulation improves LV function and
attenuates global LV remodeling in dogs with chronic heart
failure. Eur J Heart Fail 166: 166 (Abstract)

Zhang Y et al (2009) Chronic vagus nerve stimulation improves
autonomic control and attenuates systemic inflammation and
heart failure progression in a canine high-rate pacing model. Circ
Heart Fail 2(6):692-699

Li M et al (2004) Vagal nerve stimulation markedly improves
long-term survival after chronic heart failure in rats. Circulation
109(1):120-124

Uemura K et al (2010) Early short-term vagal nerve stimulation
attenuates cardiac remodeling after reperfused myocardial
infarction. J Card Fail 16(8):689-699

De Ferrari GM, Sanzo A, Schwartz PJ (2009) Chronic vagal
stimulation in patients with congestive heart failure. Conf Proc
IEEE Eng Med Biol Soc 2009:2037-2039

Zarse M et al (2005) Selective increase of cardiac neuronal
sympathetic tone: a catheter-based access to modulate left ven-
tricular contractility. J Am Coll Cardiol 46(7):1354-1359
Meyer C et al (2010) Augmentation of left ventricular contrac-
tility by cardiac sympathetic neural stimulation. Circulation
121(11):1286-1294

Watson-Wright WM et al (1992) Prolonged supramaximal
stimulation of canine efferent sympathetic neurons induces
desensitization of inotropic responses without a change in myo-
cardial beta-adrenergic receptors. Can J Cardiol 8(2):177-186
Sanderson JE et al (1994) Spinal electrical stimulation for
intractable angina—long-term clinical outcome and safety. Eur
Heart J 15(6):810-814

Eliasson T, Augustinsson LE, Mannheimer C (1996) Spinal cord
stimulation in severe angina pectoris—presentation of current
studies indications and clinical experience. Pain 65(2-3):169-179
Bacal F et al (2005) Normalization of right ventricular perfor-
mance and remodeling evaluated by magnetic resonance imaging
at late follow-up of heart transplantation: relationship between
function, exercise capacity and pulmonary vascular resistance.
J Heart Lung Transplant 24(12):2031-2036

Meyerson BA, Linderoth B (2006) Mode of action of spinal cord
stimulation in neuropathic pain. J Pain Symptom Manage 31
(4 Suppl):S6-S12

Wu M et al (2006) Sensory fibers containing vanilloid receptor-1
(VR-1) mediate spinal cord stimulation-induced vasodilation.
Brain Res 1107(1):177-184

Wu M, Linderoth B, Foreman RD (2008) Putative mechanisms
behind effects of spinal cord stimulation on vascular diseases: a
review of experimental studies. Auton Neurosci 138(1-2):9-23
Lopshire JC et al (2009) Spinal cord stimulation improves ven-
tricular function and reduces ventricular arrhythmias in a canine
postinfarction heart failure model. Circulation 120(4):286-294

@ Springer



	Electrical modalities beyond pacing for the treatment of heart failure
	Abstract
	Introduction
	Electrical stimulation on the heart
	Post-extrasystolic potentiation (PESP)
	Clinical applications

	Non-excitatory stimulation (NES)
	Preclinical results
	Clinical applications

	Infarct borderzone pacing
	Clinical applications


	Electrical stimulation outside the heart
	Vagal nerve stimulation
	Clinical applications

	Sympathetic stimulation
	Spinal cord stimulation

	Considerations and perspectives
	Open Access
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


